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Introduction

The hunger-satiety cycle involves preabsorptive and absorptive phases of eating followed by appetite-inhibition phases respectively [START_REF] Booth | SATIETY AND APPETITE | The Role of Satiety in Nutrition[END_REF][START_REF] Benelam | Satiation, satiety and their effects on eating behaviour[END_REF]. These are managed by instinctive behavior that rewards feelings of pleasure [START_REF] Rogers | Food reward. What it is and how to measure it[END_REF]. Thus, food reward processes play a crucial role in the regulation of appetite by soliciting the motivation to seek and consume food. Many studies report that reward circuit dysfunction may be conducive to abnormal fat accumulation (e.g. obesity) by interfering with food intake especially in adolescent populations [START_REF] Ahima | Brain regulation of appetite and satiety[END_REF][START_REF] Hussain | The regulation of food intake by the gut-brain axis: implications for obesity[END_REF][START_REF] Amin | Hunger and Satiety Mechanisms and Their Potential Exploitation in the Regulation of Food Intake[END_REF]. The energy balance monitored by hypothalamic responses is disturbed by a caloric over-consumption due to repeated exposure and easy access to foods and drinks with high fat and/or sugar. This hyper-stimulation can lead to an override of the hypothalamic systems by the hedonic/reward brain systems partially explaining the rise of overweight and obesity. In this regard, understanding food brain reward mechanisms is crucial and complex; it nonetheless remains unclear [START_REF] Killgore | Affect modulates appetite-related brain activity to images of food[END_REF] and will be investigated in this study.

Typically, two functional imaging approaches are used to determine the patterns involved in reward processes by assessing changes in blood oxygenation. Rest-based imaging assesses functional connectivity by focusing on spontaneous fluctuations in the brain which reflect the intrinsic functional interaction between brain regions, whereas task-based imaging assesses activation changes in blood oxygenation in response to visual representations of food [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF][START_REF] Santel | Hunger and satiety in anorexia nervosa: fMRI during cognitive processing of food pictures[END_REF][START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Crosson | Functional Imaging and Related Techniques: An Introduction for Rehabilitation Researchers[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF][START_REF] Di | Task vs. rest-different network configurations between the coactivation and the resting-state brain networks[END_REF]. Findings indicate involvement of the mesolimbic system, in addition to the nucleus accumbens which is vital in reward processing [START_REF] Ikemoto | Dopamine reward circuitry: two projection systems from the ventral midbrain to the nucleus accumbens-olfactory tubercle complex[END_REF][START_REF] Arias-Carrión | Dopaminergic reward system: a short integrative review[END_REF][START_REF] Pavuluri | Nucleus accumbens and its role in reward and emotional circuitry: A potential hot mess in substance use and emotional disorders[END_REF]. More specifically, task-related studies have shown that cuerelated eating activity is observed in the nucleus accumbens, possibly predicting the intensity of desire for food [START_REF] Lopez | Neural Predictors of Giving In To Temptation in Daily Life[END_REF][START_REF] Chodkowski | Imbalance in resting state functional connectivity is associated with eating behaviors and adiposity in children[END_REF]. Furthermore, a rest-based study has demonstrated that spontaneous fluctuations in the nucleus accumbens seed are primarily correlated with the orbitofrontal cortex [START_REF] Martino | Functional Connectivity of Human Striatum: A Resting State fMRI Study[END_REF].

The orbitofrontal cortex, known for mediating the monitoring of reward value [START_REF] O'doherty | Abstract reward and punishment representations in the human orbitofrontal cortex[END_REF][START_REF] O'doherty | Beauty in a smile: the role of medial orbitofrontal cortex in facial attractiveness[END_REF][START_REF] Anderson | Dissociated neural representations of intensity and valence in human olfaction[END_REF][START_REF] Kringelbach | The human orbitofrontal cortex: linking reward to hedonic experience[END_REF][START_REF] Mccabe | Umami: a delicious flavor formed by convergence of taste and olfactory pathways in the human brain[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Rolls | Taste, olfactory, and food reward value processing in the brain[END_REF][START_REF] Chen | Altered Functional Connectivity of the Insula and Nucleus Accumbens in Internet Gaming Disorder: A Resting State fMRI Study[END_REF]Zhang et al., 2016a), predominantly receives sensory information as visual, auditory, olfactory, gustatory and somatosensory input which is projected to the nucleus accumbens [START_REF] Schoenbaum | Orbitofrontal cortex, decision-making and drug addiction[END_REF][START_REF] Peters | Neural representations of subjective reward value[END_REF]. The literature as a general rule discerns subregions of the medial orbitofrontal cortex which are linked to pleasantness from the lateral orbitofrontal cortex which primarily responds to negative and punishment-based stimuli (de [START_REF] Araujo | Human cortical responses to water in the mouth, and the effects of thirst[END_REF][START_REF] Kringelbach | The functional neuroanatomy of the human orbitofrontal cortex: evidence from neuroimaging and neuropsychology[END_REF][START_REF] Peters | Neural representations of subjective reward value[END_REF]. Other task-based studies show, by investigating the effects of food deprivation, that these two regions are linked to appetite: the lateral orbitofrontal cortex is mobilized to a greater extent in a state of hunger whereas the medial orbitofrontal cortex is more commonly activated with respect to subjective satiety [START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF]. Furthermore, a rest-based study has identified positive functional connectivity between the orbitofrontal cortex and insula cortex consistent with anatomical connections between the insula and the orbitofrontal cortex [START_REF] Deen | Three Systems of Insular Functional Connectivity Identified with Cluster Analysis[END_REF][START_REF] Kahnt | Connectivity-Based Parcellation of the Human Orbitofrontal Cortex[END_REF].

