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ABSTRACT:

The role of the anterior insula (aINS) and the ventromedial prefrontal cortex (vmPFC) in risky decision-making has been extensively studied in lesional and functional imaging studies. While aINS appears to increase perception of negative outcomes and favorizes risk avoidance, vmPFC seems to process rewards and enhance risk in decision-making. Direct electrical stimulation (DES) studies analyzing these functions across these two cortical structures remain scarce in both animals and humans. In this study, we assessed the effect of DES of aINS or vmPFC on risky decision-making during a behavioral task involving a choice between a risky offer and a safe option, in patients explored with stereo-electroencephalography (SEEG) during presurgical evaluation for their drug-resistant epilepsy (DRE). Each session included 14 trials with DES of either aINS or vmPFC and 14 control trials without stimulation. Subjects were blinded to experimental conditions. We recorded a total of 16 sessions with stimulation of aINS in 7 patients, and 7 sessions with stimulation of vmPFC in 3 patients. Our results revealed that the probability of accepting the risky offer was significantly decreased in easy trials when applying DES to aINS compared to non-stimulation trials. In contrast, the probability of accepting the offer in trials of medium difficulty with DES of vmPFC was significantly increased compared to non-stimulation trials. These findings support the hypothesis of a double dissociation between aINS and vmPFC in decision-making.
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INTRODUCTION 1.The island of Reil

The insula, or 'the fifth lobe of the brain', first described in 1809 by the anatomist Johann Christian Reil [START_REF] Fusar-Poli | Johann Cristian Reil on the 200th anniversary of the first description of the insula (1809)[END_REF], is a small area of cortex buried in the sylvian fissure, covering less than two percent of the total cortical surface area. The central sulcus separates the insula into an anterior part and a posterior part. The anterior insula (aINS) is split in an anterior, middle and posterior short gyrus in its dorsal part, and in the apex and the transverse gyrus in its anterior ventral part. The posterior insula (pINS) is comprised of anterior and posterior long gyri. For several decades, compared to other superficial cortices, its access and therefore its study were rendered difficult by its deep localization entirely hidden by the frontal, parietal and temporal opercula and the rich vascular network running in the lateral fissure, separating the insula from the opercular cortices. Thus, the functions of this 'island' remained quite unexplored for a long time.

In the first half of the twentieth century, numerous important studies described the macroscopic, cytoarchitectonic and myeloarchitectonic characteristics of the insula [START_REF] Von Economo | Eine neue art spezialzellen des lobus cinguli und lobus insulae[END_REF][START_REF] Rose | Die inselrinde des menschen und der tiere[END_REF]. Then, in the early fifties, Penfield and colleagues began to analyze its properties through direct electrical stimulation (DES) during surgical procedures in epileptic patients [START_REF] Penfield | Ferrier Lecture-Some observations on the cerebral cortex of man[END_REF][START_REF] Penfield | THE INSULA: FURTHER OBSERVATIONS ON ITS FUNCTION[END_REF]. The insula became ever since a thorough subject of study, the progressive discovery of its myriad of functions leading to an increasing interest in this small but highly functional and connected cortex. Using various techniques, ranging from cytoarchitectonic studies in animals, intracerebral DES during the presurgical evaluation of epileptic patients, functional magnetic resonance imaging (fMRI) or positron emission tomography (PET)-scan, a wide array of studies unveiled its role in numerous brain functions.

In the past decades, an increasing number of DES studies aimed at describing insular epilepsies semiology and developing their management improved knowledge of the functions of the insula [START_REF] Gras-Combe | Surgery for Nontumoral Insular Epilepsy Explored by Stereoelectroencephalography[END_REF][START_REF] Jobst | The Insula and Its Epilepsies[END_REF][START_REF] Singh | Mapping the Insula with Stereo-Electroencephalography: The Emergence of Semiology in Insula Lobe Seizures[END_REF].

The insular cortex was long regarded simply as a sensory region, solely involved in body homeostasis with a primary role in interoception -with integration of primary sensory signals such as pain [START_REF] Brooks | Somatotopic organisation of the human insula to painful heat studied with high resolution functional imaging[END_REF][START_REF] Mazzola | Functional mapping of the human insula: Data from electrical stimulations[END_REF][START_REF] Ostrowsky | Representation of Pain and Somatic Sensation in the Human Insula: A Study of Responses to Direct Electrical Cortical Stimulation[END_REF][START_REF] Peyron | The posterior insular-opercular cortex: An access to the brain networks of thermosensory and nociceptive processes[END_REF], thermic [START_REF] Hua | Anteroposterior somatotopy of innocuous cooling activation focus in human dorsal posterior insular cortex[END_REF], neurovegetative [START_REF] Oppenheimer | Neurogenic cardiac effects of cerebrovascular disease[END_REF][START_REF] Weiller | Functional reorganization of the brain in recovery from striatocapsular infarction in man[END_REF], somatosensory [START_REF] Afif | Anatomofunctional organization of the insular cortex: A study using intracerebral electrical stimulation in epileptic patients: Functional Organization of the Insula[END_REF][START_REF] Ostrowsky | Functional Mapping of the Insular Cortex: Clinical Implication in Temporal Lobe Epilepsy[END_REF][START_REF] Stephani | Functional neuroanatomy of the insular lobe[END_REF], and viscerosensitive signals [START_REF] Penfield | THE INSULA: FURTHER OBSERVATIONS ON ITS FUNCTION[END_REF][START_REF] Stephani | Functional neuroanatomy of the insular lobe[END_REF] -, but also in taste [START_REF] Penfield | THE INSULA: FURTHER OBSERVATIONS ON ITS FUNCTION[END_REF][START_REF] Small | Taste representation in the human insula[END_REF], olfaction [START_REF] Kurth | A link between the systems: Functional differentiation and integration within the human insula revealed by meta-analysis[END_REF], audition [START_REF] Bamiou | The insula (Island of Reil) and its role in auditory processing Literature review[END_REF][START_REF] Mutschler | Functional organization of the human anterior insular cortex[END_REF], vestibular functions [START_REF] Fasold | Human Vestibular Cortex as Identified with Caloric Stimulation in Functional Magnetic Resonance Imaging[END_REF]. Its association with motor phenomena was also shown, such as visceromotor signals [START_REF] Meyer | Lateralization in autononic dysfunction in ischemic stroke involving the insular cortex[END_REF][START_REF] Penfield | THE INSULA: FURTHER OBSERVATIONS ON ITS FUNCTION[END_REF], somatomotor control [START_REF] Afif | Anatomofunctional organization of the insular cortex: A study using intracerebral electrical stimulation in epileptic patients: Functional Organization of the Insula[END_REF], motor plasticity [START_REF] Weiller | Functional reorganization of the brain in recovery from striatocapsular infarction in man[END_REF], or speech production [START_REF] Dronkers | A new brain region for coordinating speech articulation[END_REF]. Many reports, including DES studies, determined that these 'somatic' functions seemed to be mainly related to middle or posterior insula [START_REF] Ostrowsky | Functional Mapping of the Insular Cortex: Clinical Implication in Temporal Lobe Epilepsy[END_REF][START_REF] Stephani | Functional neuroanatomy of the insular lobe[END_REF].

