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Ecstatic epileptic seizures are a rare but compelling epileptic entity. During the first seconds of these seizures, ecstatic auras provoke feelings of well-being, intense serenity, bliss, and “enhanced self-awareness.” They are associated with the impression of time dilation, and can be described as a mystic experience by some patients. The functional neuroanatomy of ecstatic seizures is still debated. During recent years several patients presenting with ecstatic auras have been reported by others and us (in total n = 52); a few of them in the setting of presurgical evaluation including electrical brain stimulation. According to the recently recognized functions of the insula, and the results of nuclear brain imaging and electrical stimulation, the ecstatic symptoms in these patients seem to localize to a functional network centered around the anterior insular cortex, where we thus propose to locate this rare ictal phenomenon. Here we summarize the role of the multiple sensory, autonomic, affective, and cognitive functions of the insular cortex, which are integrated into the creation of self-awareness, and we suggest how this system may become dysfunctional on several levels during ecstatic aura.
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INTRODUCTION

Ecstatic epileptic seizures are described as an overwhelmingly positive experience. Patients have trouble finding appropriate words (Cirignotta et al., 1980), and sometimes give simplified descriptions (e.g., “like bubbles rising in the head,” “feeling of warmth in the whole body”). The interested epileptologist, in order not to miss these rare cases, needs to actively ask for key symptoms in the patient. The patient's descriptions of ictal episodes with strong emotional disturbances depend to a large extent on the patient's power of introspection, intelligence and vocabulary (Williams, 1956). The fearful apprehension of the imminent complex focal or secondary generalized tonic-clonic seizure can intermingle with the bliss of the ecstatic aura after the first seizure. Such personal feelings, as the “hallucination of emotion” (Williams, 1956), can seem so abnormal, that patients are often reluctant to communicate them. Overall, frequency of ecstatic seizures is therefore probably underestimated and historical documentation remains scarce (Picard and Craig, 2009). Russian novelist Fyodor Dostoevsky's testimony (Dostoevsky, 1869, 1872) (Figure 1) can be considered the first description of ecstatic auras in literature (Picard and Craig, 2009).
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FIGURE 1. Fyodor Dostoevsky, 18711.



Moreover, the existence of ecstatic seizures was initially even denied by some leading epileptologists (Penfield and Kristiansen, 1951; Gastaut, 1978; Hughes, 2005), for review see also (Baumann et al., 2005; Rossetti, 2006).

Ecstatic seizures belong to the focal epilepsies, of which origin is limited to regions of one hemisphere. Consciousness is preserved during the ecstatic aura, the first, subjective part of the seizure, which is often imperceptible by witnesses. Epileptic seizures are, indeed, dynamic phenomena, and as in other focal seizures, after the aura, the seizure can evolve into impairment of consciousness, sometimes with oral or gestural involuntary automatisms, and in the extreme, into a generalized tonic-clonic seizure.

We defined ecstatic seizures as seizures fulfilling the following criteria: the feeling of (1) intense positive emotion (bliss), (2) enhanced physical well-being, (3) heightened self-awareness or heightened perception of the external world (clarity). BOX 1 provides an exemplary synthesis of our patients' testimony during the last 10 years [cited from Picard and Craig (2009), Picard (2013), and Picard and Kurth (2014)]. These symptoms should occur as primary experiences and should not be caused by other ictal symptoms, e.g., pleasant complex hallucinations.


BOX 1. Our patients' testimony.

1. Intense serenity and bliss.

– “This led to a feeling of complete serenity, total peace, no worries; it felt beautiful, everything was great.”

– “The immense joy that fills me is above physical sensations.”

– “It is a feeling of total presence, an absolute integration of myself, a feeling of unbelievable harmony of my whole body and myself with life, with the world, with the ‘All’.”

2. Enhanced physical well-being.

– “It was something that I have never felt before. It felt as though my body was filling up with a sensation which was quite surreal. The feeling was almost out of this world.”

– –“[…] a halo, something pleasant which fills my inner body, wrapping me, with a rapid crescendo. It is a well-being inside, a sensation of velvet, as if I were sheltered from anything negative. I feel light inside, but far from being empty. I feel really present. Something has taken possession of my body, to feel really good…”

3. Heightened self-awareness and/or perception of external world.

– “During the seizure it is as if I were very, very conscious, more aware, and the sensations, everything, seems bigger, overwhelming me.”

– “I feel rooted to the spot with a more developed consciousness. I feel a stronger consciousness of the body and the mind, but I do not forget what is around me.”

– “It affects both the cerebral thought, which is very intense and concentrated on itself, and the physique.”

– “Being very conscious of myself, I feel discharged from anything else, although I do not lose consciousness.”

– “I feel very, very, very present at that time; the consciousness of myself is very increased, rather on a psychic point of view. I am one hundred percent concentrated on myself.”

4. Feeling of dilated time.

– “I escape into the time space of my body. It is a moment of fullness in the loophole of time, a return to myself.”

– “Entirely wrapped up in the bliss, I am in a radiant sphere without any notion of time or space. My relatives tell me that it lasts two to three minutes, but for me these moments are without beginning and without end.”

5. Feeling of overload.

– “It is a physical state, an overload. The feeling is intense, with a sensation of fullness.”

– “The sensation is certainly more intense than could be achieved with any drug.”

– “This feeling became stronger and stronger, until it became so strong that it was unbearable and led to a loss of consciousness.”

6. Mystic/religious experience.

– “Maybe the closest sensation that I know would be an orgasm, but what I felt was not at all sexual. I have no religious feeling, but it was almost religious.”

– “These experiences brought me confidence. They confirm that there is something that surpasses us.”

– “It is a big happening in your life to have these seizures. Thanks to these experiences, I do not fear death anymore. I see the world differently.”

7. Anxiety.

– “…soon after the very first seizures, an anxiety intermingled very rapidly with the bliss sensation”

– A patient described anxiety because of the anticipated fear of how he would appear to other people during his complex focal seizures. However, as the bliss increased, it overcame the associated anxiety.



Recently, it has been proposed that ecstatic epileptic symptoms may localize the beginning of the seizure (or at least the “symptomatogenic zone,” which can be a zone of propagation from the true seizure onset zone) in the anterior-dorsal insular cortex (Picard and Craig, 2009). This interpretation appears consistent with recent findings on the functions of this brain region, which we will present in the following sections.

EPILEPTOLOGIC APPROACH OF ECSTATIC SEIZURES

Patients in the Literature

Up to now, a total of 52 patients experiencing ecstatic auras have been described in the literature (Alajouanine, 1951; Penfield and Kristiansen, 1951; Mulder and Daly, 1952; Subirana and Oller-Daurella, 1953; Feindel and Penfield, 1954; Williams, 1956; Mullan and Penfield, 1959; Boudouresques et al., 1972; Cirignotta et al., 1980; Naito and Matsui, 1988; Morgan, 1990; Cabrera-Valdivia et al., 1996; Vuilleumier et al., 1997; Vera et al., 2000; Asheim Hansen and Brodtkorb, 2003; Isnard et al., 2004; Stefan et al., 2004; Landtblom, 2006; Picard and Craig, 2009; Landtblom et al., 2011; Picard, 2013; Picard et al., 2013b; Surbeck et al., 2013; Ronchi et al., 2015). Table 1 summarizes each of these patients together with the essential ecstatic semiology, associated symptoms, results from brain imaging and electroencephalogram (EEG) recording and, when known, the etiology.

Table 1. Description of the cases of ecstatic seizures reported in the literature.
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Among the patients reported in Table 1, we note several case reports in the 1950s, the time when EEG and brain surgery started to form a more specialized field of epileptology (Alajouanine, 1951; Penfield and Kristiansen, 1951; Mulder and Daly, 1952; Subirana and Oller-Daurella, 1953; Feindel and Penfield, 1954; Williams, 1956; Mullan and Penfield, 1959). The topic regained interest in the late 1990s, with the advent of MRI (Vuilleumier et al., 1997; Vera et al., 2000; Asheim Hansen and Brodtkorb, 2003; Isnard et al., 2004; Stefan et al., 2004). However, only in recent years, have technical advances of multimodal brain imaging provided new possibilities for localization of the epileptogenic region using MRI (Wagner et al., 2011; Hong et al., 2014), electrical source imaging (Brodbeck et al., 2011; Megevand et al., 2014), combined EEG/functional MRI (Fahoum et al., 2012; Pittau et al., 2012), nuclear imaging (Kim and Mountz, 2011), and cortical stimulation (Mandonnet et al., 2010; Guillory and Bujarski, 2014).

The groundbreaking concept of functional connectivity in neuroscience (Biswal et al., 1995), demonstrating that remote brain regions are functionally correlated, not only during specific tasks, but also in the resting brain, revealed that several physiological functional networks (e.g., sensorimotor, auditory, visual, attentional, salience, or default mode networks) are constantly active to a variable extent (Greicius et al., 2003), and reproducible across subjects (Smith et al., 2009). These discoveries have led to a paradigm shift in epileptology, replacing the previous concept of a purely focal seizure-onset zone with the new concept of distributed abnormal functioning in cortical and subcortical networks (Laufs et al., 2007; Gotman, 2008; Richardson, 2012; Varotto et al., 2012; Engel et al., 2013). Epileptic activity is, therefore, not an isolated local process, but occurs between connected regions (Engel et al., 2013). This paradigm shift has entered the most recent terminology of epileptic classifications by the International League Against Epilepsy (ILAE), which now considers “focal” seizures as arising “within networks limited to one hemisphere and that may be discrete or more widely distributed,” while generalized seizures are understood as “originating within or rapidly engaging, bilaterally distributed networks” (Berg et al., 2010). In focal seizures, some brain regions initiate an epileptic seizure (onset zone or “epileptogenic zone”), which is then propagated to other regions, and some regions are remotely involved, modulating or being modulated by the epileptic activity (all possibly “symptomatogenic zones”), forming, together, the epileptic network.

The interpretation of ecstatic seizures is, therefore, subject not only to the patient and his/her time and cultural background, but also to the current concepts and technical possibilities of each generation of epileptologists.

Hypotheses on Localization

In most early reports about patients presenting ecstatic auras, a temporal lobe origin was suspected, due to the emotional content and the semiology of associated symptoms (epigastric aura, complex hallucinations). Also, the Geschwind syndrome (Waxman and Geschwind, 1975), consisting of the association of hyperreligiosity, hypergraphia and hyposexuality, occurring as an interictal syndrome in some patients with temporal lobe epilepsy, could have some overlapping features with ecstatic auras (Naito and Matsui, 1988); this was hypothesized as the condition of Dostoevsky (Baumann et al., 2005). Many cases of ecstatic seizures displayed paraclinical findings suggestive of anterior temporal lobe involvement, e.g., left anterior temporal interictal discharges in the EEG (Mulder and Daly, 1952; Asheim Hansen and Brodtkorb, 2003), or an anterior temporal tumor in several cases (Mulder and Daly, 1952; Morgan, 1990; Stefan et al., 2004). Several cases had normal brain imaging; however, this information is of limited value, as the sensitivity of MRI for lesion detection has much improved in very recent years, and in the studies before the early 1990s, MRI was not available at all.

However, semiologic-anatomic correlations sometimes seemed inconsistent, e.g., in one patient, the ecstatic symptoms appeared even after the resection of the sclerotic part of the mesiotemporal region (Asheim Hansen and Brodtkorb, 2003). In another case showing hippocampal calcifications, the ecstatic semiology occurred after other ictal symptoms, suggesting a propagation to another region (Boudouresques et al., 1972). In yet another patient, the ecstatic auras appeared only after surgical resection of an epileptogenic area in the left frontal lobe (Penfield and Kristiansen, 1951), and in a fourth case, ecstatic auras disappeared after neurosurgical removal of an occipital arterio-venous malformation, although the gliotic ipsilateral hippocampus was not resected at all (Morgan, 1990). These observations seem to contradict a simple region-symptom mapping and point to a more complex semiologic-anatomic relationship, implicating a region other than the mesiotemporal area, or even several different regions within networks.

The most likely alternative region is the insular cortex. Already during Dostoevsky's ecstatic auras, laryngeal constriction was reported (Gastaut, 1984), a symptom that is nowadays recognized as quite specific for insular seizures (Isnard et al., 2004). Since the late 1940s, epileptologists have reported seizures originating from the insular cortex (Penfield and Jasper, 1954; Penfield and Faulk, 1955). However, due to the similarity of semiology between insular and mesiotemporal lobe (MTL) seizures, and because seizures of MTL origin often propagate into the insular cortex (Isnard et al., 2000), it has been nearly impossible to disentangle MTL seizures from insular seizures until recently. The multiplication of monitoring using stereo-guided insertion of depth electrodes in the insular cortex has allowed to describe the typical features of insular-onset seizures. They occur in full consciousness, can be associated with dyspnea, unpleasant somatic or perioral paresthesia, laryngeal constriction, and dysarthric speech, then can lead to a “complex” focal seizure, i.e., including impairment of consciousness (Isnard et al., 2004). In their study of electrical stimulation of implanted insular electrodes in 50 patients with temporal lobe epilepsy, Isnard et al. (2004) reported five patients out of 50 who had seizures directly originating from within the insular cortex, and one of them described symptoms of clairvoyance and mirth (case 1), suggesting an ecstatic aura, while another felt a sensation of intense warmth in the left hemibody (case 5). In other reports of patients with ecstatic auras, an increased blood flow in the insular cortex could be demonstrated, during the symptom, by the ictal SPECT (Single Photon Emission Computed Tomography) in two patients (Landtblom et al., 2011; Picard, 2013).