It has been shown that the insula cortex participates in goal-directed reward seeking, whereby the posterior portion plays a role in the visualization, imagining and consumption of food and the anterior portion is involved in taste and texture [START_REF] Frank | Food related processes in the insular cortex[END_REF][START_REF] Wright | Differential effects of hunger and satiety on insular cortex and hypothalamic functional connectivity[END_REF]. Various studies have provided evidence of insula recruitment in various addictive processes such as craving, food, drug-taking, smoking, gambling and internet gaming [START_REF] Garavan | Cue-induced cocaine craving: neuroanatomical specificity for drug users and drug stimuli[END_REF][START_REF] Paulus | Neural activation patterns of methamphetaminedependent subjects during decision making predict relapse[END_REF][START_REF] Naqvi | The hidden island of addiction: the insula[END_REF][START_REF] Gearhardt | The Neural Correlates of "Food Addiction[END_REF][START_REF] Fauth-Bühler | Insula and striatum activity in effort-related monetary reward processing in gambling disorder: The role of depressive symptomatology[END_REF]Zhang et al., 2016a). Task-based imaging studies have demonstrated that foodrelated visual stimuli induce greater activation in the bilateral insula in states of hunger alone, confirming involvement of the insula in appetite regulation [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF][START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF]. In addition, this result is enhanced by a rest-based study describing disrupted functional connectivity between the insula and nucleus accumbens in cases of Internet Gaming Disorder [START_REF] Chen | Altered Functional Connectivity of the Insula and Nucleus Accumbens in Internet Gaming Disorder: A Resting State fMRI Study[END_REF].

Therefore, the nucleus accumbens, orbitofrontal cortex and insula all play a crucial role in the primary taste-reward circuitry [START_REF] Rolls | The Representation of Information About Taste and Odor in the Orbitofrontal Cortex[END_REF][START_REF] Shott | Greater Insula White Matter Fiber Connectivity in Women Recovered from Anorexia Nervosa[END_REF] and investigation of their interconnectedness would constitute a most pertinent topic of research. Unfortunately, all of these studies are based on healthy adults and none focus on healthy adolescents [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF][START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF] who are of crucial interest given the emergence of abnormal fat accumulation such overweight and obesity in this population. Thus, the aim of the present research work is to investigate the effect of food intake on functional connectivity within the brain reward regions in healthy adolescents. Using task-and rest-based imaging, we expected increased functional connectivity in the nucleus accumbens, insula and orbitofrontal cortex regions while hungry as compared to while satiated.

Materials and Methods

Population

Fifteen healthy right-handed adolescents (7 females; 8 males; age=14.1±1.3 years, mean±SD) with no history of eating disorders or other medical illnesses participated in this study. The participants were all right-handed with normal or corrected-to-normal vision and normalweight (body mass index -BMI=19.3±1.7 kg/m² mean±SD).

The study was conducted according to the Declaration of Helsinki and received ethical approval from the local ethics committee. Written informed consent was obtained from each participant (ClinicalTrials.gov Identifier: NCT02868619).

fMRI sessions

All participants underwent two MRI sessions: (i) a pre-lunch called "hunger" state and (ii) a post-lunch called "satiety" state session. Participants were instructed not to eat food after the breakfast, for at least 6h or 7h before the first MRI session. This ensures that the digestion process is at an end following the last food intake meaning that participants are in hungry state and all food stimuli can be considered motivationally relevant. Then, a standardized lunch was served including bread, mini pasta shells (125g) with a portion of butter and gruyere, tomato sauce (300g), yogurt and fruit puree. The caloric content of the meal has been validated by a nutritionist to ensure that the nutritional intake needed by a growing adolescent is sufficient. A non-formal interview was performed with volunteers in order to collect their feelings. All reported a feeling satiated at the end of the lunch. One hour later, the second MRI session was performed. Therefore, satiety state was based on the feeling of being full but it was not reached metabolically (postprandial phase) [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF].

MRI data acquisition

Neuroimaging data were collected using a 3T magnet (Skyra, Siemens, Germany) with a 32 channel head coil. For each MRI session, structural images (3DT1-MPRAGE) were acquired according to the following parameters: field of view=25x25cm, TR/TE/TI=1690/2.5/922ms, flip angle = 9°, voxel size=0.98x0.98x1mm3, 176 slices. Magnitude and phase images of the magnetic field were acquired by means of gradient echo-echo planar imaging (GE-EPI) sequences (TR/TE1/TE2=436/4.92/7.38ms, voxel size: 2.56x2.56x3 mm, flip angle 60°).

During each MRI session, two types of functional imaging were acquired: (i) task-based fMRI followed by (ii) resting-state gradient echo-echo planar imaging (GE-EPI).

Task-based acquisition

The task stimulus was back-projected onto a screen located at the foot of the MRI bed using an LCD projector. Participants viewed the screen via a mirror attached to the head coil. Stimulus presentation was generated using E-prime software (Psychology Software Tools, Pittsburgh, PA; www.pstnet.com/) and synchronization of MRI acquisition was obtained using a NordicNeuroLab SyncBox (Bergen, Norway, www.nordicneurolab.com).

Task-based fMRI acquisition was obtained by means of gradient echo-echo planar imaging (GE-EPI) according to the following imaging parameters: TR/TE=3000/20ms, 46 axial slices, slice thickness 3 mm, in plane resolution 2.5x2.5mm, no interslice gap, interleaved acquisition, flip angle 9°.