However, it was largely shown that the insula plays also a critical role in an astounding number of cognitive functions, as demonstrated by an increasing number of functional studies of the human insula. These cognitive roles are numerous, and can range from human body scheme representation [START_REF] Karnath | Right insula for our sense of limb ownership and selfawareness of actions[END_REF], self-awareness [START_REF] Craig | How do you feel? Interoception: the sense of the physiological condition of the body[END_REF][START_REF] Craig | How do you feel -now? The anterior insula and human awareness[END_REF], expression of individual emotions [START_REF] Cacioppo | Selective decision-making deficit in love following damage to the anterior insula[END_REF][START_REF] Caruana | Emotional and Social Behaviors Elicited by Electrical Stimulation of the Insula in the Macaque Monkey[END_REF][START_REF] Phan | Functional Neuroanatomy of Emotion: A Meta-Analysis of Emotion Activation Studies in PET and fMRI[END_REF] and social emotions [START_REF] Gogolla | The insular cortex[END_REF][START_REF] Lamm | The role of anterior insular cortex in social emotions[END_REF][START_REF] Uddin | Structure and Function of the Human Insula[END_REF], emotion recognition [START_REF] Motomura | Anterior insular cortex stimulation and its effects on emotion recognition[END_REF], involvement in a 'cognitive control network' [START_REF] Cole | The cognitive control network: Integrated cortical regions with dissociable functions[END_REF] and in a 'salience network' [START_REF] Menon | Saliency, switching, attention and control: A network model of insula function[END_REF] to decision-making. These cognitive functions seem to be linked to aINS, and especially its dorsal part [START_REF] Kurth | A link between the systems: Functional differentiation and integration within the human insula revealed by meta-analysis[END_REF].

Considering that somatic functions of the insula seem to be supported by its posterior and middle poles, and that aINS (especially dorsal-anterior) is associated to cognitive processing, it has been hypothesized that this functional differentiation could be explained by a 'posterioranterior' gradient [START_REF] Craig | How do you feel -now? The anterior insula and human awareness[END_REF].

This concept was corroborated by cytoarchitectonic studies describing the development of aINS in humans compared to primates. The development of the human insula proceeds in a

'concentric concept' corresponding to the gradient of density in granular cells, higher in the posterior dorsal part of insula than in its ventral anterior pole [START_REF] Mesulam | Insula of the old world monkey. III: Efferent cortical output and comments on function[END_REF][START_REF] Mesulam | The Insula of Reil in Man and Monkey[END_REF].

It is noteworthy that the human anterior insular cortex has no clear homologue in the rhesus monkey.

Interestingly, a histological special feature of the anterior insular cortex is that its fifth layer contains, in addition to pyramidal neurons, numerous large spindle-shaped cells, also called 'Von Economo Neurons' or VENs. Similar cells have been observed in the anterior cingulate cortex. VENs are hypothesized to form part of circuits underlying decision-making, complex social cognition, and self-awareness [START_REF] Allman | The von Economo neurons in frontoinsular and anterior cingulate cortex in great apes and humans[END_REF][START_REF] Allman | The von Economo neurons in the frontoinsular and anterior cingulate cortex[END_REF][START_REF] Nieuwenhuys | The insular cortex[END_REF]. This histological finding seems to corroborate the hypothesis that aINS plays a crucial role in cognition.

Moreover, the insular cortex is highly connected with other brain structures involved in major cognitive functions, such as ACC, prefrontal cortex, amygdala and other several limbic and association cortical areas, enabling us to infer the implication of the insula in complex brain networks involved in cognitive functions.

These findings led to the hypothesis that the information related to the integration of interoceptive signals in pINS together with the salient environmental stimuli could be transmitted to aINS, where it could provide the substrate for high-level cognitive functions, in parallel with the information coming from multiple connections with frontal and limbic structures [START_REF] Craig | How do you feel -now? The anterior insula and human awareness[END_REF][START_REF] Kurth | A link between the systems: Functional differentiation and integration within the human insula revealed by meta-analysis[END_REF].

The involvement of the insula in these various cognitive functions is supported by the demonstration of its dysfunction in many neurological and/or psychiatric diseases, including fronto-temporal dementia [START_REF] Seeley | Anterior insula degeneration in frontotemporal dementia[END_REF], schizophrenia [START_REF] Takahashi | Bilateral volume reduction of the insular cortex in patients with schizophrenia: A volumetric MRI study[END_REF], anxiety [START_REF] Paulus | An Insular View of Anxiety[END_REF][START_REF] Terasawa | Anterior insular cortex mediates bodily sensibility and social anxiety[END_REF], borderline personality disorders [START_REF] King-Casas | The Rupture and Repair of Cooperation in Borderline Personality Disorder[END_REF], conduct disorders [START_REF] Sterzer | A structural neural deficit in adolescents with conduct disorder and its association with lack of empathy[END_REF], autism spectrum disorders [START_REF] Silani | Levels of emotional awareness and autism: An fMRI study[END_REF], drug addiction [START_REF] Droutman | Revisiting the role of the insula in addiction[END_REF][START_REF] Naqvi | The hidden island of addiction: The insula[END_REF].

It is interesting to note that the involvement of the insula in cognitive functions has been mainly demonstrated by functional imaging studies, while DES studies did not attempt this aim [START_REF] Afif | Anatomofunctional organization of the insular cortex: A study using intracerebral electrical stimulation in epileptic patients: Functional Organization of the Insula[END_REF][START_REF] Mazzola | Functional mapping of the human insula: Data from electrical stimulations[END_REF][START_REF] Ostrowsky | Functional Mapping of the Insular Cortex: Clinical Implication in Temporal Lobe Epilepsy[END_REF][START_REF] Stephani | Functional neuroanatomy of the insular lobe[END_REF], until the development of new oblique trajectories of SEEG electrodes allowing a larger and more accurate exploration of the insula [START_REF] References Afif | Safety and Usefulness of Insular Depth Electrodes Implanted Via an Oblique Approach in Patients with Epilepsy[END_REF][START_REF] Afif | Anatomofunctional organization of the insular cortex: A study using intracerebral electrical stimulation in epileptic patients: Functional Organization of the Insula[END_REF].

In addition, it is possible that the cognitive effects induced by insular DES could not be spontaneously reported by the patients, contrarily to primary somatic functions (e.g. pain or somatosensory manifestations), consequently causing an evaluation bias [START_REF] David | Studying Network Mechanisms Using Intracranial Stimulation in Epileptic Patients[END_REF].

Moreover, since cognitive functions associated to the insula were initially not clearly understood, cognitive appropriated tasks were not proposed to the patients during DES of the insula. We should also consider the difficulties related to the short duration of the stimulation itself and thus the limited time window available for the execution of a specific cognitive task, rendering difficult the evaluation of subtle cognitive effects of insular DES.

The ventromedial prefrontal cortex

The ventromedial prefrontal cortex (vmPFC) is one of the key brain regions involved in a wide array of cognitive functions across multiple domains. The vmPFC refers to a network of subregions in the lower medial and orbital prefrontal cortices in primates, which can be differentiated by cytoarchitecture and anatomical connectivity [START_REF] Mackey | Architecture and morphology of the human ventromedial prefrontal cortex[END_REF].

Contrarily to the previously described anatomy of human insula, vmPFC does not have welldefined borders, such as gyri.

According to functional imaging, lesional and animal studies, among its numerous cognitive functions, the vmPFC appears critical in decision-making, emotion regulation, social cognition, monitoring and control in memory accuracy [START_REF] Hebscher | A boost of confidence: The role of the ventromedial prefrontal cortex in memory, decision-making, and schemas[END_REF][START_REF] Hiser | The multifaceted role of ventromedial prefrontal cortex in emotion, decision-making, social cognition, and psychopathology[END_REF][START_REF] Kringelbach | The functional neuroanatomy of the human orbitofrontal cortex: Evidence from neuroimaging and neuropsychology[END_REF].