The presence of insular semiology does not necessarily require an insular seizure onset. It is now widely accepted that the manifestation of epilepsy is the result of epileptic activity within pre-existing neuronal wiring of a network. Not only the anatomical region of seizure onset (“onset zone” or “epileptogenic zone”) and discharge propagation, or the directly connected target areas within the network, determine the clinical presentation (“symptomatogenic zone”), but also the temporal relationship of the dynamic interplay between them during the ictal event (Chauvel and Mcgonigal, 2014). The clinical symptoms evolve with the spread of epileptic activity, not only concentrically, but also according to the specific connectivity of the onset region in micro- and macro-scale. The seizure onset zone is often not the area giving rise to the first symptoms (Rosenow and Luders, 2001), and the clinical manifestation is a complex product of activation, direct and indirect inhibition, or modulation, of often distant cortical and subcortical areas. This relationship also depends on localization: ictal discharges in the primary sensory or motor areas cause direct corresponding clinical symptoms (e.g., elementary sensory hallucinations, clonic movements) and the somato-, retino- or tono-topic organization is preserved. However when the epileptic activity occurs further up in complex, “higher” cortices, not only positive but also “negative” symptoms, i.e., extinction of the function, may occur (Chauvel and Mcgonigal, 2014).

The dense interconnection within the subparts of the insula, as well as fiber connection to the temporal, cingulate, parietal, and frontal cortex (c.f. Section Multiple Networks Allow Multi-Integrative Function of the Insular Cortex), facilitate rapid seizure propagation, from and to, insular and connected areas of the epileptic network. Depending on the exact distribution of the ictal discharge, this propagation is likely the cause for individual manifestations of ecstatic auras associated with different symptoms like olfactory, gustatory, or bodily sensations (Picard and Craig, 2009; Picard, 2013). The mesiotemporo-insular fibers serve as the main seizure propagator to the insular region (Isnard et al., 2000, 2004), which explains the often “insular” semiology of mesiotemporal lobe seizures. Following the anatomical organization, seizures in the lateral temporal neocortex can propagate to the anterior insular cortex, without going through the mesiotemporal region (Isnard et al., 2000). However, the frequent absence of the classic clinical features of lateral temporal seizures, such as visual and auditory hallucinations and illusions, or early contralateral dystonic posturing (Williamson and Engel, 2008) would argue against a primary lateral temporal origin in patients with ecstatic auras. Instantaneous spread of ictal activity between the temporal pole and the insula is suggested by recordings of synchronous spikes in these two regions (Isnard et al., 2000). No specific symptoms have been described in temporal pole seizures, except for an earlier impairment of consciousness compared to mesiotemporal seizures (Chabardes et al., 2005). Orbitofrontal seizures display complex automatisms such as violent movements and bizarre gesticulations mimicking fearful behavior, with autonomic signs, associated with an impairment of consciousness, after propagation to a larger network (Chauvel, 2003). Propagation from orbitofrontal regions also seems unlikely to explain ecstatic semiology.

Interestingly, several of the patients having ecstatic seizures report the possibility of triggering them by thinking about former fits or specific memories (pleasant and neutral; Asheim Hansen and Brodtkorb, 2003), or a pleasant emotional context, as in patient 1 from (Picard, 2013) or in other patients (personal communications, FP). This supports the idea that epilepsies have a certain reflex component with whereby a minimal level of functional activation of the epileptogenic (hyperexcitable) zone can trigger the epileptic discharge (Illingworth and Ring, 2013; Irmen et al., 2015), as especially observed in lateral temporal lobe epilepsies with auditory features, in which noises can trigger seizures (Michelucci et al., 2009), or also in the so called hot-water or bathing epilepsy (Bebek et al., 2001), in which a pleasurable ictal feeling is triggered by the strong sensory input of a hot bath, and for which abnormal insular activation has been demonstrated in hereditary forms (Nguyen et al., 2015). The case described by Cabrera-Valdivia et al. (1996) is interesting in that it links the ecstatic experience to another number of cases with idiopathic generalized epilepsy, which practice a willingly self-induction of absence seizures, e.g., by partial eye closure with upward deviation in front of a bright light, or a flickering television screen of former times (50 Hz), in order to provoke pleasurable seizures (“self-induced photosensitive epilepsy” or “television epilepsy”; Ehret and Schneider, 1961; Andermann, 1971; Binnie et al., 1980; Binnie and Wilkins, 1997). Finally, the activation of an underlying more complex specific cognitive network, which would elicit the epileptic discharge, has also been postulated for other idiopathic generalized epilepsies (Wolf, 2015).

Ecstatic Aura Provoked by Electrical Brain Stimulation

The proof of concept for the critical involvement of the anterior insula in ecstatic seizures was provided by the case of a 23 year-old woman with drug-resistant right hemispheric seizures (Picard et al., 2013b). Since the age of 12 she had reported seizures with intense feelings of bliss and well-being, like “sensations of airflow” from her stomach, with a feeling of “floating.” This was accompanied by enhanced sensory perception, especially of intense colors, and a subjective time dilation. The subsequent symptoms consisted of impairment of consciousness and gestural and oro-alimentary automatisms. During the pre-surgical evaluation, intracerebral electrodes were implanted in the right temporal lobe and insular cortex. Her seizures were found always to originate from the right mesiotemporal region and rapidly propagate to the anterior-dorsal insular cortex. However, stimulation of the right anterior-dorsal insular electrode provoked a “very pleasant funny sensation of floating and a sweet shiver” in her arms, identical to her usual auras, whereas stimulation of the right amygdala elicited strong unpleasant sensations like anxiety and epigastric pressure. None of the stimulation of other electrodes had a similar effect (Picard et al., 2013b).

In another patient, intracerebral electrodes recorded epileptic discharges in the insular cortex during a spontaneous seizure, starting with a feeling of mirth, and clairvoyance (Isnard et al., 2004). In previous studies, electrical stimulations of the insula have elicited, depending on the stimulated insular subregion, a variety of symptoms in different systems, such as gustation, olfaction, somatosensation, interoception, emotion, cognition (Penfield and Faulk, 1955; Isnard et al., 2004; Stephani et al., 2011), yet ecstatic symptoms were only reported in seven patients (Feindel and Penfield, 1954; Mullan and Penfield, 1959; Ostrowsky et al., 2000; Isnard et al., 2004; Picard et al., 2013b; Surbeck et al., 2013). A systematic collection of all studies in which intracranial electrical stimulation provoked emotional effects (i.e., 64 studies; Guillory and Bujarski, 2014) found only 12 studies reporting happiness, from which only one study actually stimulated the insular cortex (right side), inducing in one patient a pleasant sensation “as if being protected” (Smith et al., 2006). Euphoric emotions have also been provoked by stimulation of the inferior temporal gyrus, temporal pole, amygdala, inferior frontal gyrus, anterior cingulate cortex, and supplementary motor area, with a predominance in the left hemisphere (Guillory and Bujarski, 2014). However, ecstasy-like experiences are not specifically described in Guillory and Bujarski's collection. Moderately pleasant feelings have been induced by left amygdala stimulation (Lanteaume et al., 2007), while stimulation of amygdala and hippocampus have been known, for many years, to elicit very unpleasant emotions (Chapman et al., 1954; Halgren et al., 1978).

The case of our above-mentioned patient with ecstatic auras induced by electrical brain stimulation (Picard et al., 2013b) demonstrates several highly interesting facts, which advance our understanding of the mechanisms leading to ecstatic seizures in the insular cortex:

• the overwhelming feeling of an ecstatic seizure was specifically induced by the stimulation of one electrode in the right anterior-dorsal insula,

• there was no after-discharge effect due to the applied low-intensity stimulation, underlining further the very localized region for this blissful feeling,

• this region was not situated within the seizure generator zone itself, but was the symptomatogenic site of ictal propagation within the epileptic network, meaning that functional tissue alteration or degeneration is not necessarily to be expected in this region,

• this anterior-dorsal insular region likely fulfilled a similar function, before any seizure-related alteration of brain tissue occurred in this place, as suggested by the fact that the patient reported these ecstatic symptoms from the very beginning of her epilepsy.

Why were there so few cases reported in which insular stimulation provoked an ecstatic seizure, after all the years with electrical stimulation as part of appropriate presurgical evaluation in patients with epilepsy? We hypothesize that, to be generated, ecstatic auras generally need the activation of a vast region of the anterior insula, that is only rarely engaged by electrical stimulation studies, and which possibly requires a peculiar combination of ictal activation and consequent inactivation (or disinhibition) of several regions in the network of the anterior-dorsal insula (anterior-ventral insula, mid-insula, anterior cingulate cortex, orbitofrontal cortex, hippocampus, parahippocampal gyrus, amygdala, temporal pole?). The coverage of the anterior insula activated by the usual electrical stimulations could be too limited to induce such complex cognitive/emotional symptoms. In addition, although being the most direct approach to brain neurophysiology, electrical brain stimulation has some important limitations. It is difficult to estimate the extent of the brain volume that is activated by stimulation, but it is around several mm3. Often adjacent contacts on a given intracerebral electrode do not even record the same discharge. In addition, it is not possible to directly measure if the effect after stimulation is due to activation of the stimulated site, or to an action on a distant area or a whole sub-network remote to the stimulation site (Guillory and Bujarski, 2014). While in primary cortices clinical symptoms are very focal, specific and stereotyped, the complex association cortices, such as the insula, need a sufficient intensity of stimulation to reach a large enough extent of tissue in the vicinity, to alter a complex function. The ictal or stimulated activation directly in association cortex usually produces electrical disorganization and inhibition of function, while the ictal or stimulated activation of an associative area in a remote region might be seen as a real signal, and therefore produce the corresponding complex behavior (Chauvel and Mcgonigal, 2014).

NEUROSCIENTIFIC APPROACH OF ECSTATIC EXPERIENCE

Multiple Networks Allow Multi-Integrative Function of the Insular Cortex

In the following section we discuss the semiology of ecstatic auras in the context of the multiple functions of the insular cortex. The insular cortex is a rather old structure, and during hominoid evolution, the anterior part has particularly undergone an important volume increase and differentiation (Nieuwenhuys, 2012; Cauda et al., 2014). The insula is cytoarchitectonically subdivided into a dorsocaudal granular zone and a rostroventral agranular zone (Kurth et al., 2009; Nieuwenhuys, 2012; Morel et al., 2013). Situated in-between the agranular and the granular zones, the dysgranular part covers the middle insula (mid-insula) and the anterior-dorsal insula (Nieuwenhuys, 2012).

The insula is widely connected, providing the anatomical bases for its integrative role, situated at the junction of allocortical functions, such as body regulation and limbic responses, and neocortical functions such as emotion and consciousness (Augustine, 1996; Craig, 2009b; Nieuwenhuys, 2012). There are abundant intra-insular connections allowing for rapid information flow (Augustine, 1996; Kurth et al., 2009). The three insular zones are connected into specific relative networks.

• The anterior-ventral insular cortex (rostroventral agranular zone) receives fibers from entorhinal cortex. It projects to the anterior cingulate cortex (ACC), temporal pole, limbic structures, medial ventral striatum, and lateral hypothalamus (Mesulam and Mufson, 1985; Augustine, 1996; Chikama et al., 1997; Ongur et al., 1998).

• The mid-insular and anterior-dorsal insular cortex (dysgranular zone) receives fibers from the primary somatosensory area and the superior temporal sulcus. It projects to the ventral prefrontal and orbitofrontal cortices, frontal operculum, pre-supplementary motor area, secondary somatosensory cortex, superior temporal sulcus, amygdaloid regions, entorhinal and perirhinal cortices, and the central and lateral ventral striatum (Mesulam and Mufson, 1982; Mufson and Mesulam, 1982; Augustine, 1996; Chikama et al., 1997).

• The posterior insular cortex (dorsocaudal granular zone) receives fibers from the primary somatosensory cortex, retroinsular area, superior temporal sulcus, basolateral amygdaloid body, entorhinal cortex and dorsolateral striatum. It projects to the supplementary motor area, ventral prefrontal cortex, secondary somatosensory area, temporal pole, retroinsular area, and dorsal thalamus (Augustine, 1996; Chikama et al., 1997).

From this connectivity pattern the peculiar situation of the insular cortex is evident, linking secondary sensory association areas with limbic areas responsible for feeding and reward (see below).

The insular cortex of humans contains so-called von Economo neurons (VENs), which are atypically large and spindle-shaped pyramidal neurons (Von Economo, 1926; Allman et al., 2010). They appear in elephants, cetaceans, macaques, great apes and humans, and in increasing number across the phyla (Evrard et al., 2012; Cauda et al., 2014). They are found in the anterior cingulate cortex, the anterior-ventral insula, with strong right-side predominance (Evrard et al., 2012; Cauda et al., 2014), but also in a small area of the anterior-dorsal part (Morel et al., 2013), and in the dorsolateral prefrontal cortex (Fajardo et al., 2008). The projections of the VENs in the anterior insula are known to reach ipsilateral anterior cingulate cortex and contralateral anterior insular cortex (Craig, 2009b; Allman et al., 2010); however, recently it has been suggested that the main projection site is probably more remote in the periaqueductal gray (PAG) and the parabrachial nucleus (PBN) (Evrard et al., 2012), two regions that receive interoceptive afferents from the spinothalamic tract, and coordinate the specific autonomic patterns of cardiovascular, respiratory and motor responses to relevant stimuli as well as pain transmission (Benarroch, 2012; Butti et al., 2013). This identification of a projection of the anterior-ventral part of the insula to the PAG (and hypothalamus) is crucial regarding its visceromotor autonomic function (see below).