The fMRI task is implemented as blocked design which consists of a visual presentation of pictures. No jitter or null event were included in the paradigm. Images were selected from a set of photos in free access on the internet. Finally, 128 images were consistent with our study and were classified according to four categories (32 pictures in each category): neutral, low calorie, high calorie and inedible. The neutral category is included as a control and consisted of flower and landscape pictures. The low calorie food category consisted of pictures of low fat foods including a range of 0 to 60 calories per 100g (mean±SD=32±15) such as fruit, vegetables and water. The high calorie food category consisted of pictures of foods high in sugar (16 pictures) and fat (16 pictures) including a range of 110 to 550 calories per 100g (mean±SD=293±124) such as savory dishes (e.g. pizza), desserts (e.g. cheesecake) and sweet drinks (e.g. cola). The inedible category contained pictures of raw and rotten food such as raw rice, raw meat or rotten oranges. Each category was composed of 32 pictures which were divided in four sets of 8 pictures. These sets were presented in pseudo-random orders in that every four sets contain at least each category. Each picture was displayed once for 3s and each set during 24s, for a total duration of 6min 24s. Pictures were randomized between two MRI sessions. A description of the fMRI task is found in Figure 1.

Rest-based acquisition

Gradient echo-echo planar imaging (GE-EPI) sequence acquisitions were obtained using the following parameters: TR/TE=2600/30ms, 44 axial slices, slice thickness 3mm, in plane resolution 2.5x2.5mm, no interslice gap, interleaved acquisition, flip angle 90°, 200 volumes. For each participant, the first five volumes were discarded to allow for stabilization of the magnetic field and participant adjustment to scanner noise [START_REF] Greicius | Default-mode network activity distinguishes Alzheimer's disease from healthy aging: evidence from functional MRI[END_REF][START_REF] Wu | Altered Default Mode Network Connectivity in Alzheimer's Disease--A Resting Functional MRI and Bayesian Network Study[END_REF].

During resting-state acquisition, the subjects were instructed to keep their eyes closed and to think of nothing in particular.

Data processing

Rest-and task-based data were preprocessed using similar methodology (SPM12; Wellcome Department of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) [START_REF] Ashburner | SPM: a history[END_REF] Matlab R2014a (The Mathworks Inc.; MA, USA)).

The methodology included correction of magnetic field distortion, disparity in scan acquisition time, and head motion. Co-registration to individual anatomical images was then performed. The anatomical images were segmented into gray matter, white matter, and cerebrospinal fluid using a segmentation algorithm. Hence functional images were spatially normalized to a MNI template and spatially smoothed using a Gaussian filter with a full width at half maximum of 6mm to accommodate inter-individual anatomical variability.

Sixteen regions of interest -ROI -were defined as left-and right-sided in the anterior and posterior insula, nucleus accumbens and orbitofrontal cortex (lateral, anterior, posterior and medial). ROI masks were generated from "neuromorphometric" templates (Montreal Neurological Institute -MNI -space) introduced in SPM12 excepting the nucleus accumbens selected from the "Brainnetome" atlas (http://atlas.brainnetome.org) which provides more fine-grained brain subregions. All ROI have been checked visually in all participants especially in nucleus accumbens due to the fact that this region is small. Preprocessed functional MRI data, structural T1-MPRAGE data, segmented data and these predefined ROIs were imported into the Conn V.17.e toolbox (https://www.nitrc.org/projects/conn). Additional preprocessing included de-noising with voxelwise removal of linear trends across each patient's fMRI dataset, and temporal low-pass filtering (0.009Hz<f<0.08Hz) to maintain low-frequency fluctuations. The BOLD signal in white matter and cerebral spinal fluid and movement parameters were used as covariates to remove unwanted physiologic and motion artifact effects [START_REF] Behzadi | A Component Based Noise Correction Method (CompCor) for BOLD and Perfusion Based fMRI[END_REF]. First-level analysis (within subjects) then estimated the Fisher-transformed bivariate correlation coefficients using a weighted general linear model between the ROI time-series. Functional connectivity measures were tested at the second level by using random effects analysis on a ROI-to-ROI basis within the predefined aforementioned ROIs.

All contrasts were generated as one-tailed t tests with a false-discovery rate (FDR) seed-level corrected with a p-value threshold of p<0.05. All contrasts in task-and rest-based fMRI focus on a comparison between two fMRI sessions (hunger vs satiety). Regarding task-based imaging, we created three contrasts. First was based on a combination of low and high calories called "food". The contrast corresponded to a comparison (neutral<food)(hunger vs satiety). Second was based on the comparison between neutral and inedible categories assessed by (neutral<inedible)(hunger vs satiety). Third consisted of a comparison between food and inedible categories which was represented by (inedible<food)(hunger vs satiety).

All of the results were reported in the Montreal Neurological Institute (MNI) space.

Results

Task-based imaging

Functional connectivity in task-related fMRI showing significant differences between states of hunger and states of satiety are provided in Figure 2 and Table 1 with a statistical threshold of p<0.05 FDR corrected.

Concerning the comparison between neutral and food categories, functional connectivity increased when hungry as opposed to satiated on the right side between the medial orbitofrontal/lateral orbitofrontal cortices (t=3.70, p<0.015) and the posterior insula/accumbens (t=3.60, p<0.019) and decreased between the right anterior orbitofrontal/right accumbens (t=4.25, p<0.005), right anterior orbitofrontal/left accumbens (t=3.09, p<0.004) and right posterior insula/right medial orbitofrontal cortex (t=4.10, p<0.007).

Regarding the comparison between neutral and inedible categories, functional connectivity increased when hungry as opposed to satiated on the right side between the medial orbitofrontal/posterior insula (t=3.54, p<0.023). No decrease was observed.

The comparison between food and inedible categories was not significant.

Rest-based imaging

Resting-state functional connectivity showing significant differences between hunger and satiated conditions are provided in Figure 2 and Table 2 with a statistical threshold of p<0.05 FDR corrected.

When hungry as opposed to satiated, functional connectivity increased between the right accumbens/left posterior insula (t=3.09, p<0.042), right accumbens/right posterior insula (t=2.96, p<0.034), left accumbens/left lateral orbitofrontal cortex (t=2.99, p<0.042) and left accumbens/left posterior insula (t=2.84, p<0.042). No decrease was observed.