Considering that these social and affective functions are disrupted in a large panel of mental disorders, including schizophrenia [START_REF] Dodell-Feder | The neural basis of theory of mind and its relationship to social functioning and social anhedonia in individuals with schizophrenia[END_REF][START_REF] Holt | Failure of Neural Responses to Safety Cues in Schizophrenia[END_REF], attentiondeficit hyperactivity disorders (ADHD) [START_REF] Wilbertz | Orbitofrontal reward sensitivity and impulsivity in adult attention deficit hyperactivity disorder[END_REF], obsessive-compulsive disorders [START_REF] Lagemann | Early orbitofrontal hyperactivation in obsessive-compulsive disorder[END_REF][START_REF] Milad | Deficits in Conditioned Fear Extinction in Obsessive-Compulsive Disorder and Neurobiological Changes in the Fear Circuit[END_REF], substance use disorders [START_REF] Bolla | Neural substrates of faulty decision-making in abstinent marijuana users[END_REF], depression [START_REF] Gong | Disrupted reward circuits is associated with cognitive deficits and depression severity in major depressive disorder[END_REF][START_REF] Hamilton | Depressive Rumination, the Default-Mode Network, and the Dark Matter of Clinical Neuroscience[END_REF][START_REF] Smoski | FMRI of alterations in reward selection, anticipation, and feedback in major depressive disorder[END_REF], post-traumatic stress disorders (PTSD) [START_REF] Milad | Neurobiological Basis of Failure to Recall Extinction Memory in Posttraumatic Stress Disorder[END_REF][START_REF] Morey | Fear learning circuitry is biased toward generalization of fear associations in posttraumatic stress disorder[END_REF], the vmPFC could be a promising target for understanding the neurobiological substrate of these disorders and developing their treatment.

Hereafter, we will specify the role of aINS and vmPFC in decision-making according to current scientific evidence.

Implication of aINS and vmPFC in decision-making

The neural circuitry underlying decision-making is still incompletely understood. Standard decision-making theory assumes that making a choice involves three steps: first, estimating the value of alternative options and defining preferences among these options, secondly selecting one option, and then evaluating the outcome, thus generating a feedback on the choice made [START_REF] Ernst | Neurobiology of Decision Making: A Selective Review from a Neurocognitive and Clinical Perspective[END_REF].

Lesion studies demonstrated that patients with lesions of specific brain structures -notably vmPFC, insula and amygdala -presented dysfunctional decision-making in gambling tasks, in spite of normal cognitive intelligence, compared to healthy controls and/or patients with lesions of other brain structures [START_REF] Bar-On | Exploring the neurological substrate of emotional and social intelligence[END_REF][START_REF] Bechara | Different Contributions of the Human Amygdala and Ventromedial Prefrontal Cortex to Decision-Making[END_REF][START_REF] Boucher | Social information processing following resection of the insular cortex[END_REF][START_REF] Clark | Social and Emotional Decision-making Following Frontal Lobe Injury[END_REF][START_REF] Clark | Differential effects of insular and ventromedial prefrontal cortex lesions on risky decision-making[END_REF][START_REF] Fellows | The Role of Ventromedial Prefrontal Cortex in Decision Making: Judgment under Uncertainty or Judgment Per Se?[END_REF][START_REF] Schneider | Human lesion studies of ventromedial prefrontal cortex[END_REF][START_REF] Siebenthal | Decision-making impairments following insular and medial temporal lobe resection for drug-resistant epilepsy[END_REF][START_REF] Weller | The effects of insula damage on decision-making for risky gains and losses[END_REF].

Consistent with these findings, several interconnected key brain structures of this process were determined in fMRI studies, among which are clearly identified the vmPFVC, the amygdala, the ventral striatum (vS), and the aINS [START_REF] Ernst | Neurobiology of Decision Making: A Selective Review from a Neurocognitive and Clinical Perspective[END_REF][START_REF] Krain | Distinct neural mechanisms of risk and ambiguity: A meta-analysis of decisionmaking[END_REF]. It was established that these structures are not only interconnected to form a network specialized in decision-making, each of them playing a specific role in this complex process. At first sight, one could think that human decision-making involves purely rational processes when comparing the expected value of each decision (for instance, reward and risk associated with each choice in a gambling task) and merely selecting the choice associated with the highest expected value.

However, scientific evidence suggests a major role of emotions in decision-making processes.

Indeed, the 'somatic marker hypothesis' posits that the process of decision-making depends in many important ways on 'body states' generated by neural substrates that regulate homeostasis, emotion, and feeling [START_REF] Bar-On | Exploring the neurological substrate of emotional and social intelligence[END_REF][START_REF] Damasio | Descartes' Error: Emotion, Reason and the Human Brain[END_REF].

The aINS is thought to be a key structure of this concept, considering its integration of numerous interoceptive signals. It is thought to mediate decision-making processes via feedback loops triggered by 'body states' generated by interoception, in order to maintain homeostasis [START_REF] Bechara | Different Contributions of the Human Amygdala and Ventromedial Prefrontal Cortex to Decision-Making[END_REF][START_REF] Gu | Necessary, Yet Dissociable Contributions of the Insular and Ventromedial Prefrontal Cortices to Norm Adaptation: Computational and Lesion Evidence in Humans[END_REF][START_REF] Xiang | Computational Substrates of Norms and Their Violations during Social Exchange[END_REF].

Demonstration of its extensive reciprocal connectivity with the vmPFC, the amygdala and vS [START_REF] Augustine | Circuitry and fimctional aspects of the insular lobe in primates including humans[END_REF] concurs with the hypothesis of its major role in decision-making [START_REF] Deen | Three Systems of Insular Functional Connectivity Identified with Cluster Analysis[END_REF][START_REF] Reynolds | Specificity in the Projections of Prefrontal and Insular Cortex to Ventral Striatopallidum and the Extended Amygdala[END_REF]. This concept is also underpinned by evidence suggesting an integrative 'cognitive' pole of the dorsal anterior insula, according to fMRI data [START_REF] Craig | How do you feel -now? The anterior insula and human awareness[END_REF][START_REF] Kurth | A link between the systems: Functional differentiation and integration within the human insula revealed by meta-analysis[END_REF].

According to recent evidence, the aINS appears to specifically convey risk avoidance in risky decision-making. It seems to signal the probability of a future punishment [START_REF] Mohr | Neural Processing of Risk[END_REF][START_REF] Siebenthal | Decision-making impairments following insular and medial temporal lobe resection for drug-resistant epilepsy[END_REF]. This concept is supported by demonstration of its role in punishment-based avoidance learning [START_REF] Palminteri | Critical Roles for Anterior Insula and Dorsal Striatum in Punishment-Based Avoidance Learning[END_REF][START_REF] Samanez-Larkin | Anticipation of monetary gain but not loss in healthy older adults[END_REF].

Various neuroimaging studies support the idea of its function in risk prediction and in defining risk prediction errors [START_REF] Kuhnen | The Neural Basis of Financial Risk Taking[END_REF][START_REF] Paulus | Increased activation in the right insula during risk-taking decision making is related to harm avoidance and neuroticism[END_REF][START_REF] Preuschoff | Human Insula Activation Reflects Risk Prediction Errors As Well As Risk[END_REF]:

it is thought to encode precise quantitative information about risk prediction emanating from changes in bodily states. It would thus generate anticipatory aversive somatic markers when considering different options, and process aversive outcome once a decision has been made.