Coinciding with its wide connections in many different networks, the insula is implicated in a large number of different brain functions (Augustine, 1996; Craig, 2009b; Nieuwenhuys, 2012). According to a functional meta-analysis, they can be grouped into four functional domains (Kurth et al., 2010), defined as (1) a social-emotional domain (anterior-ventral insula) for emotion and empathy, (2) a cognitive domain for attention, speech production and language, (3) an olfacto-gustatory domain and (4) a sensorimotor domain including interoception, somatosensation, pain and motion. All these categories, except somatosensation and motion, show a remarkable overlap on the anterior-dorsal insula, precisely located at the dorsal end of the sulcus between the middle and anterior short gyri (Kurth et al., 2010; Figure 2, red arrow). Another meta-analysis identified the same main subdivisions, with posterior, ventro-anterior and dorso-anterior regions, corresponding to sensorimotor, affective/chemosensory, and cognitive processing, respectively (Chang et al., 2013). In a large sample of 355 participants, the persistent concordance between structural, functional, and connectivity-based parcellation of both (left and right) insular cortices was demonstrated (Kelly et al., 2012).


[image: image]

FIGURE 2. Anatomy of the insula, as disclosed in the depth of the lateral fissure. H = the posterior medial stub of the transverse temporal gyrus of Heschl (primary auditory cortex) that was resected to uncover the posterior long insular gyrus. The central sulcus (black arrow) divides the lateral surface of the insula into a small posterior insular lobule, composed of the anterior long (AL) and posterior long (PL) insular gyri that converge to the limen insulae (Li), and a large anterior insular lobule, composed of the anterior short (A), the middle short (M) and the posterior short (P) insular gyri that converge to the apex of the insula (*). The anterior face of the insula displays a variably present accessory insular gyrus (Ac) and a constant transverse insular gyrus (tg) that connects with the orbital surface of the frontal lobe. The red arrow marks the sulcus between the anterior short and middle short gyri, where the functional “overlap region” was found by Kurth et al. (2010). Figure courtesy of Drs. Thomas P. Naidich and Mary E. Fowkes, the Icahn School of Medicine at Mt. Sinai, New York.



The overlap in the mapping of the categories in the anterior-dorsal insula could be due to a basic functional role that all categories have in common, which suggests a high hierarchical role of this region (Kurth et al., 2010). There is a gradient in connectivity from simpler connected regions in the posterior insular regions to the highly complex connected regions in the anterior-dorsal insula (Cerliani et al., 2012), and the anterior-dorsal insula was therefore regarded as the final stage of a hierarchical processing, starting in the posterior insula with pure sensory information, then integrating emotional and cognitive valuation, ending in the anterior-dorsal insular region with a full representation of a “sentient self,” the sine qua non of self-awareness (Craig, 2009b, 2010; Kurth et al., 2010). The VENs are well suited for rapid long-distance integration of information (Allman et al., 2010) and are regarded as critically involved in autonomic regulation (Butti et al., 2013). They may play a major role in interoception, i.e., the perception of the physiological body states (Craig, 2002), and emotional awareness at the pivotal point between bodily states and conscious behavior (Gu et al., 2013). Besides, it has been noted that the VENs are found in species with a highly developed social life (Allman et al., 2010; Critchley and Seth, 2012; Cauda et al., 2014).

Bliss, Clarity and Intense Serenity—Emotion Regulation, and Prediction Error

Ecstatic seizures are above all extraordinary emotional experiences, which in some cases can be “life-changing.” Among the ictal experiences of emotion, the large majority are unpleasant and of elementary nature, such as anxiety and fear (60%), and depression (20%), while ictal joy is only rarely reported (Johanson et al., 2008).

Different models of emotions have been proposed: the classic emotion model with a small number of basic emotions such as happiness, sadness, disgust, fear, anger, and surprise (Ekman and Cordaro, 2011), or the conceptualization of emotions along the dimensions of arousal and valence (Russell and Barrett, 1999). In their approach to map more emotions elicited while listening to different types of music, Trost et al. (2012) provided an integrative diagram of complex feelings like tenderness, peacefulness, transcendence, nostalgia, familiarity, wonder or power along the two dimensions of valence and arousal (Figure 3).
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FIGURE 3. A factorial analysis of emotional ratings after listening to different pieces of music, including the nine emotional categories of the Geneva Emotional Music Scale (GEMS) model (Zentner et al., 2008), together with familiarity, arousal and valence, reprinted with permission from Trost et al. (2012). The results show two main components, arousal (component 1) and valence (component 2), that best describe these behavioral data in 31 participants.



Following the concept of two orthogonal components arousal and valence, in-between which complex emotions can be localized, we suggest that the emotional semiology of an ecstatic seizure be situated (a) at the utmost positive valence: all patients underline the extraordinary blissful moment. As to the degree of arousal during ecstatic auras, however, there is a certain paradoxical situation: many patients report simultaneously both high arousal emotions like power or joy, and low arousal emotions like peacefulness or transcendence. Despite the peacefulness, patients describe that they feel extraordinarily alert and highly aware of the “here and now” during the episodes. We suggest therefore that (b) the semiology of ecstatic seizures is not obviously correlated with the degree of arousal, according to the categories proposed in this model. The reason for this ambivalence in arousal appraisal can possibly be found in the unusual emotional nature of the ecstatic state itself, “never felt in everyday life.”

Different neuroimaging studies have shown that insula and amygdala responses predominantly reflect stimulus valence interacting with intensity and arousal effects (Winston et al., 2005). There is a so-called “negative bias,” meaning that aversive stimuli normally are experienced with higher intensity and more arousal, whereas positive stimuli rather induce varying levels of arousal (Krolak-Salmon et al., 2004). While the insula has mostly been associated with the experience or recognition of negative emotions, particularly the disgust (Jabbi et al., 2008), complex emotions of the highest positive valence, like maternal or romantic love, have also been shown to activate the anterior insular cortex (AIC) and anterior cingulate cortex (ACC) (Bartels and Zeki, 2004; Leibenluft et al., 2004), or pleasant and mesmerizing musical moments activated the insula and regions of the dopamine reward system such as striatum and ventral tegmental area (Salimpoor et al., 2011). In a meta-analysis across 162 neuroimaging studies of emotion and affect, Kober et al. (2008) identified six groups of constantly coactivated regions (networks), which could be linked to distinct emotional components (including attention to emotional signals, and visual processing). Among these groups, the “core limbic” and the “lateral paralimbic” groups contain the most attributes of the arousal and valence components of affective experience. The “core limbic” group included amygdala/left hippocampus, thalamus, PAG and hypothalamus. The “lateral paralimbic” group comprised the anterior-dorsal insula, anterior-ventral insula/orbitofrontal cortex (OFC), posterior-ventral insula, ventral striatum, and temporal pole. The “medial prefrontal cortex” (“medial PFC”) group, encompassing ACC, was directly connected to the “lateral paralimbic” group, and both groups (but only the ventral insular regions of the “lateral paralimbic” group) were closely associated with the “core limbic” group.

The awareness of emotion is strongly linked to interoception, the sensation of bodily states. The relationship between the physiological body states and the emotional state was already described by James and Lange in the early 20th century. The James-Lange theory of emotion pointed out that emotions result from physiological body reactions to external events, which was later described as the “somatic marker hypothesis” (Damasio, 1996; Craig, 2004). The insula is a major cortical location processing the autonomic signals (Craig, 2002, 2009b), with a viscerosensory (afferent) component in the posterior insula (for interoception processing) and a visceromotor (efferent) component in the anterior-ventral insula. The insula is therefore one of the favored structures where emotional processing takes place: along the posterior-to-anterior re-representation within the insula, the processing integrates the interoception in the posterior insula progressively with cognitive and motivational information in the anterior insula.

Based on ideas of theoretical neurobiology, the awareness of emotions has recently been conceptualized as “interoceptive inference,” where the subjective feelings are based on the cognitive evaluations and predictions of changes of the body states (Seth et al., 2011; Seth, 2013). A perpetual process of predictions is generated and extrapolated from the present state and is then continually compared to the actual incoming signals, generating prediction errors and an update of the next predictions. The aim is always to resolve uncertainty and minimize prediction errors (Picard and Friston, 2014). Based on a predictive processing on interoception, the anterior insular cortex has been suggested to play the role of the comparator of the predicted to the actual outcome in this evaluation loop in the context of feeling states (Singer et al., 2009; Seth et al., 2011; Seth and Critchley, 2013) and the anterior insula was shown to be particularly activated in anticipation of aversive events, in different studies (Ploghaus et al., 1999; Nitschke et al., 2006). During risky decisions, e.g., in gambling tasks, the anterior insula encodes the risk prediction while waiting for the outcome. Once the outcome is known, it generates the risk prediction error, by acting as a comparator between predicted risk and realized risk (Preuschoff et al., 2008; Singer et al., 2009), allowing the possibility for the learning of risk prediction. In the reinforcement learning theory, the learning of negative value of loss-predicting signals seems to involve the anterior insula (“avoidance learning”) while the learning of positive value (“approach learning”) occurs in the ventral striatum (Palminteri et al., 2012).

In some neuropsychiatric disorders, for example in patients with anxiety disorders (Feinstein et al., 2006; Paulus and Stein, 2006), the processes of decision-making in uncertainty have been shown to be altered, toward an intolerance to uncertainty and ambiguous situations, which generates avoidance behavior. Patients appear to have altered interoceptive prediction signals, with abnormally increased anticipation of aversive stimuli, correlating with enhanced anterior insula activity (Paulus and Stein, 2006). Also in obsessive-compulsive disorder, which is characterized by a high subjective experience of doubt (in contrast with the sense of certainty experienced by the patients during ecstatic auras), patients showed a greater activation of the anterior insula during anticipation of aversive stimuli in a fMRI study (Jung et al., 2011), while they have a larger gray matter volume in the anterior insular cortex (Nishida et al., 2011; Song et al., 2011), and changes in connectivity in anterior insula and dorsal anterior cingulate cortex (Cocchi et al., 2012).

In summary, the insula plays a role in negative and positive emotion experience, but most of all in anticipation of emotions, with a large body of literature on its role in anticipation of aversive events (Preuschoff et al., 2008; Liu et al., 2011; Skvortsova et al., 2014) and generation of anticipatory somatic markers of such events (Yu et al., 2010). It will then initiate adaptive responses to prediction error by adapting the autonomic reflexes for a relevant behavior, and allow optimal updates of the next interoceptive predictions, in order to resolve uncertainty.

During ecstatic seizures, some patients report a sense of clarity and clairvoyance, and some explain that “everything seems to be exactly in the right place, as it should be.” One patient (patient 1, Picard, 2013) even explained that, while listening to a discussion between several people during an ecstati aura, he felt as though he had a sudden full understanding of the topic, “as an access to the solution.” We hypothesize that in the ecstatic auras the mechanisms of interoceptive prediction error generation are blocked, the comparator between the actual and the predicted state no longer functions, and that there is no more mismatch. This may lead for a few seconds to a pathologically-induced (epileptic) “stable state” without any generated prediction error, without ambiguity, causing a feeling of certainty and intense serenity and inner peace (Picard, 2013; Picard and Kurth, 2014).

Heightened Self–Awareness and Environment Perceptions—Salience and Experience of Time

Ecstatic seizures are dominated by a feeling of a conscious self-presence, characterized by a heightened self-awareness, and a feeling of union with the world, the “All,” with breakdown of the barrier between the subject and surroundings. The anterior insula participates in the self-reflective network, maintaining a coherent first-person perspective, on the basis of its connections toward inferior parietal lobe and temporo-parietal junction (Augustine, 1996; Craig, 2009b; Modinos et al., 2009; Dennis et al., 2014; Ionta et al., 2014). Somatosensory stimuli, as other internal and external stimuli, are processed in the posterior insula and cognitively integrated more anteriorly in the insula (Craig, 2003). An ictal hyperactivation of this region will alter this processing and may provoke abnormal unpleasant feelings (Isnard et al., 2004), or in rare cases very pleasant ones (Williams, 1956; Stefan et al., 2004), with sometimes even a feeling of sensory overload, as some patients report.

Probably in connection with its role in interoception and autonomic function, the anterior insula is specifically sensitive to salient internal and environmental events, i.e., behaviorally-relevant stimuli, together with the dorsal anterior cingulate cortex (dACC) in the “salience network” (Seeley et al., 2007b; Eckert et al., 2009; Menon and Uddin, 2010; Wiech et al., 2010; Uddin, 2015). This network detects and evaluates salient signals in order to continuously resolve uncertainty and adapt the behavior, by driving autonomic reflexes (which in turn engage feelings). As already mentioned in Bliss, Clarity, and Intense Serenity—Emotion Regulation and Prediction Error, the final aim is to minimize prediction errors and maintain homeostasis. The role of the salience network comprises the switching between different mind states, particularly between the default mode network (Greicius et al., 2003) and the executive control network (Figure 4; Sridharan et al., 2008; Hasenkamp et al., 2012; Tang et al., 2012; Chang et al., 2013). Conjoint activation of the anterior insula and the ACC was also recently demonstrated during effortful cognitive tasks (Engstrom et al., 2014).
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FIGURE 4. Illustration of the networks implicated in salience processing, as obtained by the meta-analysis tool Neurosynth.org (Yarkoni et al., 2011), based on the results of 122 published studies, using the only keyword “salience” in forward inference, and displayed on a template anatomical T1 image with Z-values of 2 to 15 (using the Mango software package2). The resulting significant regions (p < 0.01, FDR corrected) interestingly comprise four networks: Yellow: anterior cingulate cortex (ACC) and anterior insula (AI) represent the salience network (Seeley et al., 2007b). Orange: the extended insular network consisting of amygdala (AM), ventral striatum (vS), periaqueductal gray (PAG), and dorsomedial thalamus (dmTHal). Green: the PCC-VMPFC represents the default mode network (Greicius et al., 2003). Blue: the fronto-parietal executive control network (Corbetta and Shulman, 2002; Fox et al., 2006). The salience network is thought to switch back and forth between the default mode network and executive control network (Menon and Uddin, 2010; Uddin, 2015).