Discussion

This study addresses the question of the effect of appetite on the reward circuit in healthy adolescents by assessing task-and rest-based functional connectivity in reward-related brain areas within the context of hunger and satiated conditions. In task-based imaging, increased functional connectivity was observed while hungry as opposite to the satiety during food stimuli on the right side between the posterior insula/accumbens which might reflect anticipation of an upcoming meal as a reward [START_REF] Cho | Nucleus accumbens, thalamus and insula connectivity during incentive anticipation in typical adults and adolescents[END_REF], and between the medial/lateral orbitofrontal cortex, suggesting that participants might have perceived food deprivation as a form of frustration [START_REF] Metereau | The medial orbitofrontal cortex encodes a general unsigned value signal during anticipation of both appetitive and aversive events[END_REF]. Furthermore, in rest-based imaging, increased functional connectivity was identified in the left accumbens/lateral orbitofrontal cortex, accumbens/posterior insula and right posterior insula/right accumbens. This lateralization could reflect internal state changes due to focus on the benefit of an upcoming meal [START_REF] Oberlin | Beer self-administration provokes lateralized nucleus accumbens dopamine release in male heavy drinkers[END_REF]. Decreased functional connectivity was found while hungry in the right anterior orbitofrontal cortex/bilateral accumbens and right posterior insula/right medial orbitofrontal cortex, corroborating the notion of reduction in pleasurerelated processes which are associated with diminished sensory and affective perception of food intake [START_REF] Ochsner | For better or for worse: neural systems supporting the cognitive down-and upregulation of negative emotion[END_REF][START_REF] Hooker | The role of lateral orbitofrontal cortex in the inhibitory control of emotion[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Cheng | Medial reward and lateral non-reward orbitofrontal cortex circuits change in opposite directions in depression[END_REF]. Furthermore, the functional connectivity between right medial orbitofrontal cortex/right posterior insula was increased while hungry during inedible category of the task reflecting a gap on behavioral strategies of aversive internal states [START_REF] Hosokawa | Neurons in the macaque orbitofrontal cortex code relative preference of both rewarding and aversive outcomes[END_REF][START_REF] Morrison | The Convergence of Information about Rewarding and Aversive Stimuli in Single Neurons[END_REF][START_REF] Metereau | The medial orbitofrontal cortex encodes a general unsigned value signal during anticipation of both appetitive and aversive events[END_REF].

Another observation demonstrates that the impact of hunger on functional connectivity was ascertained in the posterior insula alone, with no incidence in the anterior portion of the insula during task-and rest-based imaging. Our results actually reported an increase in functional connectivity between the left posterior insula and bilateral nucleus accumbens in resting-state as well as between the right posterior insula and right nucleus accumbens in resting-state and task during food stimuli. We also reported an increase in functional connectivity between the right posterior insula and right medial orbitofrontal cortex in task during food stimuli which is decreased during inedible stimuli. Studies based on arterial spin labeling have also detected increased cerebral blood flow exclusively in the bilateral posterior insula when comparing hunger with satiety in healthy adolescents (Charroud et al. 2019) or healthy adults [START_REF] Frank | Fat intake modulates cerebral blood flow in homeostatic and gustatory brain areas in humans[END_REF][START_REF] Eldeghaidy | Prior Consumption of a Fat Meal in Healthy Adults Modulates the Brain's Response to Fat[END_REF], suggesting that this change in blood flow may be associated with the increased functional connectivity shown in our findings. Several fMRI studies have emphasized the involvement of the posterior insula in sensory-discriminative processes [START_REF] Cauda | Functional connectivity of the insula in the resting brain[END_REF][START_REF] Cristofori | Monetary reward suppresses anterior insula activity during social pain[END_REF], deliberately concentrating on food intake [START_REF] Siep | Fighting food temptations: the modulating effects of short-term cognitive reappraisal, suppression and up-regulation on mesocorticolimbic activity related to appetitive motivation[END_REF][START_REF] Wright | Differential effects of hunger and satiety on insular cortex and hypothalamic functional connectivity[END_REF], visualization of food cues [START_REF] Britton | Neural correlates of social and nonsocial emotions: An fMRI study[END_REF] and consumption of palatable food [START_REF] Bohon | Reward Abnormalities Among Women with Full and Subthreshold Bulimia Nervosa: A Functional Magnetic Resonance Imaging Study[END_REF], whereas the anterior insula is responsive to taste and texture [START_REF] Frank | Food related processes in the insular cortex[END_REF] including gustatory perception (visual, taste or smell food stimuli), food intake (flavors, aroma, texture and viscosity) and selfawareness [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]. Based on these studies, it was predicted that involvement of the posterior insula alone would be observed in our study due to the fact that the food stimuli were delivered visually. Indeed, our findings identified increased functional connectivity exclusively in the posterior region while hungry compared to while satiated in task-and restbased imaging, suggesting that feelings of hunger may lead to an irrational and excessive desire for food reward and induce imaginary representations of palatable foods. Participants appear to focus on benefit rather than on taste, switching focus from flavor and affective perception.