In contrast, the vmPFC appears to process reward and subjective value during decision-making [START_REF] Kringelbach | The functional neuroanatomy of the human orbitofrontal cortex: Evidence from neuroimaging and neuropsychology[END_REF][START_REF] Levy | The root of all value: A neural common currency for choice[END_REF][START_REF] Liu | Common and distinct networks underlying reward valence and processing stages: A meta-analysis of functional neuroimaging studies[END_REF][START_REF] Pujara | Ventromedial prefrontal cortex damage alters relative risk tolerance for prospective gains and losses[END_REF]. Functional imaging data suggested that the vmPFC processes reward cues and outcomes [START_REF] Bartra | The valuation system: A coordinate-based meta-analysis of BOLD fMRI experiments examining neural correlates of subjective value[END_REF][START_REF] Elliott | Dissociable Neural Responses in Human Reward Systems[END_REF][START_REF] Gottfried | Encoding Predictive Reward Value in Human Amygdala and Orbitofrontal Cortex[END_REF][START_REF] Knutson | Distributed Neural Representation of Expected Value[END_REF][START_REF] Pessiglione | The good, the bad and the brain: Neural correlates of appetitive and aversive values underlying decision making[END_REF].

Interestingly, the influence of mood on choice in risky decisions also seems to be linked to aINS and vmPFC. Vinckier et al. recently demonstrated with a neurocomputational model that mood fluctuations (induced by irrelevant feedback in the study) seem to impact baseline activity of vmPFC and aINS, which in turn respectively enhance the weighting of gain prospects (for vmPFC) and loss prospects (for aINS) when comparing different options during the decisionmaking process [START_REF] Vinckier | Neuro-computational account of how mood fluctuations arise and affect decision making[END_REF]. This supports the concept that the aINS enhances risk avoidance in risky decision-making whereas the vmPFC favors risky options. Considering these neuroimaging and lesional studies, a complementary investigation of the role of the aINS and the vmPFC in decision-making through DES seems engaging.

Direct electrical stimulation in SEEG

During the pre-surgical assessment of a focal drug-resistant epilepsy (DRE), invasive recordings are sometimes indicated to precisely determine the epileptogenic zone and to assess the risk of post-operative neurological deficit [START_REF] Minotti | Indications and limits of stereoelectroencephalography (SEEG)[END_REF].

SEEG is one of these invasive recordings and consists in surgically implanted multi-contacts depth electrodes in cortical brain structures, such as sulcal cortical areas, deeply located cortical areas or deep-seated lesions, that are not easily accessible with scalp EEG or even with other invasive EEG techniques (i.e. subdural grids and strips). During SEEG, DES are applied between two contiguous contacts of the electrode, to trigger seizures and to map eloquent cortex, in order to better define the epileptogenic zone and predict a possible post-operative neurological deficit [START_REF] Trébuchon | Electrical Stimulation for Seizure Induction and Functional Mapping in Stereoelectroencephalography[END_REF]. During DES, it is also possible to perform some cognitive tasks for the purpose of clinical research enabling the functional mapping in relationship to the different stimulated areas.

Two types of DES are usually performed: low frequency (i.e. 1 Hz) and high frequency (i.e. 50

Hz) stimulation. The duration of the stimulation varies from 5s (high frequency stimulation) to 40s (low frequency stimulation).

Due to the electrode characteristics, the area directly affected by DES can be restricted to micrometers. This narrow area of stimulation enables a precise circumscribed analysis of highly functional small areas of cortex, such as the insula, compared to fMRI, PET or SPECT. Indeed, by its precise area of stimulation, DES is a clear asset, compared to lesion studies in which brain lesions are often not limited to the region of interest. Furthermore, while neuroimaging studies are sometimes limited by a risk of low specificity (the hypothesis that other functions triggered by the stimulus and different from the studied function lead to an activation of some brain structures cannot be ruled out), DES bypasses these interferences and provides a more causal relationship between the stimulus and its responses.

Objectives

In a prospective monocentric study, we aimed to investigate the effects of DES of aINS and vmPFC in decision-making processes triggered by a behavioral task, during SEEG recordings of patients with focal DRE. Specifically, we hypothesized that DES of aINS would decrease the probability of accepting the risky option and that DES of vmPFC would increase this probability, according to current evidence.

To our knowledge, this is the first stimulation study of human aINS and vmPFC assessing their specific functions in decision-making.

PATIENTS AND METHODS

Patients selection

Eight patients, 3 men (38%) and 5 women (62%), aged between 25 and 48 years (mean [standard deviation] 38.1 ± 7.3 years), suffering from DRE and investigated by SEEG during their presurgical assessment in the Epilepsy Unit of Grenoble University Hospital, were included in the study between July 2018 and July 2020.

Electrode implantation was performed according to our routine clinical procedures and all targeted structures for the pre-surgical evaluation were selected only according to clinical considerations with no reference to the current study. Patients were included in this study if they had electrodes implanted in brain regions of interest (i.e., the anterior insula [aINS] and/or the ventromedial prefrontal cortex [vmPFC]), and if they were willing and able to cooperate with the study task.

Exclusion criteria were: age under 18 and complete inability to speak French (to prevent improper execution of the behavioral task due to misunderstanding of task instructions).

Demographic data are summarized in Table 1. 5 patients were right-handed and 3 patients were left-handed. 1 patient had already been operated. All patients were treated with anti-epileptic drugs, some of which were reduced or stopped before stimulation sessions. Anxiety and depression comorbidities were screened via the Hospital Anxiety and Depression Scale when possible (not executed in one patient due to only mild understanding of French language) [START_REF] Gill | Depression screening tools in persons with epilepsy: A systematic review of validated tools[END_REF]. According to HAD scores, anxiety was screened in 4 patients and depression in 1 patient [START_REF] Zigmond | The Hospital Anxiety and Depression Scale[END_REF].

All patients gave oral informed consent before their inclusion in the present study and signed a non-opposition file in the context of the MAPCOG_SEEG study (N=200; IdRCB: 2017-A03248-45), approved by the Ethics Committee. 

Patient

Electrodes implantation and location

SEEG electrodes were implanted using robot-assisted SEEG electrode implantation technique (ROSA robot). Fifteen to eighteen semi-rigid electrodes were implanted per patient. Each electrode had a diameter of 0.8 mm and, depending on the targeted structure, contained 10-18 contact leads of 2 mm wide and 1.5 mm apart (Dixi Medical, Besançon, France). Insular electrodes were inserted orthogonally via transopercular route (sampling insular and perisylvian opercular cortex) and/or through a frontal or parietal oblique route, allowing a larger sampling of the insula [START_REF] References Afif | Safety and Usefulness of Insular Depth Electrodes Implanted Via an Oblique Approach in Patients with Epilepsy[END_REF]. Electrodes were localized and anatomically labeled by coregistering a pre-operative anatomical MRI (3D T1 contrast) with a post-operative computed tomography (CT) scan obtained for each patient, using the IntrAnat Electrodes software [START_REF] Deman | IntrAnat Electrodes: A Free Database and Visualization Software for Intracranial Electroencephalographic Data Processed for Case and Group Studies[END_REF]. The aINS was defined as the anterior parts (y < 5 in MNI space) of parcels 18 (G_insular_short), 47 (S_circular_insula_ant), 48 (S_circular_insula_inf) and 49

(S_circular_insula_sup) of the Destrieux atlas [START_REF] Destrieux | Automatic parcellation of human cortical gyri and sulci using standard anatomical nomenclature[END_REF] while the vmPFC was defined using the corresponding parcel from the MarsAtlas parcellation scheme [START_REF] Auzias | MarsAtlas: A cortical parcellation atlas for functional mapping[END_REF]. In total, 16 contact pairs were stimulated in the aINS in 7 different patients (6 left and 10 right), and 6 contact pairs were stimulated in the vmPFC in 5 different patients (2 left and 4 right).