It seems relevant that an ictal hyperactivity in the salience network may add a feeling of importance to any stimulus (internal or external), giving rise to a feeling of heightened perception of the (body) self and of the neighborhood (e.g., colors of the environment). This paradox of the heightened self-awareness in combination with a feeling of union with the world, could be related to an intensification of the “sentient self” and a functional extinction of the “narrative,” autobiographical self, which is prominent during mind wandering and related to the activity of the default mode network (Hasenkamp et al., 2012). This “isolation” of the sentient self would allow to intensely experience the present moment, with intensified interoceptive and exteroceptive perceptions (Craig, 2009b; Picard and Craig, 2009; Picard, 2013; Picard and Kurth, 2014).

When every moment is labeled “salient,” the perceived time flow appears stretched. The temporal judgment of the “nowness,” and the estimation of an ongoing duration, have been shown to be tightly linked to the function of interoception and to emotional processing (Craig, 2009a,b; Wittmann, 2011), and is modulated by the sentient processing, arousal, and attention (Schirmer, 2011). Several imaging studies have confirmed insular implication in time judgments (Coull, 2004; Livesey et al., 2007; Stevens et al., 2007; Van Wassenhove et al., 2008; Wittmann et al., 2010; Wittmann, 2013). Craig proposed that at each moment, there is a posterior to anterior insular integration of interoceptive, sensory and emotional information into a “global emotional moment” (Craig, 2009a,b). The succession of these moments produces a cinemascopic “image” of the sentient self, which serves as a basis for time perception, each “global emotional moment” lasting around 125 ms (Picard and Craig, 2009; Wittmann, 2013). However, the sampling rate of this integration is modulated by the salience of the input. The salient moments increase the sampling rate and lead to a subjective dilation of time (Craig, 2009a). In an ecstatic aura, when each moment is perceived as salient, the overwhelmingly high number of consecutive salient moments would increase the sampling rate to a maximum, leaving the patient subjectively timeless in a sustained state of “present-moment awareness” (Craig, 2009b; Picard and Kurth, 2014).

Very similar feelings as those in ecstatic auras are reported after consumption of stimulant drugs such as e.g., cocaine, amphetamine, or ecstasy (Picard and Kurth, 2014). Moreover, a state of enhanced awareness of the present moment with minimized mind wandering is one of the general aims of most meditation techniques. It involves a cognitive reappraisal of emotionally salient sensory events. Functional brain imaging studies have reported that activation in the anterior insula during meditation correlated with the self-reported intensity of meditation and was higher in advanced meditators (>10'000 practice hours) compared to beginners (Lutz et al., 2008; Tang et al., 2012), and that modulation of state anxiety by mindfulness meditation engaged a network of brain regions including the anterior insula (Zeidan et al., 2014). In the advanced stage of training, meditation is maintained by activity in the left insula, the anterior cingulate cortex, and the striatum (Tang et al., 2012). Structural imaging studies have shown a higher gray matter concentration (Holzel et al., 2008), in a thicker cortex (Lazar et al., 2005), with stronger gyrification, in the anterior insula in experienced meditators compared to controls (Luders et al., 2012).

Comparison to Insular Loss-of-Function Pathology and Right/Left Considerations

Given the ictal neuronal hyperactivation during a seizure, it is also useful to look at the semiology of conditions causing neuronal deficit in the same regions. A loss-of-function pathology for example by stroke or a tumoral lesion in the posterior and middle insula can cause loss of bodily feelings like analgesia or thermoanesthesia (Craig, 2002, 2009b), anosognosia for hemiplegia or asomatognosia (Vocat et al., 2010), and even hemispatial neglect (Manes et al., 1999; Karnath et al., 2004; Rousseaux et al., 2013). A selective depletion of the VENs in the anterior insula and anterior cingulate cortex has been demonstrated in patients with fronto-temporal dementia, who present a lack of self-conscious emotions (Seeley et al., 2006, 2007a; Allman et al., 2010; Evrard et al., 2012). There is a constantly growing awareness that the insular cortex is implicated in many psychiatric syndromes (Goodkind et al., 2015), such as borderline personality (Nagai et al., 2007), anxiety and mood disorders (Feinstein et al., 2006; Piguet et al., 2014; Wiebking et al., 2015), schizophrenia and autism spectrum disorders (Kasai et al., 2003; Allman et al., 2005).

Ecstatic seizures have been reported with brain lesions or electroencephalographic findings in both hemispheres. So far, there is no clear argument in favor or against lateralization in either direction (right, n = 21; left, n = 16; undefined, n = 12; see Table 1). Whereas lesion studies of patients with altered bodily schemata, such as anosognosia for hemiplegia (Vocat et al., 2010), or hemispatial neglect (Karnath et al., 2004; Rousseaux et al., 2013) naturally concentrate on the right hemisphere and therefore right insula, the left/right asymmetry in emotional disturbances of epileptic origin is less clear. Among the many focal epilepsy cases collected by Williams (Williams, 1956), several reported simultaneous ictal feelings of joy and depression, or pleasure and fear in individual mixtures during the same aura, and patient 2 in (Picard, 2013) also suffered from unpleasant emotional seizures (sense of dread) before the ecstatic seizures, reflecting the modularity of these experiences but also the probable topographical neighborhood (or connections, e.g., insular left/right) for these various emotional feelings. Bi-directional functional connectivity between left and right anterior insulae could be identified after stimulation, with a very short latency of 10–20 ms for passing from one to the other (Lacuey et al., 2015).

A hemispheric specialization was proposed for emotional valence, toward a left-sided positive valence and a right-sided negative valence (for review, see Craig, 2009a,b, 2011). One recent meta-analysis of 143 studies (n = 2721 participants) using emotional tasks (Duerden et al., 2013) gave results that are consistent with these findings: while negative stimuli activated the whole insula bilaterally, positive stimuli showed a left-hemisphere dominance in the anterior and mid-insula. It is noteworthy that both above-mentioned studies found significant differences between male and female participants: males processed emotional stimuli more in the left anterior and the right posterior insula, whereas females activated bilateral anterior insula and left posterior insula (Duerden et al., 2013). Actually left anterior insula seems to be activated by all valence categories (pleasant/positive and unpleasant/negative), while the right anterior insula would only encode negative feelings (Gu et al., 2013). In Guillory and Bujarski's meta-analysis of a collection of 64 electrical stimulation studies (Guillory and Bujarski, 2014), the relationship between elicited positive and negative emotional responses was also clearly in favor of euphoric-left (ratio of 9:1 studies) and dysphoric-right (ratio of 8:1 studies) lateralization.

The reason for the valence lateralization probably lies in the insular organization: it has been hypothesized that the laterality of brain activity associated with emotions could originate in differences in autonomic input to and output from the left and right insular cortices, as postulated by Craig (2002), with a predominance of parasympathetic activity on the left side and of sympathetic activity on the right side (Oppenheimer et al., 1992; Oppenheimer, 2006; Craig, 2009a,b, 2011). These differences could be integrated in a concept of opponent emotional control systems: the regulation of energy nourishment in the left forebrain, and the operationalization of energy expenditure in the right forebrain (Craig, 2005; Evrard and Craig, 2015).

FURTHER DIRECTIONS

Although, there seems to be convincing evidence, explaining ecstatic seizures as emerging from an epileptic network depending mainly on the anterior-dorsal insular cortex, there are still many open questions. During our discussions with patients we noted some peculiarities of the ecstatic state: a sensation of total inner peacefulness, together with, at the same time, the highest arousal level; a feeling of unity with the universe at the same time with the highest feeling of self-awareness. Already the early works on emotional seizures have revealed the possible very narrow coexistence of pleasurable and unpleasurable emotions. Depending on the patients, there can be symptoms that are more self-centered (inner peace, heightened bodily perception) or more oriented toward the external world (hyperperception of the external world, union with the universe). Could this, as well as differences in valence, possibly be related to differences in predominating activity in the left or the right insula? Or could there be differences according to the insular subregions involved, as shown for the anterior cingulate cortex where a rostral subregion was activated by reward and a caudal subregion was activated by negative aspects of reward processing (Liu et al., 2011)? Do the VENs play a specific role in emotion generation and in ecstatic phenomena? What are the major neurochemical systems involved in emotion processing? The role of the most famous candidate for pleasure, the dopamine, involved in predicting reward (Schultz et al., 1997), is unclear in generating the sensation of pleasure per se (Berridge and Kringelbach, 2015). The involvement of the opioid and the orexin systems has been recently reported in appetitive reactions (Mahler et al., 2014; Berridge and Kringelbach, 2015), but the neurochemical processes involved in emotion experience are far from being elucidated. As the number of nicotinic receptors is especially high in the anterior-dorsal insular cortex (Picard et al., 2013a), we wonder about the role of the nicotinic system in autonomic and emotion processing in the anticipation and experience of aversive stimuli, and possibly in the generation of pleasure.

To better test our hypothesis of transitory interoceptive and emotional prediction error suppression during ecstatic auras, the combination of fMRI (or SEEG with insular electrodes) and experimental paradigms using aversive learning (e.g., Seymour et al., 2004; Palminteri et al., 2012) could be used in either the patients with ecstatic auras, or in meditators or individuals under stimulant substance consumption experiencing ecstatic phenomena. Another track could be to compare insular activity in such paradigms in patients with anxiety disorder (Paulus and Stein, 2006), compared to self-assured participants at peace, e.g., meditators.

Last, but not least, improving the understanding of the fascinating ecstatic seizures would unarguably help to untie some of the most complex mechanisms of emotion processing in self-awareness and value generation. The paradoxical fact that an abnormal neuronal activity with dysregulated synchronization induces the highest and most peaceful mental state was very precisely reflected by Dostoevsky's character Mishkin, in The Idiot:

[…] he had often said to himself that all those flashes and glimpses of a higher self-sense and self-awareness, and therefore of the “highest being,” were nothing but an illness, a violation of the normal state, and if so, then this was not the highest being at all but, on the contrary, should be counted as the very lowest.

And yet he finally arrived at an extremely paradoxical conclusion: “So what if it is an illness?” he finally decided. “Who cares that it's an abnormal strain, if the result itself, if the moment of the sensation, remembered and examined in a healthy state, turns out to be the highest degree of harmony, beauty, gives a hitherto unheard-of and unknown feeling of fullness, measure, reconciliation, and an ecstatic, prayerful merging with the highest synthesis of life?” These vague expressions seemed quite comprehensible to him, though still too weak (Dostoevsky, 1869, p. 226).

This remarkable paradox explains the general fascination for the ecstatic auras. Similar experiences might have influenced religious beliefs over time, and therewith have had an impact on the history of human culture.

FUNDING

MG was supported by the Swiss National Science Foundation No. 33CM30-124115. FP by the Swiss National Foundation No. 320030-127608.

ACKNOWLEDGMENTS

We would like to thank our patients for their open and personal testimony. We thank Prof. Wolfram Schultz (Cambridge, UK) for helpful comments, Dr. Anil Ananthaswamy (Berkeley, California), Dr. Ashok Pillai (Kochi, Kerala, India), and Prof. Zachary Ernst (Chicago, Illinois) for fruitful discussions, and Prof. Jerome Engel Jr. (Los Angeles, California) for critical reading of the manuscript.

FOOTNOTES

1Photograph publicly available under https://commons.wikimedia.org/wiki/File:Dostoevsky.jpg

2Available online at: http://rii.uthscsa.edu/mango/index.html

REFERENCES

 Alajouanine, T. (1951). [An epileptic equivalent: absence with psychoaffective onset]. Bull. Acad. Natl. Med. 135, 389–391.

 Allman, J. M., Tetreault, N. A., Hakeem, A. Y., Manaye, K. F., Semendeferi, K., Erwin, J. M., et al. (2010). The von Economo neurons in frontoinsular and anterior cingulate cortex in great apes and humans. Brain Struct. Funct. 214, 495–517. doi: 10.1007/s00429-010-0254-0

 Allman, J. M., Watson, K. K., Tetreault, N. A., and Hakeem, A. Y. (2005). Intuition and autism: a possible role for Von Economo neurons. Trends Cogn. Sci. 9, 367–373. doi: 10.1016/j.tics.2005.06.008

 Andermann, F. (1971). Self-induced television epilepsy. Epilepsia 12, 269–275. doi: 10.1111/j.1528-1157.1971.tb04934.x

 Asheim Hansen, B., and Brodtkorb, E. (2003). Partial epilepsy with “ecstatic” seizures. Epilepsy Behav. 4, 667–673. doi: 10.1016/j.yebeh.2003.09.009

 Augustine, J. R. (1996). Circuitry and functional aspects of the insular lobe in primates including humans. Brain Res. Brain. Res. Rev. 22, 229–244. doi: 10.1016/S0165-0173(96)00011-2

 Bartels, A., and Zeki, S. (2004). The neural correlates of maternal and romantic love. Neuroimage 21, 1155–1166. doi: 10.1016/j.neuroimage.2003.11.003

 Baumann, C. R., Novikov, V. P., Regard, M., and Siegel, A. M. (2005). Did Fyodor Mikhailovich Dostoevsky suffer from mesial temporal lobe epilepsy? Seizure 14, 324–330. doi: 10.1016/j.seizure.2005.04.004

 Bebek, N., Gurses, C., Gokyigit, A., Baykan, B., Ozkara, C., and Dervent, A. (2001). Hot water epilepsy: clinical and electrophysiologic findings based on 21 cases. Epilepsia 42, 1180–1184. doi: 10.1046/j.1528-1157.2001.31000.x

 Benarroch, E. E. (2012). Periaqueductal gray: an interface for behavioral control. Neurology 78, 210–217. doi: 10.1212/WNL.0b013e31823fcdee

 Berg, A. T., Berkovic, S. F., Brodie, M. J., Buchhalter, J., Cross, J. H., Van Emde Boas, W., et al. (2010). Revised terminology and concepts for organization of seizures and epilepsies: report of the ILAE Commission on Classification and Terminology, 2005-2009. Epilepsia 51, 676–685. doi: 10.1111/j.1528-1167.2010.02522.x

 Berridge, K. C., and Kringelbach, M. L. (2015). Pleasure systems in the brain. Neuron 86, 646–664. doi: 10.1016/j.neuron.2015.02.018

 Binnie, C. D., Darby, C. E., De Korte, R. A., and Wilkins, A. J. (1980). Self-induction of epileptic seizures by eyeclosure: incidence and recognition. J. Neurol. Neurosurg. Psychiatry. 43, 386–389. doi: 10.1136/jnnp.43.5.386

 Binnie, C. D., and Wilkins, A. J. (1997). Ecstatic seizures induced by television. J. Neurol. Neurosurg. Psychiatry 63:273. doi: 10.1136/jnnp.63.2.273a

 Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995). Functional connectivity in the motor cortex of resting human brain using echo-planar MRI. Magn. Reson. Med. 34, 537–541. doi: 10.1002/mrm.1910340409

 Boudouresques, J., Gosset, A., and Sayag, J. (1972). [Urbach-Wiethe disease: temporal crisis with exstatic phenomena and calcification in the 2 temporal lobes]. Bull. Acad. Natl. Med. 156, 16–21.