Traditionally described as a system that integrates interoceptive states, the insula is also instrumental in appetite motivation processes and goal-directed reward seeking [START_REF] Naqvi | The hidden island of addiction: the insula[END_REF] as demonstrated by task-based studies reporting increased activation upon reward-related food cues [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF][START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF] , monetary cues [START_REF] Cooper | Valence and salience contribute to nucleus accumbens activation[END_REF][START_REF] Cho | Nucleus accumbens, thalamus and insula connectivity during incentive anticipation in typical adults and adolescents[END_REF], listening to music [START_REF] Menon | The rewards of music listening: response and physiological connectivity of the mesolimbic system[END_REF] and sexual behavior [START_REF] Wise | Brain Activity Unique to Orgasm in Women: An fMRI Analysis[END_REF]. In addition, all of these studies highlight increased activation in the nucleus accumbens, which plays a central role in the reward system and assimilation of affective information to modulate motivated behavior [START_REF] Bassareo | Differential responsiveness of dopamine transmission to food-stimuli in nucleus accumbens shell/core compartments[END_REF][START_REF] Hikosaka | New insights on the subcortical representation of reward[END_REF][START_REF] Berridge | Liking' and 'wanting' food rewards: Brain substrates and roles in eating disorders[END_REF][START_REF] Volkow | Reward, dopamine and the control of food intake: implications for obesity[END_REF][START_REF] Cho | Nucleus accumbens, thalamus and insula connectivity during incentive anticipation in typical adults and adolescents[END_REF][START_REF] Floresco | The Nucleus Accumbens: An Interface Between Cognition, Emotion, and Action[END_REF][START_REF] Pavuluri | Nucleus accumbens and its role in reward and emotional circuitry: A potential hot mess in substance use and emotional disorders[END_REF]. These findings suggest an interaction between the insula and nucleus accumbens and are consistent with rest-based studies demonstrating altered functional or effective connectivity in these two regions regarding addictions such as internet gaming disorder [START_REF] Chen | Altered Functional Connectivity of the Insula and Nucleus Accumbens in Internet Gaming Disorder: A Resting State fMRI Study[END_REF], drug consumption [START_REF] Upadhyay | Alterations in brain structure and functional connectivity in prescription opioid-dependent patients[END_REF], alcohol abuse [START_REF] Camchong | Resting-state synchrony during early alcohol abstinence can predict subsequent relapse[END_REF] and monetary incentive [START_REF] Cho | Nucleus accumbens, thalamus and insula connectivity during incentive anticipation in typical adults and adolescents[END_REF]. In our study, we observed increased functional connectivity between the right posterior insula and right nucleus accumbens while hungry as opposed to while satiated in both taskand rest-based imaging. Therefore, this result is in concordance with the literature and we can hypothesize that the functional connectivity between the right posterior insula and nucleus accumbens is implicated not only in substance abuse disorders but also in mediating appetite. This connection would appear to reflect addictive behavior in relation to food.

In addition to regions of the insula and nucleus accumbens, numerous studies have highlighted the participation of the orbitofrontal cortex in reward processing [START_REF] O'doherty | Abstract reward and punishment representations in the human orbitofrontal cortex[END_REF][START_REF] O'doherty | Beauty in a smile: the role of medial orbitofrontal cortex in facial attractiveness[END_REF][START_REF] Anderson | Dissociated neural representations of intensity and valence in human olfaction[END_REF][START_REF] Kringelbach | The human orbitofrontal cortex: linking reward to hedonic experience[END_REF][START_REF] Mccabe | Umami: a delicious flavor formed by convergence of taste and olfactory pathways in the human brain[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Rolls | Taste, olfactory, and food reward value processing in the brain[END_REF][START_REF] Chen | Altered Functional Connectivity of the Insula and Nucleus Accumbens in Internet Gaming Disorder: A Resting State fMRI Study[END_REF]Zhang et al., 2016a). While the medial portion of the orbitofrontal cortex is recruited in subjectively pleasant stimuli such as smell [START_REF] Mccabe | Umami: a delicious flavor formed by convergence of taste and olfactory pathways in the human brain[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF]Rolls, 2011), taste (McCabe and[START_REF] Mccabe | Umami: a delicious flavor formed by convergence of taste and olfactory pathways in the human brain[END_REF][START_REF] Rolls | Taste, olfactory, and food reward value processing in the brain[END_REF], facial recognition [START_REF] O'doherty | Beauty in a smile: the role of medial orbitofrontal cortex in facial attractiveness[END_REF], and monetary reward [START_REF] O'doherty | Abstract reward and punishment representations in the human orbitofrontal cortex[END_REF], the lateral portion of the orbitofrontal cortex is involved in nonreward, unpleasant and punitive events [START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Cheng | Medial reward and lateral non-reward orbitofrontal cortex circuits change in opposite directions in depression[END_REF] such as monetary loss [START_REF] O'doherty | Abstract reward and punishment representations in the human orbitofrontal cortex[END_REF], reversal behavior [START_REF] Kringelbach | Neural correlates of rapid reversal learning in a simple model of human social interaction[END_REF], unpleasant odors [START_REF] Anderson | Dissociated neural representations of intensity and valence in human olfaction[END_REF][START_REF] Rolls | Different representations of pleasant and unpleasant odours in the human brain[END_REF] and intention of punishment threat (Zhang et al., 2016b). The hypothesis that there is a functional relationship between these subregions of the orbitofrontal cortex and ventral striatum has already been formulated [START_REF] Postuma | Basal ganglia functional connectivity based on a meta-analysis of 126 positron emission tomography and functional magnetic resonance imaging publications[END_REF]. Martino et al. show that the inferior ventral striatum region (i.e. nucleus accumbens) is associated with the medial orbitofrontal cortex and the superior ventral striatum region is associated with the lateral orbitofrontal cortex according to rest-based imaging [START_REF] Martino | Functional Connectivity of Human Striatum: A Resting State fMRI Study[END_REF]. In addition, other studies focusing on addictive drugs demonstrated the central role of reward and motivation in drug use and dependence [START_REF] Goldstein | Drug Addiction and Its Underlying Neurobiological Basis: Neuroimaging Evidence for the Involvement of the Frontal Cortex[END_REF][START_REF] Everitt | Neural systems of reinforcement for drug addiction: from actions to habits to compulsion[END_REF][START_REF] Baler | Drug addiction: the neurobiology of disrupted self-control[END_REF][START_REF] Garavan | The role of cognitive control in cocaine dependence[END_REF]. Authors described that heroin users have greater functional connectivity than control participants between the nucleus accumbens and medial orbitofrontal cortex and lateral and medial orbitofrontal cortices [START_REF] Ma | Addiction Related Alteration in Resting-state Brain Connectivity[END_REF]. Therefore our results are consistent with this evidence due to the fact that we observed increased functional connectivity while hungry as opposed to while satiated between the nucleus accumbens and the lateral orbitofrontal cortex during rest-based imaging, and between the lateral and medial orbitofrontal cortices during task-based imaging. This is suggestive that participants were able to relieve hunger by anticipating the pleasure of an upcoming meal which is believed to be represented in the medial orbitofrontal cortex. Since they know they will receive a meal afterwards, this anticipation is bolstered. They could also perceive food deprivation as a feeling of frustration. Participants may actually feel impatient with waiting too long for the meal to lead to a negative emotional response which could be enhanced by anticipating the meal when viewing food pictures. This could be reflected by increased functional connectivity in the lateral orbitofrontal cortex during rest-and task-based imaging, especially that studies reported the involvement of lateral orbitofrontal cortex during unwanted or uncomfortable sensations [START_REF] Ochsner | For better or for worse: neural systems supporting the cognitive down-and upregulation of negative emotion[END_REF][START_REF] Hooker | The role of lateral orbitofrontal cortex in the inhibitory control of emotion[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Cheng | Medial reward and lateral non-reward orbitofrontal cortex circuits change in opposite directions in depression[END_REF]. Therefore, it seems that both medial and lateral orbitofrontal cortex play a role in these ambivalent feelings.