Direct electrical stimulation

DESs were applied between two contiguous contacts located in a region of interest. Bipolar stimuli were delivered on a pair of contacts -defined as a stimulation site -using a constant current rectangular pulse generator designed for a safe stimulation of the human brain (Micromed, Treviso, Italy), according to parameters used in clinical procedures and proven to produce no structural damage. During this study, we used high-frequency stimulations (frequency of 50 Hz, pulse width of 0.5 ms and intensity of 1, 2 or 3 mA), applied in a bipolar fashion during a 5s period. The maximum stimulation intensity was determined as the highest intensity devoid of clinical symptoms during previous clinical stimulation sessions. After performing one session with the highest stimulation intensity, lower intensities (2 and/or 1 mA)

were also tested on each stimulation site when the time window of the studies allowed it.

Stimulation sessions

Sessions were randomized such that the same stimulation site was never stimulated twice in a row. Each session corresponded to the stimulation of a pair of contacts in the aINS or in the vmPFC at a given intensity. Thus, the number of contact pairs available in regions of interest mainly determined the number of sessions performed by each patient. Each session consisted of 28 trials of a behavioral task alternating between stimulation (n = 14) and non-stimulation (n = 14) (Fig. 1). The first trial of the session was randomly assigned to either stimulation or nonstimulation to maintain patients' blindness on experimental conditions. Stimulations were manually triggered and SEEG activity was monitored in real-time in order to detect stimulationinduced after discharges and electrographic seizures so as to stop the session immediately if necessary. Trials were also hand triggered every 30s, so that two stimulations remained separated by an rest interval of one minute. During stimulation trials, the stimulation was initiated about 1s before the trial onset.

Behavioral task

Presentation of visual stimuli and acquisition of behavioral data were performed on a PC using custom Matlab scripts implementing the PsychToolBox libraries [START_REF] Brainard | The Psychophysics Toolbox[END_REF]. All patient responses were done with a gamepad (Logitech F310S) using both hands. Before the experiment, participants were informed that various brain regions would be stimulated, but they were blind to experimental conditions, including stimulation parameters, the brain region being tested, and whether stimulation was active. Each trial consisted of a choice task combined with confidence rating and a cognitive challenge (Fig. 1).

Figure 1: Behavioral task a: Task structure. The task began with the offer: gain and loss prospects were displayed on the screen. Subjects could accept this offer or reject it. If they rejected it, a screen displaying the minimal amounts at stake was shown. Subjects were then asked to rate their own confidence in winning the challenge by placing a cursor on a continuous visual analog scale. The cognitive challenge ensued, whether the subjects had accepted the offer or not. A ball appeared from the left, moved horizontally to the right at constant speed and disappeared at midcourse before entering a basket at the center of the screen. Subjects had to press a button when they thought the ball was inside the basket. A feedback followed, informing subjects of their payoff. b: Session configuration. In each session, 14 trials with DES alternated with 14 trials without DES. The nature of the first trial (with or without DES) was randomized to maintain blindness of subjects. An interval of 30 seconds was respected between each trial, resulting in an interval of 1 minute between each stimulation. During trials with stimulation, DES was delivered around 1s before trial beginning, and lasted for 5s.

Choice task

The choice task began with the presentation of an offer consisting of two dimensions: a gain prospect (represented by a bunch of 10-cent coins, range: 1-5€) and a loss prospect (represented by crossed out 10-cent coins, range: 1-5€). The upcoming challenge difficulty (represented by a target window corresponding to approximately 50% theoretical success) was also displayed on the center of the screen (see training section for further details about how difficulty was adjusted to each participant). Patients were asked to accept or reject this offer by pressing a left or right button depending on where the choice option ("yes" or "no") was displayed. Patients' choice determined the amount of money at stake: accepting meant that they would eventually win the gain prospect or lose the loss prospect based on their performance in the upcoming challenge, whereas declining the offer meant playing the challenge for minimal stakes (winning 10 cents or losing 10 cents).

The sequence of trials was pseudo-randomized such that all delta values, computed as the difference between gain and loss prospects, continuously sampled along ten intervals ([-40 -30], ]-30 -20], ]-20 -10], ]-10 -5], ]-5 0], ]0 5], ]5 10], ]10 20], ]20 30], ]30 40]), were displayed for one patient during a session, with a greater sampling of medium intervals (]-10 -5], ]-5 0], ]0 5] and ]5 10]) to maximize the occurrence of undetermined choices. The positions of gain and loss prospects were randomly determined to be either displayed on top or bottom of the screen and similarly, the choice options ("yes" or "no") were randomly displayed on the left or right. Stimulation and non-stimulation trials were strictly identical in one session, such that participants served as their own control.

Patients had a free time delay to accept or decline the offer. If they declined the offer, a 250 ms screen displayed the new offer (a minimal stake of 10 cents). Thus, the challenge was performed regardless of the choice answer in order to prevent patients from eventually rejecting more offers to decrease experiment duration.

Confidence ratings

Before performing the cognitive challenge, patients were asked to rate their confidence in winning the challenge by answering the following question "Do you think you will win?"

Patients had a free time delay to answer by moving a cursor from left (not sure) to right (sure) along a continuous visual analog scale (100 steps) with left and right hand response buttons.

The initial position of the cursor on the scale was randomized to avoid confounding confidence level with movements' quantity.

Cognitive challenge

The challenge started right after confidence confirmation: a ball appeared on the left of the screen and moved, horizontally and at constant speed, towards screen center. Patients were asked to press the confirmation button when they thought the ball was inside the basket displayed at screen center (i.e., the target window). The ball always reached the center of the target after 1s. Thus, the size of the target window represented the margin of error tolerated in patient reaction time (target: 1s after the movement onset of the ball). Unbeknownst to the patients, the success rate was maintained at about 50% by decreasing (if the challenge was successful) or increasing (if the challenge was unsuccessful) the tolerated margin of error by 1% theoretical success after each trial. Importantly, the moving ball could only be seen during the first 500ms (half of the trajectory), and patients had to extrapolate the last 500ms portion of the ball's trajectory to assess whether the ball was inside the target. Finally, a feedback of 1s was given to the patients about their payoff after the challenge. Note also that, to improve patients' motivation to perform the task as accurately as possible, the total amount of money earned by the patients during a session (calculated by adding gains and losses across all trials) was displayed at the end of a session.

Training

Before the main experiment, a three steps training familiarized patients with all sub-parts of the task. In the first step, patients were familiarized with the challenge by performing 30 to 80 trials of it. Another aim of this step was to find the target size for which the participant had a 50% success rate. Thus, unbeknownst to the patient, the size of the bar was decreased after each success and increased after each error by 1 pixel, so that their performance converged statistically at 50%. The task was completed when participant's performance stabilized (most often before less than 80 trials). Each training trial was followed by feedback informing whether the challenge was successful ("ok" in green) or missed ("too slow" or "too fast" in red). In the second step, patients performed 64 trials of the full choice (i.e., the challenge was always preceded by an offer), and a feedback on the money won/lost during the trial was displayed at the end of each trial. The goal was to train patients to properly integrate the dimensions of the offer (gains and losses) when making their choice. Finally, the third and last part of the training (8 trials) was totally similar to the main task to allow patients to familiarize with confidence ratings.