 Brodbeck, V., Spinelli, L., Lascano, A. M., Wissmeier, M., Vargas, M. I., Vulliemoz, S., et al. (2011). Electroencephalographic source imaging: a prospective study of 152 operated epileptic patients. Brain 134, 2887–2897. doi: 10.1093/brain/awr243

 Butti, C., Santos, M., Uppal, N., and Hof, P. R. (2013). Von Economo neurons: clinical and evolutionary perspectives. Cortex 49, 312–326. doi: 10.1016/j.cortex.2011.10.004

 Cabrera-Valdivia, F., Jimenez-Jimenez, F. J., Tejeiro, J., Ayuso-Peralta, L., Vaquero, A., and Garcia-Albea, E. (1996). Dostoevsky's epilepsy induced by television. J. Neurol. Neurosurg. Psychiatry 61, 653–653. doi: 10.1136/jnnp.61.6.653

 Carrazana, E., and Cheng, J. (2011). St Theresa's dart and a case of religious ecstatic epilepsy. Cogn. Behav. Neurol. 24, 152–155. doi: 10.1097/WNN.0b013e318230b1db

 Cauda, F., Geminiani, G. C., and Vercelli, A. (2014). Evolutionary appearance of von Economo's neurons in the mammalian cerebral cortex. Front. Hum. Neurosci. 8:104. doi: 10.3389/fnhum.2014.00104

 Cerliani, L., Thomas, R. M., Jbabdi, S., Siero, J. C., Nanetti, L., Crippa, A., et al. (2012). Probabilistic tractography recovers a rostrocaudal trajectory of connectivity variability in the human insular cortex. Hum. Brain Mapp. 33, 2005–2034. doi: 10.1002/hbm.21338

 Chabardes, S., Kahane, P., Minotti, L., Tassi, L., Grand, S., Hoffmann, D., et al. (2005). The temporopolar cortex plays a pivotal role in temporal lobe seizures. Brain 128, 1818–1831. doi: 10.1093/brain/awh512

 Chang, L. J., Yarkoni, T., Khaw, M. W., and Sanfey, A. G. (2013). Decoding the role of the insula in human cognition: functional parcellation and large-scale reverse inference. Cereb. Cortex 23, 739–749. doi: 10.1093/cercor/bhs065

 Chapman, W. P., Schroeder, H. R., Geyer, G., Brazier, M. A., Fager, C., Poppen, J. L., et al. (1954). Physiological evidence concerning importance of the amygdaloid nuclear region in the integration of circulatory function and emotion in man. Science 120, 949–950. doi: 10.1126/science.120.3127.949

 Chauvel, P., and Mcgonigal, A. (2014). Emergence of semiology in epileptic seizures. Epilepsy Behav. 38, 94–103. doi: 10.1016/j.yebeh.2013.12.003

 Chauvel, P. (2003). “Can we classify frontal lobe seizures?,” in Frontal Lobe Seizures and Epilepsies in Children, eds A. Beaumanoir, F. Andermann, P. Chauvel, L. Mira and B. Zifkin (Montrouge: John Libbey Eurotext), 59–64.

 Chikama, M., Mcfarland, N. R., Amaral, D. G., and Haber, S. N. (1997). Insular cortical projections to functional regions of the striatum correlate with cortical cytoarchitectonic organization in the primate. J. Neurosci. 17, 9686–9705.

 Cirignotta, F., Todesco, C. V., and Lugaresi, E. (1980). Temporal lobe epilepsy with ecstatic seizures (so-called Dostoevsky epilepsy). Epilepsia 21, 705–710. doi: 10.1111/j.1528-1157.1980.tb04324.x

 Cocchi, L., Harrison, B. J., Pujol, J., Harding, I. H., Fornito, A., Pantelis, C., et al. (2012). Functional alterations of large-scale brain networks related to cognitive control in obsessive-compulsive disorder. Hum. Brain Mapp. 33, 1089–1106. doi: 10.1002/hbm.21270

 Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/nrn755

 Coull, J. T. (2004). fMRI studies of temporal attention: allocating attention within, or towards, time. Brain Res. Cogn. Brain Res. 21, 216–226. doi: 10.1016/j.cogbrainres.2004.02.011

 Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological condition of the body. Nat. Rev. Neurosci. 3, 655–666. doi: 10.1038/nrn894

 Craig, A. D. (2003). Interoception: the sense of the physiological condition of the body. Curr. Opin. Neurobiol. 13, 500–505. doi: 10.1016/S0959-4388(03)00090-4

 Craig, A. D. (2004). Human feelings: why are some more aware than others? Trends Cogn. Sci. 8, 239–241. doi: 10.1016/j.tics.2004.04.004

 Craig, A. D. (2005). Forebrain emotional asymmetry: a neuroanatomical basis? Trends Cogn. Sci. 9, 566–571. doi: 10.1016/j.tics.2005.10.005

 Craig, A. D. (2009a). Emotional moments across time: a possible neural basis for time perception in the anterior insula. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1933–1942. doi: 10.1098/rstb.2009.0008

 Craig, A. D. (2009b). How do you feel–now? The anterior insula and human awareness. Nat. Rev. Neurosci. 10, 59–70. doi: 10.1038/nrn2555

 Craig, A. D. (2010). The sentient self. Brain Struct. Funct. 214, 563–577. doi: 10.1007/s00429-010-0248-y

 Craig, A. D. (2011). Significance of the insula for the evolution of human awareness of feelings from the body. Ann. N. Y. Acad. Sci. 1225, 72–82. doi: 10.1111/j.1749-6632.2011.05990.x

 Critchley, H., and Seth, A. (2012). Will studies of macaque insula reveal the neural mechanisms of self-awareness? Neuron 74, 423–426. doi: 10.1016/j.neuron.2012.04.012

 Damasio, A. R. (1996). The somatic marker hypothesis and the possible functions of the prefrontal cortex. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 351, 1413–1420. doi: 10.1098/rstb.1996.0125

 Dennis, E. L., Jahanshad, N., Mcmahon, K. L., De Zubicaray, G. I., Martin, N. G., Hickie, I. B., et al. (2014). Development of insula connectivity between ages 12 and 30 revealed by high angular resolution diffusion imaging. Hum. Brain Mapp. 35, 1790–1800. doi: 10.1002/hbm.22292

 Dostoevsky, F. (1869). The Idiot (Transl. Pevear/Volokhonsky; 2002). NewYork, NY: Vintage Classics.

 Dostoevsky, F. (1872). Demons (Transl. Pevear/Volokhonsky; 1995). NewYork, NY: Vintage Classics.

 Duerden, E. G., Arsalidou, M., Lee, M., and Taylor, M. J. (2013). Lateralization of affective processing in the insula. Neuroimage 78, 159–175. doi: 10.1016/j.neuroimage.2013.04.014

 Eckert, M. A., Menon, V., Walczak, A., Ahlstrom, J., Denslow, S., Horwitz, A., et al. (2009). At the heart of the ventral attention system: the right anterior insula. Hum. Brain Mapp. 30, 2530–2541. doi: 10.1002/hbm.20688

 Ehret, R., and Schneider, E. (1961). Photogene Epilepsie mit suchtartiger Selbstauslösung kleiner Anfälle und wiederholten Sexualdelikten. Archiv. Psychiatr. Nervenkranheiten 202, 75–94. doi: 10.1007/BF00342812

 Ekman, P., and Cordaro, D. (2011). What is meant by calling emotions basic. Emot. Rev. 3, 364–370. doi: 10.1177/1754073911410740

 Engel, J., Thompson, P. M., Stern, J. M., Staba, R. J., Bragin, A., and Mody, I. (2013). Connectomics and epilepsy. Curr. Opin. Neurol. 26, 186–194. doi: 10.1097/WCO.0b013e32835ee5b8

 Engstrom, M., Karlsson, T., Landtblom, A. M., and Craig, A. D. (2014). Evidence of conjoint activation of the anterior insular and cingulate cortices during effortful tasks. Front. Hum. Neurosci. 8:1071. doi: 10.3389/fnhum.2014.01071

 Evrard, H. C., and Craig, A. D. (2015). “Insular Cortex,” in Brain Mapping: An Encyclopedic Reference, Vol. 2, Anatomy and Physiology, Systems, ed A.W. Toga (Cambridge, MA: Academic Press; Elsevier), 387–393. doi: 10.1016/B978-0-12-397025-1.00237-2

 Evrard, H. C., Forro, T., and Logothetis, N. K. (2012). Von Economo neurons in the anterior insula of the macaque monkey. Neuron 74, 482–489. doi: 10.1016/j.neuron.2012.03.003

 Fahoum, F., Lopes, R., Pittau, F., Dubeau, F., and Gotman, J. (2012). Widespread epileptic networks in focal epilepsies: EEG-fMRI study. Epilepsia 53, 1618–1627. doi: 10.1111/j.1528-1167.2012.03533.x

 Fajardo, C., Escobar, M. I., Buritica, E., Arteaga, G., Umbarila, J., Casanova, M. F., et al. (2008). Von Economo neurons are present in the dorsolateral (dysgranular) prefrontal cortex of humans. Neurosci. Lett. 435, 215–218. doi: 10.1016/j.neulet.2008.02.048

 Feindel, W., and Penfield, W. (1954). Localization of discharge in temporal lobe automatism. AMA Arch. Neurol. Psychiatry 72, 603–630. doi: 10.1001/archneurpsyc.1954.02330050075012

 Feinstein, J. S., Stein, M. B., and Paulus, M. P. (2006). Anterior insula reactivity during certain decisions is associated with neuroticism. Soc. Cogn. Affect. Neurosci. 1, 136–142. doi: 10.1093/scan/nsl016

 Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., and Raichle, M. E. (2006). Spontaneous neuronal activity distinguishes human dorsal and ventral attention systems. Proc. Natl. Acad. Sci. U.S.A. 103, 10046–10051. doi: 10.1073/pnas.0604187103

 Gastaut, H. (1978). Fyodor Mikhailovitch Dostoevsky's involuntary contribution to the symptomatology and prognosis of epilepsy. William G. Lennox Lecture, 1977. Epilepsia 19, 186–201. doi: 10.1111/j.1528-1157.1978.tb05030.x

 Gastaut, H. (1984). New comments on the epilepsy of Fyodor Dostoevsky. Epilepsia 25, 408–411. doi: 10.1111/j.1528-1157.1984.tb03435.x

 Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B., et al. (2015). Identification of a common neurobiological substrate for mental illness. JAMA Psychiatry 72, 305–315. doi: 10.1001/jamapsychiatry.2014.2206

 Gotman, J. (2008). Epileptic networks studied with EEG-fMRI. Epilepsia 49(Suppl. 3), 42–51. doi: 10.1111/j.1528-1167.2008.01509.x

 Greicius, M. D., Krasnow, B., Reiss, A. L., and Menon, V. (2003). Functional connectivity in the resting brain: a network analysis of the default mode hypothesis. Proc. Natl. Acad. Sci. U.S.A. 100, 253–258. doi: 10.1073/pnas.0135058100

 Gu, X., Hof, P. R., Friston, K. J., and Fan, J. (2013). Anterior insular cortex and emotional awareness. J. Comp. Neurol. 521, 3371–3388. doi: 10.1002/cne.23368

 Guillory, S. A., and Bujarski, K. A. (2014). Exploring emotions using invasive methods: review of 60 years of human intracranial electrophysiology. Soc. Cogn. Affect. Neurosci. 9, 1880–1889. doi: 10.1093/scan/nsu002

 Halgren, E., Walter, R. D., Cherlow, D. G., and Crandall, P. H. (1978). Mental phenomena evoked by electrical stimulation of the human hippocampal formation and amygdala. Brain 101, 83–117. doi: 10.1093/brain/101.1.83

 Hasenkamp, W., Wilson-Mendenhall, C. D., Duncan, E., and Barsalou, L. W. (2012). Mind wandering and attention during focused meditation: a fine-grained temporal analysis of fluctuating cognitive states. Neuroimage 59, 750–760. doi: 10.1016/j.neuroimage.2011.07.008

 Holzel, B. K., Ott, U., Gard, T., Hempel, H., Weygandt, M., Morgen, K., et al. (2008). Investigation of mindfulness meditation practitioners with voxel-based morphometry. Soc. Cogn. Affect. Neurosci. 3, 55–61. doi: 10.1093/scan/nsm038

 Hong, S. J., Kim, H., Schrader, D., Bernasconi, N., Bernhardt, B. C., and Bernasconi, A. (2014). Automated detection of cortical dysplasia type II in MRI-negative epilepsy. Neurology 83, 48–55. doi: 10.1212/WNL.0000000000000543

 Hughes, J. R. (2005). The idiosyncratic aspects of the epilepsy of Fyodor Dostoevsky. Epilepsy Behav. 7, 531–538. doi: 10.1016/j.yebeh.2005.07.021