More particularly, we also observed right-sided lateralization during task-based imaging compared to rest-based imaging wherein functional connectivity was greater on the left-side between the accumbens/lateral orbitofrontal cortex and accumbens/posterior insula while hungry as opposed to while satiated. The notion of laterality remains unclear in the literature [START_REF] Simmons | Pictures of appetizing foods activate gustatory cortices for taste and reward[END_REF]. However, one positron emission tomography study found, by investigating beer self-administration in heavy drinkers, that the function of the nucleus accumbens is lateralized on the right side for exteroceptive signals with stimulus salience (i.e. flavor) and on the left for interoceptive signals with stimulus salience [START_REF] Oberlin | Beer self-administration provokes lateralized nucleus accumbens dopamine release in male heavy drinkers[END_REF]. Therefore, during task-based imaging, food pictures (exteroceptive stimuli) would appear to represent conditioned signals (i.e. flavor) triggering an impending food intake response which leads to increased functional connectivity in the right nucleus accumbens. Furthermore, increased functional connectivity in the left nucleus accumbens may reflect internal state changes due to focus on the benefit of an upcoming meal as a reward. This is associated with introspective and self-referential processes that are largely implicated during rest-based imaging [START_REF] Greicius | Resting-state functional connectivity in neuropsychiatric disorders[END_REF][START_REF] Van Den Heuvel | Exploring the brain network: a review on resting-state fMRI functional connectivity[END_REF][START_REF] Lv | Resting-State Functional MRI: Everything That Nonexperts Have Always Wanted to Know[END_REF][START_REF] Lu | Origins of the Resting-State Functional MRI Signal: Potential Limitations of the "Neurocentric" Model[END_REF].

From this perspective, we observed decreased functional connectivity between the bilateral accumbens/right anterior orbitofrontal cortex and right posterior insula/right medial orbitofrontal cortex during task-based imaging while hungry as opposed to while satiated. Reports in the literature indicate that the posterior insula and nucleus accumbens are implicated in sensory integration and affective information respectively, whereas the orbitofrontal cortex is recruited when experiencing pleasure (medial portion) and negative emotional response (lateral portion) [START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Rolls | Taste, olfactory, and food reward value processing in the brain[END_REF]. The anterior portion of the orbitofrontal cortex participates in reward value, learning, memory and subjective hedonic experience [START_REF] Kringelbach | The human orbitofrontal cortex: linking reward to hedonic experience[END_REF]. Thus, disruption between the posterior insula and medial orbitofrontal cortex could result in diminished pleasure-related processes which are associated with a loss of sensory perception of food intake. Disruption between the nucleus accumbens and anterior orbitofrontal cortex could also lead to decreased pleasure processes (hedonicity), yet they are associated with a loss of affective perception of food intake. In other words, participants might perceive food as a need by deprioritizing the affective and sensorial information that triggers pleasure (Figure 2b in right) while they focus on unpleasant and frustrating feelings of hunger (Figure 2b in left).