Another purpose of the training was to tailor the difficulty of the challenge to each patient's ability. To do so, a tolerated margin of error corresponding to a theoretical success of 55% (i.e.

the tolerated margin of error used in the first trial of a session of the main task) was estimated from each individual patient by assuming that errors were normally distributed. Note that during training, this tolerated margin of error was updated after each trial (average and standard deviation of challenge performance were updated). Among patients, the tolerated margins of error corresponding to 55% theoretical success ranged from [± 60 ms] in the most precise patient to [± 206 ms] in the less precise one.

Behavioral analysis

Statistical analyses were performed with Matlab Statistical Toolbox (Matlab R2018a, The MathWorks, Inc., USA). All dependent variables (acceptance probability and regression estimates) were analyzed at the session level (all intensities included) and tested for significance at the group level (aINS or vmPFC) using two-tailed paired t-tests between stimulation and non-stimulation conditions. All means are reported along with the standard error of the mean.

RESULTS

The data presented in this study correspond to preliminary results of data collected until July 2020. Further inclusions are still ongoing in this study.

Task behavior and session selection

DESs of different intensities were applied to 22 stimulation sites (n=16 in aINS and n=6 in vmPFC) in eight patients suffering from DRE while performing a behavioral task. This resulted in 38 sessions (n= 27 for aINS and n=11 for vmPFC), each session corresponding to the stimulation of a specified stimulation site at a given intensity.

We first checked whether patients correctly performed the choice task during non-stimulation trials so as to rule out effects unrelated to stimulation. A proper behavior was defined as increasing acceptance probability with increasing gains while decreasing acceptance probability with increasing losses [START_REF] Vinckier | Neuro-computational account of how mood fluctuations arise and affect decision making[END_REF]. Using session-level logistic regression of choice acceptance rate against the two dimensions of the offer (gain prospects and loss prospects), we excluded from the analysis stimulation sessions whose correlation slope was both negative for gains and positive for losses, reflecting opposite behavior to the one expected.

Similarly, we excluded from the analysis sessions in which patients systematically or only once accepted the offer, and those in which they systematically or only once declined the offer across all trials (with and without stimulation), indicating incorrect task execution. Task behavior during retained sessions is shown in figure 2.

Consequently, among the 38 recorded sessions (22 stimulation sites in 8 patients), 24 sessions were kept for analysis, including 17 sessions in aINS (10 stimulation sites, 7 patients) and 7 sessions in vmPFC (3 stimulation sites, 3 patients). The localization of retained stimulation sites is displayed in figure 3. Note that the aINS sites were mainly located in the dorsal anterior insula.

Figure 2: Proper choice behavior according to gain and loss prospects

Correct choice behavior according to gain and loss prospects is depicted on these graphs displaying choice behavior in retained sessions. As logic dictates, the probability of accepting the risk offer increases as the amount of gain prospects rise. Inversely, this probability decreases as the value of loss prospects increases. 

Stimulation effects

We assessed whether aINS and vmPFC stimulation impacted the acceptance probability in the choice task.

Using two-tailed paired t-tests between stimulation and non-stimulation trials, we were unable to detect a significant difference in the probability of accepting the offer between these two conditions in both aINS (t(16) = 1.14, p = 0.27) and vmPFC (t(6) = -0.60, p = 0.57).

We then performed additional analysis on acceptance probability based on the absolute delta values (DV), computed as gains -losses value of the offer (Fig. 4). The absolute DV can be seen as an indicator of trial difficulty: the more it increases, the bigger the difference between gain and loss prospects, and therefore the easier the choices are considered. Strikingly, we found that in aINS, the probability of accepting the offer in easy trials (DV = ]20 40]) was significantly lower in stimulation versus non-stimulation trials (t(16) = 2.38, p = 0.030, Fig. 4a). Conversely, in vmPFC, the probability of accepting the offer in medium difficulty trials (DV = ]5 10]) was significantly higher in stimulation versus non-stimulation trials (t(6) = -2.76, p = 0.033, Fig. 4b).

Finally, to reject confounding factors, we assessed the interaction of anxiety and depression with the probability of accepting risk in non-stimulation trials: we did not find any statistically significant difference of the probability of accepting the offer between subjects with anxiety and/or depression and subjects apparently devoid of these comorbidities. We also assessed the interaction between stimulation and reaction time or confidence ratings. Reaction time did not significantly differ between stimulation and non-stimulation trials in neither aINS nor vmPFC, taking all trials or separating them by DV. Similarly, confidence ratings were not significantly different based on stimulation conditions in neither aINS nor vmPFC, by taking all trials or separating them by DV. 

DISCUSSION

In this prospective monocentric study, we explored the role of aINS and vmPFC in decisionmaking by assessing the effect of DES of these structures on risky decisions during a specially designed behavioral task.

In the following, we will first discuss the main preliminary results of this study and describe their novel contribution to current literature on the role of aINS and vmPFC in decision-making.

We will then discuss the main limits of our study, and will finally present the clinical implications and perspectives of these results.

Novel contributions to current evidence

The difference in the probability of accepting the offer between both aINS and vmPFC stimulation trials and non-stimulation trials did not reach statistical significance. However, in trials with a specific delta of gain and loss prospects, this probability was significantly decreased in trials with stimulation of aINS compared to non-stimulation trials, and significantly increased with stimulation of vmPFC compared to non-stimulation trials.

These preliminary results are in favor of a functional double dissociation of aINS and vmPFC in risky decisions. Indeed, the differing probability of accepting the risky decision between stimulation and non-stimulation trials with an opposite result in aINS and vmPFC is suggestive of an exciting effect of DES on aINS and vmPFC in this study. We suggest that DES yielded a hyperactivation of both aINS leading to increased risk avoidance and of vmPFC resulting in a converse effect of risk enhancement.

We hypothesize that the enhanced behavior of risk aversion in aINS stimulation trials is due to an increased subjective perception of loss prospects by subjects, when they are faced with gain and loss prospects at the beginning of the task. The aINS is indeed regarded as a key structure of the neural processing of aversive events [START_REF] Corradi-Dell'acqua | Cross-modal representations of first-hand and vicarious pain, disgust and fairness in insular and cingulate cortex[END_REF]. This hypothesis is in line with evidence from Carial et al., showing in real-time fMRI that aINS activity correlates with perception of negative stimuli [START_REF] Caria | Volitional Control of Anterior Insula Activity Modulates the Response to Aversive Stimuli. A Real-Time Functional Magnetic Resonance Imaging Study[END_REF]. This concept is also corroborated by a stimulation study in macaque monkeys, showing that stimulation of aINS elicited disgust states in monkeys [START_REF] Caruana | Emotional and Social Behaviors Elicited by Electrical Stimulation of the Insula in the Macaque Monkey[END_REF]. Inversely, we propose that vmPFC enhanced perception of gain prospects, thus leading subjects to favor acceptance of the offer.

Hence, these findings are consistent with the concept of an opposite involvement of aINS and vmPFC in decision-making developed in a vast array of neuroimaging studies, supposing that aINS -as part of a negative value network -encodes aversive cue-related prediction errors leading to risk avoidance [START_REF] Palminteri | Critical Roles for Anterior Insula and Dorsal Striatum in Punishment-Based Avoidance Learning[END_REF][START_REF] Palminteri | Contextual modulation of value signals in reward and punishment learning[END_REF][START_REF] Pessiglione | Dopaminedependent prediction errors underpin reward-seeking behaviour in humans[END_REF][START_REF] Preuschoff | Human Insula Activation Reflects Risk Prediction Errors As Well As Risk[END_REF] while vmPFC, a key part of the reward circuit, processes reward prospects and favors risky options [START_REF] Bartra | The valuation system: A coordinate-based meta-analysis of BOLD fMRI experiments examining neural correlates of subjective value[END_REF][START_REF] Haber | The Reward Circuit: Linking Primate Anatomy and Human Imaging[END_REF][START_REF] Levy | The root of all value: A neural common currency for choice[END_REF][START_REF] Skvortsova | Learning To Minimize Efforts versus Maximizing Rewards: Computational Principles and Neural Correlates[END_REF][START_REF] Vinckier | Neuro-computational account of how mood fluctuations arise and affect decision making[END_REF].