 Illingworth, J. L., and Ring, H. (2013). Conceptual distinctions between reflex and nonreflex precipitated seizures in the epilepsies: a systematic review of definitions employed in the research literature. Epilepsia 54, 2036–2047. doi: 10.1111/epi.12340

 Ionta, S., Martuzzi, R., Salomon, R., and Blanke, O. (2014). The brain network reflecting bodily self-consciousness: a functional connectivity study. Soc. Cogn. Affect. Neurosci. 9, 1904–1913. doi: 10.1093/scan/nst185

 Irmen, F., Wehner, T., and Lemieux, L. (2015). Do reflex seizures and spontaneous seizures form a continuum? - triggering factors and possible common mechanisms. Seizure 25, 72–79. doi: 10.1016/j.seizure.2014.12.006

 Isnard, J., Guenot, M., Ostrowsky, K., Sindou, M., and Mauguiere, F. (2000). The role of the insular cortex in temporal lobe epilepsy. Ann. Neurol. 48, 614–623. doi: 10.1002/1531-8249(200010)48:4 < 614::AID-ANA8>3.0.CO;2-S

 Isnard, J., Guenot, M., Sindou, M., and Mauguiere, F. (2004). Clinical manifestations of insular lobe seizures: a stereo-electroencephalographic study. Epilepsia 45, 1079–1090. doi: 10.1111/j.0013-9580.2004.68903.x

 Jabbi, M., Bastiaansen, J., and Keysers, C. (2008). A common anterior insula representation of disgust observation, experience and imagination shows divergent functional connectivity pathways. PLoS ONE 3:e2939. doi: 10.1371/journal.pone.0002939

 Johanson, M., Valli, K., Revonsuo, A., and Wedlund, J. E. (2008). Content analysis of subjective experiences in partial epileptic seizures. Epilepsy Behav. 12, 170–182. doi: 10.1016/j.yebeh.2007.10.002

 Jung, W. H., Kang, D. H., Han, J. Y., Jang, J. H., Gu, B. M., Choi, J. S., et al. (2011). Aberrant ventral striatal responses during incentive processing in unmedicated patients with obsessive-compulsive disorder. Acta Psychiatr. Scand. 123, 376–386. doi: 10.1111/j.1600-0447.2010.01659.x

 Karnath, H. O., Fruhmann Berger, M., Kuker, W., and Rorden, C. (2004). The anatomy of spatial neglect based on voxelwise statistical analysis: a study of 140 patients. Cereb. Cortex 14, 1164–1172. doi: 10.1093/cercor/bhh076

 Kasai, K., Shenton, M. E., Salisbury, D. F., Onitsuka, T., Toner, S. K., Yurgelun-Todd, D., et al. (2003). Differences and similarities in insular and temporal pole MRI gray matter volume abnormalities in first-episode schizophrenia and affective psychosis. Arch. Gen. Psychiatry 60, 1069–1077. doi: 10.1001/archpsyc.60.11.1069

 Kelly, C., Toro, R., Di Martino, A., Cox, C. L., Bellec, P., Castellanos, F. X., et al. (2012). A convergent functional architecture of the insula emerges across imaging modalities. Neuroimage 61, 1129–1142. doi: 10.1016/j.neuroimage.2012.03.021

 Kim, S., and Mountz, J. M. (2011). SPECT imaging of epilepsy: an overview and comparison with F-18 FDG PET. Int. J. Mol. Imaging 2011:813028. doi: 10.1155/2011/813028

 Kober, H., Barrett, L. F., Joseph, J., Bliss-Moreau, E., Lindquist, K., and Wager, T. D. (2008). Functional grouping and cortical-subcortical interactions in emotion: a meta-analysis of neuroimaging studies. Neuroimage 42, 998–1031. doi: 10.1016/j.neuroimage.2008.03.059

 Krolak-Salmon, P., Henaff, M. A., Vighetto, A., Bertrand, O., and Mauguiere, F. (2004). Early amygdala reaction to fear spreading in occipital, temporal, and frontal cortex: a depth electrode ERP study in human. Neuron 42, 665–676. doi: 10.1016/S0896-6273(04)00264-8

 Kurth, F., Eickhoff, S. B., Schleicher, A., Hoemke, L., Zilles, K., and Amunts, K. (2009). Cytoarchitecture and probabilistic maps of the human posterior insular cortex. Cereb. Cortex 20, 1448–1461. doi: 10.1093/cercor/bhp208

 Kurth, F., Zilles, K., Fox, P. T., Laird, A. R., and Eickhoff, S. B. (2010). A link between the systems: functional differentiation and integration within the human insula revealed by meta-analysis. Brain Struct. Funct. 214, 519–534. doi: 10.1007/s00429-010-0255-z

 Lacuey, N., Zonjy, B., Kahriman, E. S., Marashly, A., Miller, J., Lhatoo, S. D., et al. (2015). Homotopic reciprocal functional connectivity between anterior human insulae. Brain Struct. Funct. doi: 10.1007/s00429-015-1065-0. [Epub ahead of print].

 Landtblom, A. M., Lindehammar, H., Karlsson, H., and Craig, A. D. (2011). Insular cortex activation in a patient with “sensed presence”/ecstatic seizures. Epilepsy Behav. 20, 714–718. doi: 10.1016/j.yebeh.2011.01.031

 Landtblom, A. M. (2006). The “sensed presence”: an epileptic aura with religious overtones. Epilepsy Behav. 9, 186–188. doi: 10.1016/j.yebeh.2006.04.023

 Lanteaume, L., Khalfa, S., Regis, J., Marquis, P., Chauvel, P., and Bartolomei, F. (2007). Emotion induction after direct intracerebral stimulations of human amygdala. Cereb. Cortex 17, 1307–1313. doi: 10.1093/cercor/bhl041

 Laufs, H., Hamandi, K., Salek-Haddadi, A., Kleinschmidt, A. K., Duncan, J. S., and Lemieux, L. (2007). Temporal lobe interictal epileptic discharges affect cerebral activity in “default mode” brain regions. Hum. Brain Mapp. 28, 1023–1032. doi: 10.1002/hbm.20323

 Lazar, S. W., Kerr, C. E., Wasserman, R. H., Gray, J. R., Greve, D. N., Treadway, M. T., et al. (2005). Meditation experience is associated with increased cortical thickness. Neuroreport 16, 1893–1897. doi: 10.1097/01.wnr.0000186598.66243.19

 Leibenluft, E., Gobbini, M. I., Harrison, T., and Haxby, J. V. (2004). Mothers' neural activation in response to pictures of their children and other children. Biol. Psychiatry 56, 225–232. doi: 10.1016/j.biopsych.2004.05.017

 Liu, X., Hairston, J., Schrier, M., and Fan, J. (2011). Common and distinct networks underlying reward valence and processing stages: a meta-analysis of functional neuroimaging studies. Neurosci. Biobehav. Rev. 35, 1219–1236. doi: 10.1016/j.neubiorev.2010.12.012

 Livesey, A. C., Wall, M. B., and Smith, A. T. (2007). Time perception: manipulation of task difficulty dissociates clock functions from other cognitive demands. Neuropsychologia 45, 321–331. doi: 10.1016/j.neuropsychologia.2006.06.033

 Luders, E., Kurth, F., Mayer, E. A., Toga, A. W., Narr, K. L., and Gaser, C. (2012). The unique brain anatomy of meditation practitioners: alterations in cortical gyrification. Front. Hum. Neurosci. 6:34. doi: 10.3389/fnhum.2012.00034

 Lutz, A., Brefczynski-Lewis, J., Johnstone, T., and Davidson, R. J. (2008). Regulation of the neural circuitry of emotion by compassion meditation: effects of meditative expertise. PLoS ONE 3:e1897. doi: 10.1371/journal.pone.0001897

 Mahler, S. V., Moorman, D. E., Smith, R. J., James, M. H., and Aston-Jones, G. (2014). Motivational activation: a unifying hypothesis of orexin/hypocretin function. Nat. Neurosci. 17, 1298–1303. doi: 10.1038/nn.3810

 Mandonnet, E., Winkler, P. A., and Duffau, H. (2010). Direct electrical stimulation as an input gate into brain functional networks: principles, advantages and limitations. Acta Neurochir. 152, 185–193. doi: 10.1007/s00701-009-0469-0

 Manes, F., Paradiso, S., Springer, J. A., Lamberty, G., and Robinson, R. G. (1999). Neglect after right insular cortex infarction. Stroke 30, 946–948. doi: 10.1161/01.STR.30.5.946

 Megevand, P., Spinelli, L., Genetti, M., Brodbeck, V., Momjian, S., Schaller, K., et al. (2014). Electric source imaging of interictal activity accurately localises the seizure onset zone. J. Neurol. Neurosurg. Psychiatr. 85, 38–43. doi: 10.1136/jnnp-2013-305515

 Menon, V., and Uddin, L. Q. (2010). Saliency, switching, attention and control: a network model of insula function. Brain Struct. Funct. 214, 655–667. doi: 10.1007/s00429-010-0262-0

 Mesulam, M., and Mufson, E. (1985). “The insula of Reil in man and monkey,” in Cerebral Cortex, eds E. Jones and A. Peters (NewYork, NY: Plenum Press), 179–226.

 Mesulam, M. M., and Mufson, E. J. (1982). Insula of the old world monkey. III: efferent cortical output and comments on function. J. Comp. Neurol. 212, 38–52. doi: 10.1002/cne.902120104

 Michelucci, R., Pasini, E., and Nobile, C. (2009). Lateral temporal lobe epilepsies: clinical and genetic features. Epilepsia 50(Suppl. 5), 52–54. doi: 10.1111/j.1528-1167.2009.02122.x

 Modinos, G., Ormel, J., and Aleman, A. (2009). Activation of anterior insula during self-reflection. PLoS ONE 4:e4618. doi: 10.1371/journal.pone.0004618

 Morel, A., Gallay, M. N., Baechler, A., Wyss, M., and Gallay, D. S. (2013). The human insula: architectonic organization and postmortem MRI registration. Neuroscience 236, 117–135. doi: 10.1016/j.neuroscience.2012.12.076

 Morgan, H. (1990). Dostoevsky's epilepsy: a case report and comparison. Surg. Neurol. 33, 413–416. doi: 10.1016/0090-3019(90)90155-I

 Mufson, E. J., and Mesulam, M. M. (1982). Insula of the old world monkey. II: afferent cortical input and comments on the claustrum. J. Comp. Neurol. 212, 23–37. doi: 10.1002/cne.902120103

 Mulder, D. W., and Daly, D. (1952). Psychiatric symptoms associated with lesions of temporal lobe. J. Am. Med. Assoc. 150, 173–176. doi: 10.1001/jama.1952.03680030005003

 Mullan, S., and Penfield, W. (1959). Illusions of comparative interpretation and emotion; production by epileptic discharge and by electrical stimulation in the temporal cortex. AMA Arch. Neurol. Psychiatry 81, 269–284. doi: 10.1001/archneurpsyc.1959.02340150001001

 Nagai, M., Kishi, K., and Kato, S. (2007). Insular cortex and neuropsychiatric disorders: a review of recent literature. Eur. Psychiatry 22, 387–394. doi: 10.1016/j.eurpsy.2007.02.006

 Naito, H., and Matsui, N. (1988). Temporal lobe epilepsy with ictal ecstatic state and interictal behavior of hypergraphia. J. Nerv. Ment. Dis. 176, 123–124. doi: 10.1097/00005053-198802000-00010

 Nguyen, D. K., Rouleau, I., Senechal, G., Ansaldo, A. I., Gravel, M., Benfenati, F., et al. (2015). X-linked focal epilepsy with reflex bathing seizures: characterization of a distinct epileptic syndrome. Epilepsia 56, 1098–1108. doi: 10.1111/epi.13042

 Nieuwenhuys, R. (2012). The insular cortex: a review. Prog. Brain Res. 195, 123–163. doi: 10.1016/B978-0-444-53860-4.00007-6

 Nishida, S., Narumoto, J., Sakai, Y., Matsuoka, T., Nakamae, T., Yamada, K., et al. (2011). Anterior insular volume is larger in patients with obsessive-compulsive disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 997–1001. doi: 10.1016/j.pnpbp.2011.01.022

 Nitschke, J. B., Sarinopoulos, I., Mackiewicz, K. L., Schaefer, H. S., and Davidson, R. J. (2006). Functional neuroanatomy of aversion and its anticipation. Neuroimage 29, 106–116. doi: 10.1016/j.neuroimage.2005.06.068

 O'brien, T. J., So, E. L., Mullan, B. P., Hauser, M. F., Brinkmann, B. H., Bohnen, N. I., et al. (1998). Subtraction ictal SPECT co-registered to MRI improves clinical usefulness of SPECT in localizing the surgical seizure focus. Neurology 50, 445–454. doi: 10.1212/WNL.50.2.445

 Ongur, D., An, X., and Price, J. L. (1998). Prefrontal cortical projections to the hypothalamus in macaque monkeys. J. Comp. Neurol. 401, 480–505.