Conversely, during presentation of inedible category in task-based imaging, we observed increased functional connectivity between the medial orbitofrontal cortex and posterior insula while hungry as opposed to while satiated. Little studies investigated neural responses by manipulating positive and negative stimuli in the context of appetite. Some authors focusing in orbitofrontal cortex showed the involvement of medial part of the orbitofrontal cortex during salty water/aversive pictures stimuli [START_REF] Metereau | The medial orbitofrontal cortex encodes a general unsigned value signal during anticipation of both appetitive and aversive events[END_REF]. Other studies in monkeys reported the involvement of many orbitofrontal cortex neurons in an aversive outcome by introducing electrical stimulus [START_REF] Hosokawa | Neurons in the macaque orbitofrontal cortex code relative preference of both rewarding and aversive outcomes[END_REF] or aversive air-puff [START_REF] Morrison | The Convergence of Information about Rewarding and Aversive Stimuli in Single Neurons[END_REF]. Being that the medial orbitofrontal cortex also participated in pleasant and reward processes, as previously described [START_REF] O'doherty | Abstract reward and punishment representations in the human orbitofrontal cortex[END_REF][START_REF] O'doherty | Beauty in a smile: the role of medial orbitofrontal cortex in facial attractiveness[END_REF][START_REF] Anderson | Dissociated neural representations of intensity and valence in human olfaction[END_REF][START_REF] Kringelbach | The human orbitofrontal cortex: linking reward to hedonic experience[END_REF][START_REF] Mccabe | Umami: a delicious flavor formed by convergence of taste and olfactory pathways in the human brain[END_REF][START_REF] Grabenhorst | Value, pleasure and choice in the ventral prefrontal cortex[END_REF][START_REF] Rolls | Taste, olfactory, and food reward value processing in the brain[END_REF][START_REF] Chen | Altered Functional Connectivity of the Insula and Nucleus Accumbens in Internet Gaming Disorder: A Resting State fMRI Study[END_REF]Zhang et al., 2016a), authors indicated that a same group of orbitofrontal cortex neuron are engaged in reward and aversive responses, suggesting a common representation of information regardless of valence [START_REF] Hosokawa | Neurons in the macaque orbitofrontal cortex code relative preference of both rewarding and aversive outcomes[END_REF][START_REF] Morrison | The Convergence of Information about Rewarding and Aversive Stimuli in Single Neurons[END_REF][START_REF] Metereau | The medial orbitofrontal cortex encodes a general unsigned value signal during anticipation of both appetitive and aversive events[END_REF]. Therefore, our current findings are in concordance with this hypothesis and suggest that the value of valence could take place in the shift between the medial orbitofrontal cortex and posterior insula: an increased functional connectivity may mediate a negative value whereas a decreased functional connectivity may produce a positive value. This is enhanced by findings of [START_REF] Gehrlach | Aversive state processing in the posterior insular cortex[END_REF] suggesting that posterior insula cortex could be a gap on behavioral strategies of aversive internal states.

In the literature, there are reports of the involvement of other regions in the reward process such as the hypothalamus, ventral tegmental area, hippocampus, amygdala, cingulate gyrus and prefrontal cortex [START_REF] Gautier | Differential brain responses to satiation in obese and lean men[END_REF][START_REF] Beaver | Individual Differences in Reward Drive Predict Neural Responses to Images of Food[END_REF][START_REF] Wright | Differential effects of hunger and satiety on insular cortex and hypothalamic functional connectivity[END_REF]. Therefore, it could be of interest to investigate the effect of hunger on functional connectivity in all of these regions. Yet our approach focuses on only three regions (insula, orbitofrontal cortex, nucleus accumbens) due to the fact that image-based studies have repeatedly implicated these structures in the primary taste-reward circuitry, whereas other brain regions are considered as a part of the broader taste-reward system [START_REF] Rolls | The Representation of Information About Taste and Odor in the Orbitofrontal Cortex[END_REF][START_REF] Shott | Greater Insula White Matter Fiber Connectivity in Women Recovered from Anorexia Nervosa[END_REF]. Furthermore, the exploration of ventral tegmental area and hypothalamus are still very difficult in the functional connectivity analyses. It is actually known that these two regions are very small regions that are affected by signal loss due to magnetic susceptibility artifacts in blood oxygen level-dependent (BOLD) imaging [START_REF] Krebs | Novelty increases the mesolimbic functional connectivity of the substantia nigra/ventral tegmental area (SN/VTA) during reward anticipation: Evidence from high-resolution fMRI[END_REF][START_REF] Murty | Resting State Distinguish Human Ventral Tegmental Area from Substantia Nigra[END_REF][START_REF] Luo | Differential effects of fructose versus glucose on brain and appetitive responses to food cues and decisions for food rewards[END_REF]. Therefore, no atlases are currently available in these areas. Usually, the approach consists in defining a sphere around a peak of interest [START_REF] Kullmann | Resting-state functional connectivity of the human hypothalamus[END_REF][START_REF] Zhang | Resting State Functional Connectivity of the Lateral and Medial Hypothalamus in Cocaine Dependence: An Exploratory Study[END_REF] which lacks precision. Secondly, it has been shown that brain activation is modulated by the caloric value of food during task-based imaging [START_REF] Killgore | Cortical and limbic activation during viewing of high-versus low-calorie foods[END_REF][START_REF] Stoeckel | Widespread reward-system activation in obese women in response to pictures of high-calorie foods[END_REF]. Hence, an important issue for future research could involve investigating the effect of appetite on functional connectivity in terms of food calorie category (low or high). Our study may suffer from a poor statistical power due to too-small sample resulting in the inability to differentiate the two food calorie categories. It could also be speculated that the participants are confronted with a feeling of frustration (increased functional connectivity between the medial and lateral orbitofrontal cortex) that they fail to benefit from the enjoyment of caloric value and a pleasurable food-related context (decreased functional connectivity in the posterior insula and medial orbitofrontal cortex). Furthermore, the statistical power is reduced by the small size of our sample, particularly due to the difficulty of recruitment. It is indeed challenging to engage adolescents in the research process since parental consent is required for youth under 18. Furthermore, the length of our exam is poorly adapted to the schedule of teenagers, and adolescents often have dental devices which are not compatible with MR imaging. However, despite this complexity, we managed to obtain a sample size (n=15) consistent with the literature. Studies, which investigated the functional changes with the exposure to food, also included a small number of subjects in the range of 10 to 23 subjects [START_REF] Labar | Hunger selectively modulates corticolimbic activation to food stimuli in humans[END_REF][START_REF] Killgore | Cortical and limbic activation during viewing of high-versus low-calorie foods[END_REF][START_REF] Beaver | Individual Differences in Reward Drive Predict Neural Responses to Images of Food[END_REF][START_REF] Porubská | Subjective feeling of appetite modulates brain activity: an fMRI study[END_REF][START_REF] Santel | Hunger and satiety in anorexia nervosa: fMRI during cognitive processing of food pictures[END_REF][START_REF] Rothemund | Differential activation of the dorsal striatum by high-calorie visual food stimuli in obese individuals[END_REF][START_REF] Führer | Brain activity in hunger and satiety: an exploratory visually stimulated FMRI study[END_REF][START_REF] Stoeckel | Widespread reward-system activation in obese women in response to pictures of high-calorie foods[END_REF][START_REF] Mehta | Regional brain response to visual food cues is a marker of satiety that predicts food choice[END_REF][START_REF] Wright | Differential effects of hunger and satiety on insular cortex and hypothalamic functional connectivity[END_REF].