Our results are also in line with lesion studies, in which patients with insular lesions presented risk-prone behavior despite less favorable outcomes [START_REF] Clark | Differential effects of insular and ventromedial prefrontal cortex lesions on risky decision-making[END_REF], suggesting that damage to insula results in bluntness towards risk [START_REF] Weller | The effects of insula damage on decision-making for risky gains and losses[END_REF].

Our conclusions appear to be at odds with some animal studies in favor of a role of aINS in promoting risk-seeking [START_REF] Ishii | Inactivating Anterior Insular Cortex Reduces Risk Taking[END_REF]. However, our findings are consistent with other recent animal studies assessing the effect of stimulation of aINS in non-human primates [START_REF] Saga | Disturbance of approach-avoidance behaviors in non-human primates by stimulation of the limbic territories of basal ganglia and anterior insula[END_REF].

These results raise the question of a quantitative component of the respective signaling of aINS and vmPFC for incentive and aversive values, consistent with previous evidence [START_REF] Preuschoff | Human Insula Activation Reflects Risk Prediction Errors As Well As Risk[END_REF]. To test this hypothesis, it would be interesting in the future to determine if modulation of stimulation parameters during DES of these brain structures impacts the magnitude of their effect on decisions, considering that modulation of cortical stimulation parameters has already proved its impact on the intensity of subjective affective experience [START_REF] Yih | Intensity of affective experience is modulated by magnitude of intracranial electrical stimulation in human orbitofrontal, cingulate, and insular cortex[END_REF]. We did not yet include enough patients in our study to answer this question.

Another engaging question to answer in the future with a larger sample size would be to determine if the laterality and localization of DES of aINS and vmPFC (e.g. left vs right aINS, ventral anterior vs dorsal anterior aINS) yields any differential effects on decision-making.

Interestingly, the majority of the stimulated electrodes in our study are localized in the dorsal part of aINS. The significant effects of DES of dorsal aINS on decision-making demonstrated in our study are in line with the hypothesis that cognitive functions of insula is mainly related to its dorsal anterior part [START_REF] Kurth | A link between the systems: Functional differentiation and integration within the human insula revealed by meta-analysis[END_REF]. Consistent with this concept, our results also seem to concur with data from stimulation of human aINS, in functional mapping studies. Indeed, the main non-sensory symptoms reported by patients during direct electrical stimulation of aINS are cognitive, e.g. anxiety, fear and ecstasy [START_REF] Afif | Anatomofunctional organization of the insular cortex: A study using intracerebral electrical stimulation in epileptic patients: Functional Organization of the Insula[END_REF][START_REF] Bartolomei | The role of the dorsal anterior insula in ecstatic sensation revealed by direct electrical brain stimulation[END_REF][START_REF] Singh | Mapping the Insula with Stereo-Electroencephalography: The Emergence of Semiology in Insula Lobe Seizures[END_REF].

Study limitations

Although we believe that our results are promising and consistent with current literature evidence, we acknowledge some limitations of our study.

Our preliminary results are significant for subgroup analysis of delta values of gain and loss prospects but did not reach statistical significance for overall analysis. Inclusions of new subjects are still ongoing to increase the power of this study.

The mechanisms of DES and its effects on neuronal function are still incompletely understood [START_REF] David | Studying Network Mechanisms Using Intracranial Stimulation in Epileptic Patients[END_REF][START_REF] Rattay | The basic mechanism for the electrical stimulation of the nervous system[END_REF][START_REF] Ritaccio | Electrical Stimulation Mapping of the Brain: Basic Principles and Emerging Alternatives[END_REF]. Indeed, the direct effect of DES (i.e.

exciting or inhibiting the function of the stimulated brain structure) is still being discussed. If we consider aINS and vmPFC as key nodes of the decision-making network rather than isolated functional areas, one could also hypothesize that the response to stimulation of aINS or vmPFC in our study cannot be considered with absolute certainty as focal and thus representative of the structure's specific function, but rather as a diffuse response of the decision-making circuitry to the stimulation of one of its input gates. Nevertheless, the opposite effect of DES on aINS and vmPFC on decision-making in this study supports the hypothesis that DES triggeed an activation of each structure and thus its specific function in our study. To explain this 'exciting'

effect of DES, we can also suppose that the low pulse width (0.5 ms) DES used in this study preferentially activates the surrounding axons, thus selectively activating the local network of neurons, whereas a higher pulse width DES could result in the activation of the surrounding somas, which could result in an inhibition of the structure's function [START_REF] Ranck | Which elements are excited in electrical stimulation of mammalian central nervous system: A review[END_REF][START_REF] Vincent | Measuring the Electrophysiological Effects of Direct Electrical Brain Stimulation during Awake Surgery of Low Grade Glioma[END_REF]. Interestingly, this suggested 'activating' mechanism of DES was also described in other stimulation studies of the insula [START_REF] Motomura | Anterior insular cortex stimulation and its effects on emotion recognition[END_REF] and of other cortical brain structures [START_REF] Suthana | Memory Enhancement and Deep-Brain Stimulation of the Entorhinal Area[END_REF].

In addition, we cannot rule out the risk of activation of distant cortical areas by DES, a possible confounder in any study of DES. However, our protocol presented the asset of relatively low stimulation intensities, compared to previous cortical stimulation studies of the insula using intensities up to 10 mA, which can excite neural elements more than 5mm away [START_REF] Ranck | Which elements are excited in electrical stimulation of mammalian central nervous system: A review[END_REF].

The low stimulation intensities used in our study thus limit this risk of remote brain structure activation.

We also acknowledge that the same stimulation sites were sometimes repeatedly stimulated with different stimulation intensities, providing several sessions for one stimulation site.

One can also raise the problem that different clinical features of the subjects, namely antiepileptic medication, anxiety, depression and fatigue can affect decision-making performance.

For instance, one can hypothesize that the majority of these clinical interacting factors could decrease the subject's probability to accept risky decisions, via their effect on mood during the task. However, we did not find any statistically significant impact of anxiety nor depression on the probability of accepting the risky option. The fact that intrasubject statistical analyses are run (comparing the effect of stimulation trials in one subject with his/her own behavior in nonstimulation trials) also limits this bias. In addition, the opposite effect of DES of aINS and vmPFC on decision-making demonstrated in our study is in favor for the accuracy of our results.

As in any study of cortical stimulation, our results may not be generalized to healthy individuals, considering that this research was carried out in patients suffering from DRE.

Although we assessed the absence of macroscopic abnormality in vmPFC and aINS via prestimulation MRI in our patients, we cannot rule out a possible reorganization of the decisionmaking network in relationship with their DRE. However, the results are consistent across patients with different localizations of their epileptogenic zone, thus increasing the pertinence of our findings.

Clinical perspectives and future directions

Considering the preliminary results of our study, an increase of the sample seems necessary to confirm the postulate of a double dissociation effect of aINS and vmPFC on decision-making.