 Oppenheimer, S. (2006). Cerebrogenic cardiac arrhythmias: cortical lateralization and clinical significance. Clin. Auton. Res. 16, 6–11. doi: 10.1007/s10286-006-0276-0

 Oppenheimer, S. M., Gelb, A., Girvin, J. P., and Hachinski, V. C. (1992). Cardiovascular effects of human insular cortex stimulation. Neurology 42, 1727–1732. doi: 10.1212/WNL.42.9.1727

 Ostrowsky, K., Isnard, J., Ryvlin, P., Guenot, M., Fischer, C., and Mauguiere, F. (2000). Functional mapping of the insular cortex: clinical implication in temporal lobe epilepsy. Epilepsia 41, 681–686. doi: 10.1111/j.1528-1157.2000.tb00228.x

 Palminteri, S., Justo, D., Jauffret, C., Pavlicek, B., Dauta, A., Delmaire, C., et al. (2012). Critical roles for anterior insula and dorsal striatum in punishment-based avoidance learning. Neuron 76, 998–1009. doi: 10.1016/j.neuron.2012.10.017

 Paulus, M. P., and Stein, M. B. (2006). An insular view of anxiety. Biol. Psychiatry 60, 383–387. doi: 10.1016/j.biopsych.2006.03.042

 Penfield, W., and Faulk, M. E. Jr. (1955). The insula; further observations on its function. Brain 78, 445–470. doi: 10.1093/brain/78.4.445

 Penfield, W., and Jasper, H. (1954). Epilepsy and the Functional Anatomy of the Human Brain. Boston: Little Brown.

 Penfield, W., and Kristiansen, K. (1951). Epileptic Seizure Patterns: A Study of the Localizing Value of Initial Phenomena in Focal Cortical Seizures. Springfield, IL: Charles C Thomas.

 Picard, F., and Craig, A. D. (2009). Ecstatic epileptic seizures: a potential window on the neural basis for human self-awareness. Epilepsy Behav. 16, 539–546. doi: 10.1016/j.yebeh.2009.09.013

 Picard, F., and Friston, K. (2014). Predictions, perception, and a sense of self. Neurology 83, 1112–1118. doi: 10.1212/WNL.0000000000000798

 Picard, F., and Kurth, F. (2014). Ictal alterations of consciousness during ecstatic seizures. Epilepsy Behav. 30, 58–61. doi: 10.1016/j.yebeh.2013.09.036

 Picard, F., Sadaghiani, S., Leroy, C., Courvoisier, D. S., Maroy, R., and Bottlaender, M. (2013a). High density of nicotinic receptors in the cingulo-insular network. Neuroimage 79, 42–51. doi: 10.1016/j.neuroimage.2013.04.074

 Picard, F., Scavarda, D., and Bartolomei, F. (2013b). Induction of a sense of bliss by electrical stimulation of the anterior insula. Cortex 49, 2935–2937. doi: 10.1016/j.cortex.2013.08.013

 Picard, F. (2013). State of belief, subjective certainty and bliss as a product of cortical dysfunction. Cortex 49, 2494–2500. doi: 10.1016/j.cortex.2013.01.006

 Piguet, C., Desseilles, M., Sterpenich, V., Cojan, Y., Bertschy, G., and Vuilleumier, P. (2014). Neural substrates of rumination tendency in non-depressed individuals. Biol. Psychol. 103, 195–202. doi: 10.1016/j.biopsycho.2014.09.005

 Pittau, F., Dubeau, F., and Gotman, J. (2012). Contribution of EEG/fMRI to the definition of the epileptic focus. Neurology 78, 1479–1487. doi: 10.1212/WNL.0b013e3182553bf7

 Ploghaus, A., Tracey, I., Gati, J. S., Clare, S., Menon, R. S., Matthews, P. M., et al. (1999). Dissociating pain from its anticipation in the human brain. Science 284, 1979–1981. doi: 10.1126/science.284.5422.1979

 Preuschoff, K., Quartz, S. R., and Bossaerts, P. (2008). Human insula activation reflects risk prediction errors as well as risk. J. Neurosci. 28, 2745–2752. doi: 10.1523/JNEUROSCI.4286-07.2008

 Richardson, M. P. (2012). Large scale brain models of epilepsy: dynamics meets connectomics. J. Neurol. Neurosurg. Psychiatr. 83, 1238–1248. doi: 10.1136/jnnp-2011-301944

 Ronchi, R., Bello-Ruiz, J., Lukowska, M., Herbelin, B., Cabrilo, I., Schaller, K., et al. (2015). Right insular damage decreases heartbeat awareness and alters cardio-visual effects on bodily self-consciousness. Neuropsychologia 70, 11–20. doi: 10.1016/j.neuropsychologia.2015.02.010

 Rosenow, F., and Luders, H. (2001). Presurgical evaluation of epilepsy. Brain 124, 1683–1700. doi: 10.1093/brain/124.9.1683

 Rossetti, A. O. (2006). Dostoevsky's epilepsy: generalized or focal? Epilepsy Behav. 8, 440–447; author reply 448. doi: 10.1016/j.yebeh.2005.11.009

 Rousseaux, M., Honore, J., Vuilleumier, P., and Saj, A. (2013). Neuroanatomy of space, body, and posture perception in patients with right hemisphere stroke. Neurology 81, 1291–1297. doi: 10.1212/WNL.0b013e3182a823a7

 Russell, J. A., and Barrett, L. F. (1999). Core affect, prototypical emotional episodes, and other things called emotion: dissecting the elephant. J. Pers. Soc. Psychol. 76, 805–819. doi: 10.1037/0022-3514.76.5.805

 Salimpoor, V. N., Benovoy, M., Larcher, K., Dagher, A., and Zatorre, R. J. (2011). Anatomically distinct dopamine release during anticipation and experience of peak emotion to music. Nat. Neurosci. 14, 257–262. doi: 10.1038/nn.2726

 Schirmer, A. (2011). How emotions change time. Front. Integr. Neurosci. 5:58. doi: 10.3389/fnint.2011.00058

 Schultz, W., Dayan, P., and Montague, P. R. (1997). A neural substrate of prediction and reward. Science 275, 1593–1599. doi: 10.1126/science.275.5306.1593

 Seeley, W. W., Allman, J. M., Carlin, D. A., Crawford, R. K., Macedo, M. N., Greicius, M. D., et al. (2007a). Divergent social functioning in behavioral variant frontotemporal dementia and Alzheimer disease: reciprocal networks and neuronal evolution. Alzheimer Dis. Assoc. Disord. 21, S50–S57. doi: 10.1097/WAD.0b013e31815c0f14

 Seeley, W. W., Carlin, D. A., Allman, J. M., Macedo, M. N., Bush, C., Miller, B. L., et al. (2006). Early frontotemporal dementia targets neurons unique to apes and humans. Ann. Neurol. 60, 660–667. doi: 10.1002/ana.21055

 Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H., et al. (2007b). Dissociable intrinsic connectivity networks for salience processing and executive control. J. Neurosci. 27, 2349–2356. doi: 10.1523/JNEUROSCI.5587-06.2007

 Seth, A. K., and Critchley, H. D. (2013). Extending predictive processing to the body: emotion as interoceptive inference. Behav. Brain Sci. 36, 227–228. doi: 10.1017/S0140525X12002270

 Seth, A. K., Suzuki, K., and Critchley, H. D. (2011). An interoceptive predictive coding model of conscious presence. Front. Psychol. 2:395. doi: 10.3389/fpsyg.2011.00395

 Seth, A. K. (2013). Interoceptive inference, emotion, and the embodied self. Trends Cogn. Sci. 17, 565–573. doi: 10.1016/j.tics.2013.09.007

 Seymour, B., O'doherty, J. P., Dayan, P., Koltzenburg, M., Jones, A. K., Dolan, R. J., et al. (2004). Temporal difference models describe higher-order learning in humans. Nature 429, 664–667. doi: 10.1038/nature02581

 Singer, T., Critchley, H. D., and Preuschoff, K. (2009). A common role of insula in feelings, empathy and uncertainty. Trends Cogn. Sci. 13, 334–340. doi: 10.1016/j.tics.2009.05.001

 Skvortsova, V., Palminteri, S., and Pessiglione, M. (2014). Learning to minimize efforts versus maximizing rewards: computational principles and neural correlates. J. Neurosci. 34, 15621–15630. doi: 10.1523/JNEUROSCI.1350-14.2014

 Smith, J. R., Lee, G. P., Fountas, K., King, D. W., and Jenkins, P. D. (2006). Intracranial stimulation study of lateralization of affect. Epilepsy Behav. 8, 534–541. doi: 10.1016/j.yebeh.2005.12.014

 Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C., Fox, P. M., Mackay, C. E., et al. (2009). Correspondence of the brain's functional architecture during activation and rest. Proc. Natl. Acad. Sci. U.S.A. 106, 13040–13045. doi: 10.1073/pnas.0905267106

 Song, A., Jung, W. H., Jang, J. H., Kim, E., Shim, G., Park, H. Y., et al. (2011). Disproportionate alterations in the anterior and posterior insular cortices in obsessive-compulsive disorder. PLoS ONE 6:e22361. doi: 10.1371/journal.pone.0022361

 Sridharan, D., Levitin, D. J., and Menon, V. (2008). A critical role for the right fronto-insular cortex in switching between central-executive and default-mode networks. Proc. Natl. Acad. Sci. U.S.A. 105, 12569–12574. doi: 10.1073/pnas.0800005105

 Stefan, H., Schulze-Bonhage, A., Pauli, E., Platsch, G., Quiske, A., Buchfelder, M., et al. (2004). Ictal pleasant sensations: cerebral localization and lateralization. Epilepsia 45, 35–40. doi: 10.1111/j.0013-9580.2004.09303.x

 Stephani, C., Fernandez-Baca Vaca, G., Maciunas, R., Koubeissi, M., and Luders, H. O. (2011). Functional neuroanatomy of the insular lobe. Brain Struct. Funct. 216, 137–149. doi: 10.1007/s00429-010-0296-3

 Stevens, M. C., Kiehl, K. A., Pearlson, G., and Calhoun, V. D. (2007). Functional neural circuits for mental timekeeping. Hum. Brain Mapp. 28, 394–408. doi: 10.1002/hbm.20285

 Subirana, A., and Oller-Daurella, L. (1953). [Phenomenon of unilateral predominance preceding the chain of wave-spikes; discussion on possible temporal formation]. Rev. Neurol. 88, 363–364.

 Subirana, A. (1953). Discussion. Epilepsia C2, 95. doi: 10.1111/j.1528-1157.1953.tb03311.x

 Surbeck, W., Bouthillier, A., and Nguyen, D. K. (2013). Bilateral cortical representation of orgasmic ecstasy localized by depth electrodes. Epilepsy Behav. Case Rep. 1, 62–65. doi: 10.1016/j.ebcr.2013.03.002

 Tang, Y. Y., Rothbart, M. K., and Posner, M. I. (2012). Neural correlates of establishing, maintaining, and switching brain states. Trends Cogn. Sci. 16, 330–337. doi: 10.1016/j.tics.2012.05.001

 Trost, W., Ethofer, T., Zentner, M., and Vuilleumier, P. (2012). Mapping aesthetic musical emotions in the brain. Cereb. Cortex 22, 2769–2783. doi: 10.1093/cercor/bhr353

 Uddin, L. Q. (2015). Salience processing and insular cortical function and dysfunction. Nat. Rev. Neurosci. 16, 55–61. doi: 10.1038/nrn3857

 Van Wassenhove, V., Buonomano, D. V., Shimojo, S., and Shams, L. (2008). Distortions of subjective time perception within and across senses. PLoS ONE 3:e1437. doi: 10.1371/journal.pone.0001437

 Varotto, G., Tassi, L., Franceschetti, S., Spreafico, R., and Panzica, F. (2012). Epileptogenic networks of type II focal cortical dysplasia: a stereo-EEG study. Neuroimage 61, 591–598. doi: 10.1016/j.neuroimage.2012.03.090

 Vera, C. L., Patel, S. J., and Naso, W. (2000). “Dual pathology” and the significance of surgical outcome in “Dostoewsky's epilepsy”. Epileptic Disord. 2, 21–25.

 Vocat, R., Staub, F., Stroppini, T., and Vuilleumier, P. (2010). Anosognosia for hemiplegia: a clinical-anatomical prospective study. Brain 133, 3578–3597. doi: 10.1093/brain/awq297

 Von Economo, C. (1926). Eine neue Art Spezialzellen des Lobus cinguli und Lobus insulae. Zschr. Ges. Neurol. Psychiatry 100, 706–712. doi: 10.1007/BF02970950

 Vuilleumier, P., Despland, P. A., Assal, G., and Regli, F. (1997). Voyages astraux et hors du corps: heìautoscopie, extase et hallucinations expeìrientielles d'origine eìpileptique. Rev. Neurol. 153, 115–119.

 Wagner, J., Weber, B., Urbach, H., Elger, C. E., and Huppertz, H. J. (2011). Morphometric MRI analysis improves detection of focal cortical dysplasia type II. Brain 134, 2844–2854. doi: 10.1093/brain/awr204

 Waxman, S. G., and Geschwind, N. (1975). The interictal behavior syndrome of temporal lobe epilepsy. Arch. Gen. Psychiatry 32, 1580–1586. doi: 10.1001/archpsyc.1975.01760300118011

 Wiebking, C., De Greck, M., Duncan, N. W., Tempelmann, C., Bajbouj, M., and Northoff, G. (2015). Interoception in insula subregions as a possible state marker for depression—an exploratory fMRI study investigating healthy, depressed and remitted participants. Front. Behav. Neurosci. 9:82. doi: 10.3389/fnbeh.2015.00082

 Wiech, K., Lin, C. S., Brodersen, K. H., Bingel, U., Ploner, M., and Tracey, I. (2010). Anterior insula integrates information about salience into perceptual decisions about pain. J. Neurosci. 30, 16324–16331. doi: 10.1523/JNEUROSCI.2087-10.2010

 Williams, D. (1956). The structure of emotions reflected in epileptic experiences. Brain 79, 29–67. doi: 10.1093/brain/79.1.29

 Williamson, P. D., and Engel, J. J. (2008). “Anatomic classification of focal epilepsies,” in Epilepsy: A Comprehensive Textbook, eds J. J. Engel and T. A. Pedley (Philadelphia: Lippincott-Raven), 2465–2475.