To conclude, our findings corroborate the involvement of brain reward regions such as the nucleus accumbens, orbitofrontal cortex and posterior insula in appetite modulation among healthy adolescents. We provide a new understanding of brain lateralization while hungry, in that right-sided functional connectivity would appear to involve exteroceptive signals with stimulus salience in task-based imaging whereas there is a possibility that left-sided functional connectivity might involve salient interoceptive signals in rest-based imaging. These interactions could reflect two ambivalent feelings by deprioritizing the affective and sensorial information that triggers pleasure and frustrating feelings when anticipating an upcoming meal. Thus, we highlight the role of the medial orbitofrontal cortex and posterior insula in the perception of aversiveness and pleasantness in states of hunger and satiety. Therefore, the focus of this study on healthy adolescents could provide an essential neural basis for the investigation of eating disorders such as binge eating disorder.

Maps were thresholded at p<0.05 with FDR seed-level corrected. Color bar represents Tscores (highest T = 4.25). Right side of the brain is shown on the right of the figure.

Abbreviations: aOFC: anterior OrbitoFrontal Cortex; lOFC: lateral OrbitoFrontal Cortex; mOFC: medial OrbitoFrontal Cortex; NAcc: Nucleus Accumbens; PI: Posterior Insula.
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Table Table 1 Title Functional connectivity in task-based imaging showing significant differences while hungry as opposed to while satiated.

Footnotes

Significant connectivity T score values were reported with uncorrected and FDR corrected pvalues. Two contrasts were based on the comparison between two fmri sessions (hunger vs satiety). First focused on the combination of low and high calories representing the "food" category. It corresponded to a comparison between neutral and food categories: (neutral<food)(hunger vs satiety). Second was assessed by the comparison between neutral and inedible categories: (neutral<inedible)(hunger vs satiety).

Abbreviations: L: left; R: right
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Table 2

Title

Functional connectivity in rest-based imaging showing significant differences while hungry as opposed to while satiated.

Footnotes

Significant connectivity T score values were reported with uncorrected and FDR corrected pvalues. The contrast corresponded to a comparison between hunger and satiety sessions.

Abbreviations: L: left; R: right.
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NEUTRAL<FOOD)(HUNGER vs SATIETY) Increase when hungry as opposed to satiated

  

	ROI ROI	ROI ROI	T scores T scores	P (unc) P (unc)	P (FDR) P (FDR)
	FOOD CATEGORY (R medial orbitofrontal	R lateral orbitofrontal	3.70	0.0012	0.015
	R lateral orbitofrontal	R medial orbitofrontal	3.70	0.0012	0.015
	R posterior insula	R Accumbens	3.60	0.0015	0.019
	R Accumbens	R posterior insula	3.60	0.0015	0.019
	Decrease when hungry as opposed to satiated			
	R anterior orbitofrontal R Accumbens	4.25	0.0004	0.005
	R Accumbens	R anterior orbitofrontal	4.25	0.0004	0.005
	R anterior orbitofrontal L Accumbens	3.09	0.0040	0.026
	R posterior insula	R medial orbitofrontal	4.10	0.0005	0.007
	R medial orbitofrontal	R posterior insula	4.10	0.0005	0.007
	INEDIBLE CATEGORY (NEUTRAL<INEDIBLE)(HUNGER vs SATIETY)		
	Increase when hungry as opposed to satiated			
	R posterior insula	R medial orbitofrontal	3.54	0.0016	0.023
	R medial orbitofrontal	R posterior insula	3.54	0.0016	0.023

Increase when hungry as opposed to satiated (Hunger > Satiety)

  

	R Accumbens	L posterior insula	3.09	0.0040	0.034
	L posterior insula	R Accumbens	3.09	0.0040	0.042
	R Accumbens	R posterior insula	2.96	0.0052	0.034
	L Accumbens	L lateral orbitofrontal	2.99	0.0049	0.042
	L Accumbens	L posterior insula	2.84	0.0065	0.042
	L posterior insula	L Accumbens	2.84	0.0065	0.042
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Appendix

Figure

Figure 1

Title Schematic description of fMRI task.

Footnotes

Participants underwent two MRI scans: one pre-lunch (hunger) and one post-lunch (satiety). The fMRI task was composed of four categories (neutral, low calorie, high calorie and inedible), consisting of 32 pictures for each category. Each category was divided into four sets of 8 pictures, making a total of 32 sets. These sets were presented in pseudo-random order in that the four different categories were presented once every four sets. Each picture was displayed once for 3s and each set for 24s, amounting to a total duration of 6min 24s. Pictures were randomized over the two MRI sessions. They have a white background and are clearly identifiable with a central object. This object is the same size for all images of all categories.
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Figure 2

Title

Functional connectivity in rest-and task-based imaging showing significant differences while hungry as opposed to while satiated.

Footnotes

All contrasts were a comparison between sessions (hunger vs satiety). When hungry as opposed to satiated, the increase in functional connectivity was represented in red and decrease in functional connectivity was represented in blue. During task-based imaging, the contrast was based on a combination of low and high calories, called "food" category. In (b) the contrast corresponded to (neutral<food)(hunger vs satiety) and in (c) the contrast corresponded to (neutral<inedible)(hunger vs satiety).