We will thus be able to test our hypothesis that aINS and vmPFC respectively increase perception of gain and loss prospects in risky decision-making, by means of a neurocomputational model. In order to assess the accuracy of our results, another interesting analysis would be to compare the effects of DES of aINS and vmPFC to control cortical structures, uninvolved in the decision-making network, to ensure the absence of any stimulation effect. Subsequent analyses, e.g. studying the impact of DES on mood fluctuations, of the possible differential effect of stimulations between left or right sides and between narrower localizations (notably ventral anterior and dorsal anterior insula), and of modulation of stimulation parameters seem engaging.

These findings enabled by DES will complement current evidence on the role of aINS and vmPFC in decision-making, hitherto mainly gathered by neuroimaging and lesion studies. It is noteworthy that insula and vmPFC are key structures of cognitive functions disrupted in numerous neuropsychiatric diseases [START_REF] Droutman | Revisiting the role of the insula in addiction[END_REF][START_REF] Ibrahim | The Insula: A Brain Stimulation Target for the Treatment of Addiction[END_REF][START_REF] Myers-Schulz | Functional anatomy of ventromedial prefrontal cortex: Implications for mood and anxiety disorders[END_REF][START_REF] Nagai | Insular cortex and neuropsychiatric disorders: A review of recent literature[END_REF][START_REF] Uddin | Salience processing and insular cortical function and dysfunction[END_REF]. Among these functions, decision-making is clearly identified as dysfunctional in certain disorders (notably in anxiety, conduct disorder, borderline personality disorder and addiction) [START_REF] Paulus | Decision-Making Dysfunctions in Psychiatry-Altered Homeostatic Processing[END_REF], and in insular and/or vmPFC lesions, with a severe impact on everyday life. Accordingly, understanding the specific involvement of aINS and vmPFC in decision-making in 'healthy' subjects paves the way for a better insight into the dysfunctions of decision-making processes leading to these impairments, and eventually improving their treatment [START_REF] Ibrahim | The Insula: A Brain Stimulation Target for the Treatment of Addiction[END_REF].

These findings suggest an 'activating' effect of DES on the function of the stimulated brain structure in our study, with opposite functional responses of aINS and vmPFC. They substantiate our hypothesis of a double dissociation between aINS and vmPFC in risky decision-making, and are consistent with data from functional imaging and lesion studies. This work appears to be the first stimulation study investigating the specific role of aINS and vmPFC on decision-making. Decision-making processes are dysfunctional in numerous neuropsychiatric diseases, and involvement of aINS and vmPFC in these illnesses is increasingly demonstrated. Our findings pave the way for future studies aimed at understanding the pathogenesis and eventually improving management of these disorders.
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Figure 3 :

 3 Figure 3: Location of stimulation sites of retained sessions a: Stimulation sites in aINS and vmPFC on brain templates. Using MNI coordinates, stimulation sites are displayed on aINS and vmPFC templates. Each color correlates to one subject: subject 1: purple; subject 2: blue; subject 3: white; subject 4: yellow; subject 5: green; subject 6: orange; subject 7: pink; subject 8: red. b: Stimulation sites location on brain MRI slices of each subject. Locations of stimulation sites in aINS are displayed on sagittal slices (in orange colors) while vmPFC locations are presented on axial slices (in green colors). When two stimulation sites are stimulated in one subject, their locations are superimposed on a unique slice, and they are displayed with two different shades of the color to enable their discrimination. Stimulation intensities performed for each electrode pair are displayed with the corresponding color shade on the lower side of each brain MRI slice.

Figure 4 :

 4 Figure 4: Acceptance probability according to absolute DV of offer a: Comparison of aINS stimulation vs non-stimulation trials. For trials with a high absolute DV of gain and loss prospects (DV= ]20 40]), regarded as 'easy' trials, the probability of accepting the offer was significantly decreased in aINS stimulation trials compared to non-stimulation trials. b: Comparison of vmPFC stimulation vs non-stimulation trials. For trials with an intermediate absolute DV of gain and loss prospects (DV= ]5 10]), regarded as trials of medium difficulty, the probability of accepting the offer was significantly increased in vmPFC stimulation trials compared to non-stimulation trials.
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Table 1 . Clinical data

 1 

		Age	Sex Lat.	Age at	Brain MRI	AED at	HAD-	HAD-
		at		R/L	first		DES	A	D
		DES			seizur				
		(y)			e (y)				
	1	38	M	R	3	hem. sequel	LEV, LAC,	11	5
						R inf P lob.	CLO, LOR		
	2	31	F	L	12	Normal	CAR, LEV,	7	2
							CLO		
	3	44	F	R	12	Normal	CAR, LAM,	7	8
							LEV		
	4	41	M	R	14	Normal	OXC, LAC,	15	3
							CLO		
	5	25	F	L	21	mild H.	LAC, ZON,	8	3
						assymetry	CLO		
	6	41	M	R	12	Mild R. H.A. CAR, LAC	11	3
	7	37	M	R	34	L.	CAR, ZON	6	4
						operculum			
						cavernoma			
						(resected),			
						contact with			
						L. INS.			
	8	48	F	L	36	mild R. H.A. ZON, LAC,	NA	NA
							CLO, OXC		
	DES=direct electrical stimulation; Y: years; M: male; F: female; Lat: hemispheric dominance for
	language; R: right; L: left; MRI: magnetic resonance imaging; hem. sequel R inf P lob: hemorrhagic
	sequel in right inferior parietal lobule; H: hippocampus; H.A: hippocampus atrophy; INS: insula; AED:
	anti-epileptic drugs; LEV: levetiracetam; LAC: lacosamide; CLO: clobazam; LOR: lorazepam; CAR:
	carbamazepine; OXC: oxcarbazepine; ZON: zonisamide; HAD-A: Hospital Anxiety and Depression
	Scale-anxiety score; HAD-D: Hospital Anxiety and Depression Scale-depression score; NA: not
	available								
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CONCLUSION

The involvement of anterior insula (aINS) and ventromedial prefrontal cortex (vmPFC) in decision-making is established by increasing evidence from neuroimaging and lesion studies.

While aINS is thought to signal aversive outcomes and favor risk avoidance during risky decisions, vmPFC appears to process rewards and enhance risk. The aim of this work was to assess the effect of direct electrical stimulations (DES) of aINS and vmPFC on risky decisions during a behavioral task in patients explored in SEEG for drug-resistant epilepsy.

Patients were asked to perform a task involving a choice between accepting a risky offer (implying a gain of virtual money if subject won the following cognitive challenge or a loss of money when failing the challenge) or rejecting it (playing the challenge at minimal stakes), followed by a cognitive challenge. Each session included 14 trials with DES of either aINS or vmPFC and 14 non-stimulations trials (serving as controls). Patients were blinded to experimental conditions.

We focused the analyses on sessions during which patients' behavior reflected a correct execution of the task during non-stimulation trials, i.e., trials during which choice behavior correlated with the value of gain and loss prospects. This criterion allowed us to analyze 16 sessions with stimulation of aINS in 7 subjects, and 7 sessions with DES of vmPFC in 3 subjects. The overall probability of accepting the offer between stimulation trials and nonstimulation trials did not differ for aINS nor vmPFC. However, further analyses based on the difficulty levels of the trials (estimated by the absolute difference between gain and loss prospects) revealed a double dissociation between aINS and vmPFC DES. Hence, the probability of accepting the offer was significantly decreased in easy trials with stimulation of aINS compared to non-stimulation trials whereas it increased in vmPFC-stimulation trials of medium difficulty compared to non-stimulation trials.
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