 Winston, J. S., Gottfried, J. A., Kilner, J. M., and Dolan, R. J. (2005). Integrated neural representations of odor intensity and affective valence in human amygdala. J. Neurosci. 25, 8903–8907. doi: 10.1523/JNEUROSCI.1569-05.2005

 Wittmann, M., Van Wassenhove, V., Craig, A. D., and Paulus, M. P. (2010). The neural substrates of subjective time dilation. Front. Hum. Neurosci. 4:2. doi: 10.3389/neuro.09.002.2010

 Wittmann, M. (2011). Moments in time. Front. Integr. Neurosci. 5:66. doi: 10.3389/fnint.2011.00066

 Wittmann, M. (2013). The inner sense of time: how the brain creates a representation of duration. Nat. Rev. Neurosci. 14, 217–223. doi: 10.1038/nrn3452

 Wolf, P. (2015). Reflex epileptic mechanisms in humans: lessons about natural ictogenesis. Epilepsy Behav. doi: 10.1016/j.yebeh.2015.01.009. [Epub ahead of print].

 Yarkoni, T., Poldrack, R. A., Nichols, T. E., Van Essen, D. C., and Wager, T. D. (2011). Large-scale automated synthesis of human functional neuroimaging data. Nat. Methods 8, 665–670. doi: 10.1038/nmeth.1635

 Yu, R., Mobbs, D., Seymour, B., and Calder, A. J. (2010). Insula and striatum mediate the default bias. J. Neurosci. 30, 14702–14707. doi: 10.1523/JNEUROSCI.3772-10.2010

 Zeidan, F., Martucci, K. T., Kraft, R. A., Mchaffie, J. G., and Coghill, R. C. (2014). Neural correlates of mindfulness meditation-related anxiety relief. Soc. Cogn. Affect. Neurosci. 9, 751–759. doi: 10.1093/scan/nst041

 Zentner, M., Grandjean, D., and Scherer, K. R. (2008). Emotions evoked by the sound of music: characterization, classification, and measurement. Emotion 8, 494–521. doi: 10.1037/1528-3542.8.4.494

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The Associate Editor VM declares that, despite of being affiliated with the same institution as the author MG, the review process was handled objectively.

Copyright © 2016 Gschwind and Picard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-10-00021-t001.jpg
Report Age, sex Ecstatic semiology Associated symptoms Localizatory aspects. Remarks Leftright
Penfiokd and 17 years, m (case 1. *Sensation of oy” n the. 2. Perceptiual lusion EEG: epileptiform left mid-temporal Symptoms started Lot
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her to the sky, feels happiness and pleasant shudder i left body half waves
iberty
Mulder and Daly, 23 years, f 1. Pleasant butterfly in stomach. . 2. Right head deviation 3. got blank.  X-ray: calcified lesion in deep Tumoral lesion Right
1952 Euphoric and telkative 4. chewing automatisms, 6. temporal region
purposeless movements with both
hands
Subirana, 1953 44years, m 1. Sudden feeling of happiness - EEG: focal temporal slowing Glioblastoma- Left
“complete out of this world" removed
45 years, m 1. Indescriable happiness “knew People appeared completely different  EEG: left anterior temporal slow Left
what it was like to be in heaven” - waves and spikes
impression that it lasts for hours
Feindel and (case 6)) “Slightly lie going into Confuse sensation in head ‘Stimulation: right medio-temporal Right
Penfield, 1954 trance.”—"Time and space seem Jinsular border
occupied
Willams, 1956 41years, f(case 35)  Sudden fesing of being lited up, Palpitations, pale and trembiing, 2 ?
elation, satisfaction, most pleasant
sense, « knowledge no one else
shares 3>, between life and dead
32 years, m (case 36)  Sudden fesling of extreme well-being  Pleasant epigastric sensation, Cortical atrophy Left
inall senses. ...“as f in another world”  beautiful colors and indescribable
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Mulan and 25 years, m (case 2. llusion of greater awareness, “new 1. Rising epigastric aura; 3. Electrical Stimulation: right anterior Right
Penfield, 1959 38y) awareness” (of smells, sounds, visible  unconsciousness; 4. mastication; 5. insula, 1 cm. deep. produced a
objects, and pressures) automatisms sensation in his right foot. fel, as he
did in his attacks, an increased
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etal, 1972 ineffable beatitude, calm euphoria, urge to defecation hippocampal calcifications Syndrome
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the seizure program could suspend
the fit
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Naito and Matsui, 62 years, f Extreme happiness as if she was in Tears of happiness. EEG. Left anterior spikes during sieep Left
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Christ
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37 years, f (case 5) Fealing of unfamiliariy with her Buzzing sound in ears, EEG: epileptiform right frontotemporal  Hippocampal Right
surroundings accompanied by a lotus emeticus (before surgery) - sclerosis
vague erotic component. delightful disappeared after surgery
wooly feeling in her head. 1)
51years, m(case 6  Clairvoyance feeling of a “telepathic Like “twinkling polar light”in his petvic  Normal MRI Left
contact with a divine power" region EEG: epileptiform left ?
frontotemporal
41 years, f (case 7) 2. Intense happy feeling, 1. crossing a ne as ifthe world was ~ None 2
divided; smell of sawdust and a
stereotyped image of herself as a
child superimposed on her real vision
3. Sees her grandfather during fit
53 years, f (case 8) 2. Delightful sensation of “inebriation 1. Thirst and urge to swallow; hears. MR normal Left
and floating” and she feels tha her music. —post-iotal dysphasia and EEG: epileptiform left frontotemporal
mind leaves the body urge to urinate
30 years, f (case 9) sees wise woman who presents to Strange music, harsh taste, numb EEG: Left temporal seizure onset left mesial Left
her ulimate mission of fe. Unable to  prickling sensation in her right arm temporal sclerosis
interpret the details, but seems
extremely important.
- She admits dose reduction of her
AED to enhance seizures
48years, f(case 10)  Sudden indescribably pleasant and Faintness and oral automatisms MRI: left termporal lesion (surgery) Low grade gioma 2
joyous feeling EEG: Epleptiform right temporal removed from left
temporal lobe, but
seizures persisted.
tight HS
48 years, m (case 1) Erotic aspect, starls in stomachand  Senses red and orange colors MRI: Lesion in right temporal lobe anaplastic Right
spreads upwards. *Like an without seeing the color, déja-vu, oligodendroglioma
explosion.” - Peculiar unification to queer taste and gooseflesh
others
lsnardetal, 2004 28 years, m Mirth, diairvoyance Orofacial and bodily somatosensory MRIright paristal cortical dysplasia cortical dysplasa Right
symptoms, throat and dysarthria, and schizencephaly and
preserved contact SEEG: posterior insula with ‘schizencephaly
propagation in temporal opercuium
and parietal operculum
Stefan et al, 2004 26 years, m (case 1) 2. Staring gaze MRI: Right tumor hippocampus and ~ Astrocytoma Right
feeling and feeling of happiness (interictal depression) parahippocampus
56years, m(case?) 2. Hot pleasant feeling in head 1. Unpleasant smel 3. staring gaze, MRI: Right hippocampal atrophy HS Right
arising. Feeling like orgasm swallowing
29 years, f (case 3) 1. Strange feeling (ightly dozy) of 2. Seeing of letters and signs; 3. after  MRI: gyrus occipitotemporal lesion Oligodendroglo- Left
pleasant security “ike orgasm” that, fear 4. Loss of consciousness, ma of eft occipi-
oral automatisms totemporal gyrus
9years, m(cased) 1. Strange, pleasant, rising fe 2. Clouding of consciousness with MRI: left hippocampal atrophy HS Left
maily by coldness or fever staring gaze, chewing movement
(interictal depression)
36 years, m(case §) 1. By eating of sharp spices and 2. Loss of consciousness with staring  MRI: right hippocampal atrophy HS Right
sauces; orgasm-lie feeling with gaze; right am is rubbing on left arm;
prickling in the perineum ictal speech
43 years, f (case 6) 1. Pleasant fealing, euphoria, safe 2. Fear, cold shiver, depression 3. MRI: parietal atrophy Parietal atrophy, Right
feeing, feeling of fying staring gaze, oral automatisms bilateral with right
predominance
56 years, f (case 7) 1. From chest; ising pleasant feefing 2. Staring gaze and pain 3. MRI: left temporomesial. lesion Cavernoma Left
inhead; followed by (ctal) depression  Automatisms and postictal aphasia
60years, m (case 8 1. From stomach; in head, fising 2. Visual field is changing; contortion  MRI: ight parahippocampal lesion Gangliogioma, Right
pleasant feeling of faces 3. Déja-vu experiences, parahippocampal
staring gaze, oral automatism + mesial right
58 years, f (case 9) Dizzy and hot feeling in head with (interictal depression) MRI: Temporal (HS 7) Giosis Right
pleasant fesling, happy
42 years, m (case 10)  Pleasant feeling, and feels euphoria 1. Hearing slightly 2. staring gaze, MRI: Temporal tumor Astrocytoma Left
oral automatism.
(interictal depression)
36 years, m(case 1) Pleasant feeling Epigastiic MRI: Temporal lateral-basal lesion Right temporal Right
DNET
Picardand Craig, 53 years, f (case 1) Never-feit surreal warmth, fling up MRI: Left temporopolar lesion with Meningioma Left
2009 her body from her feet to her head, ‘compression of suroundings
complete serenity, almost religious
37, m (case 2) “Unalterable biss, escape into the Déjawu MRUsurgery: Right parahippocampal  Tumoral mass Right
time space of my body.” “Moment of lesion
fullness in the loophole of ime.” otal EEG: 1. right anterior temporal
thythmic elements (7-8 Hz), 2.diffuse
flattening, 3. diffuse slow waves, 4.
tight temporal delta slow waves
25,m (case 3) Sensation of intense well-being, Sensation of loss of balance with Normal MRI. Interictal EEG: rare theta Left?
becoming stronger and stronger, until  gaze fixation diffcuties slow waves in the left anterior
being unbearable, leading to loss of temporal area
consciousness
36, f(case 4) Intense pleasant feeling, heightened  Tachycardia Normal MRI. Interiotal EEG: bursts of Left
self-consciousness, feels discharged left anterior and mictemporal sharp
from anything else. Concomitant theta slow waves
warmth rising in her body up to her
head,
64,1 (case §) Wel-being of almost spiritual Post-ctal jargonophasia MRI: Lesion in left temporal pole Meningioma Left
consonance - Ajoy or relief can trigger seizures region.
interiotal EEG: left anterior
temporofrontal epieptiform activty
Landtblom, 2006; 35, m 1. Pleasant feeling that someone 2. State of altered consciousness, MRI: left hippocampal atrophy, Left
Landtblom et al., stands behind him, with a distinct nausea, initation of the throat, and ventrioular asymmety.
2011 wish to support and comfort, urge to urinate. EEG: seizure ocours at most medal
wherever he goes subtemporal electrode on the left side.
SPECT: left anterior insula activation
Carrazana and 77.m 1. Aura of bright, “beautiful,” and 2. Impaired consciousness for several  MRI: large encephalomalaciainvoiving  Car accident ight
Cheng, 2011 expanding light appears over his left  seconds, 3. violent head and body the right temporal lobe with ex-vacuo  causing right
side. Sense of being “calm,” “at tum toward the left side, and dilation of the right lateral ventricl. temporal
peace,” generalized clonic movements EEG: focal slowing, poorly defined depressed skull
ke a tunnel, into which his soul is sharp waves over the right fracture and
transported. Unconditional love, God frontotemporal area bilateral subdural
hematomas
Picard, 2013 17years,m (case 1) Sudden understanding and Gustatory hallucinations. MRI: lateral temporal pole tumoral Ganglogloma in Right
meaningfuiness, ime diatation seizures were all triggered by a lesion lateral temporal
pleasant context PET hypometabolism in the temporal  pole
pole, mesial and anterior lateral
temporal lobe and anterior insula on
the right side.
SPECT (SISSCOM) ictal
hyperperfusion at the junction of the
tight dorsal mid-insuia and central
‘operculum, and in the right anterior
temporal region
39years, m(case2)  Like a continuous series of profound MRInormal 2
“ahal” moments.” Everything is joined
together into one whole, certainty
immune to rational doubt
23 years, f) Intense feslings of biiss and Sensation of airflow that eft her MR normal. EEG: spontaneous => Electrical Right
well-being - enhanced sensory stomach with a feeling of “floating” - seizure in right mesiotemporal cortex  stimuiation of ight
perception with intense perception of  postictal loss of consciousness with anterior insula
olors - subjective time dilation gestural and oroalimentary causes symptoms
automatisms.
Surbeck etal., 49 years, f) Orgasic feoing?) Visual symptoms (flashing lights), déja MR discrete atrophy of the left Electrical 2
2013 w hippocampus stimulation
EEG: biateral temporal spikes triggered the
symptoms
=> left
hippocampus at
3mA. vith 18-
afterdischarge
over the left
hippocampus,
parahippocampal
gyrus, and
anterior-inferior
insula.
=> right
hippocampus at
1mA witha 45-s
seizure discharge
over the right
hippocampus,
parahippocampal
gyrus, temporal
pole, and anterior
insula
Ronchictal, 2015 43years, m short euphoric states Generalized toric-clonic seizure MRI: neoplastic lesion, affecting the Neoplastic Right

The numbers in columns “ecstatic semiology” and “associated symptoms” represent the chronological order of the symptoms during seizure.
@According to oral communication with the authors this patient described only the ‘mental part” of an orgasmic fesling, however, this was not specified i the report.
1These patients probably presented only the physical aspect of well-being.

“In these patients electrical stimuation could reproduce an ecstatic phenomenon.
SEEG, stereo-electroencephalographic electrode implantation; HS, Hippocampal scierosis; DNET, dysembryoplastic neroepithelial tumor; SPECT, Single-photon emission computed tomography; SISCOM, Subtracted ictal SPECT,

coregistered with MRI (O'brien et al,, 1998).
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