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[bookmark: _Toc240451573][bookmark: _Toc240451731]Brief Summary of Prior Studies
Prior causal studies of the insula with the lesion method have indicated a dual functional architecture on opposite sides of the central sulcus of the insula: anterior insular damage has been commonly associated with affective, motivational, and language-related disturbances while posterior insular lesions have preferentially been associated with problems with pain, temperature, and sensory processing1,2. Another line of causal evidence about insular functions relates to intracranial electrical stimulation of the insula in neurosurgical participants3-18. These studies reported somatosensory, thermoceptive, and nociceptive responses across the posterior insula; visceral chemosensory effects, such as taste and olfactory sensations near and in the depth of the central sulcus; and throat/ and gastrointestinal sensations, tachycardia and nausea in the anterior insula. Only anecdotes of fear and anxiety15,18 or ecstatic19 feelings during insular electrical stimulation have been reported.
Previous studies have provided important insights into the anatomy, function, and connectivity of the insula. Here, we build on, and extend, the extant knowledge by unifying these dimensions using a high-resolution and multimodal approach that enables an unprecedented characterization of its functional architecture using electrophysiological causal measures of its function and connectivity with not only the broader cortical mantle but also among its different subregions.  
However, traditionally, the insula has been divided to anterior versus posterior divisions, or at the level of its gyri. Contrarily, microstructural studies have divided the insula to granular, dysgranular, and agranular subregions going beyond the simple anterior-posterior subdivisions20,21. However, it is important to note that the previous anatomical maps were primarily 2D drawings based on limited sample sizes22 that are incompatible with modern 3D reference space. Addressing these limitations, a recently developed cytoarchitectonic atlas has provided novel quantitative insights into insular microstructural architecture23-27. This parcellation has revealed 16 distinct cytoarchitectonic areas exhibiting microstructural diversity that transcends traditional layer IV-based classification beyond the macroscopic anatomical boundaries.
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[bookmark: _Toc240451575][bookmark: _Toc240451733]Study of Somatosensory Evoked Potentials in Italian Cohort
Using this available dataset, we mapped the location of early sensory evoked responses (<70ms) across the insular electrodes implanted in the Italian participants, following stimulation of the contralateral mandibular (face), median (arm), and tibial (leg) nerves in 218 recording sites (130 left, 88 right; 144 posterior, 74 anterior) across 37 participants (Italian Cohort) Early SEPs were recorded in the dorsal posterior insula (51.1% of all electrodes), compared to ventral posterior (23%) and anterior insula (15%). Direct comparison of the y-coordinates (posterior-to-anterior axis in the MNI space) for all specific responses in both participant cohorts (IES and SEPs) confirmed that the leg was represented in the most posterior part of the dorsal posterior insula (mean y coordinate: -25.51 ± 1.90 (nerve stimulation)/ -17.90 ± 3.40 (brain stimulation)), followed by the upper extremity (mean y coordinate: -16.47 ± 7.77 (nerve stimulation)/ -11.88 ± 4.33 (brain stimulation)), and the mouth/mandibular region in the most anterior part (mean y coordinate: -13.32 (nerve stimulation)/ -9.17 ± 4.34 (brain stimulation)).  Of note, majority of SEP sites in Region I were from median nerve stimulation (69%), compared to 15.5% for both tibial and trigeminal nerves, confirming the intracranial electrical stimulation finding of larger hand representation in region I. 

[bookmark: _Toc240451576][bookmark: _Toc240451734]Analysis of Asymmetric Directional Connectivity within Insula
For instance, the outflow from Region I to Region IV was weak (mean F1 = 0.24 ± 0.22), while the reverse direction showed significantly stronger connectivity (mean F1 = 0.32 ± 0.26; pair-level p = 0.007; Cohen's d = 0.30, 95% CI [0.12, 0.49]). Region IV also exhibited significant directional asymmetry with Region II (mean F1: IV→II = 0.45  ± 0.2, II→IV = 0.26  ± 0.21; pair-level p = 0.0004, subject-level p = 0.0002; d = 0.82, 95% CI [0.59, 1.05], 1/107 outlier pairs excluded using IQR+Z-score) and Region III (mean F1: IV→III = 0.53  ± 0.16 , III→IV = 0.43  ± 0.2; pair-level p = 0.0085, subject-level p = 0.0009; d = 0.41, 95% CI [0.15, 0.74]). Subject-wise connectivity plots confirmed that Region IV outflow was stronger in the majority of individuals, and pair-level spectrograms revealed dominance of Region IV in early high-frequency responses (corresponding to N1 peak in classic CCEP terminology). The mid-anterior insula (Region III) demonstrated a smaller but also significant asymmetry only to Region II, with stronger connectivity in the IIIàII direction (mean F1: III→II = 0.5  ± 0.21, II→III = 0.43  ± 0.2; pair-level p = 0.01, subject-level p = 0.028; d = 0.32, 95% CI [0.09, 0.58], 7/151 outlier pairs excluded using IQR+Z-score). While Region I received substantial direct input from Region IV, it maintained balanced bidirectional relationships with Regions II and III, with no significant asymmetry in overall connectivity strength (mean F1: I→II = 0.49  ± 0.17, II→I = 0.49  ± 0.17, 5/191 outlier pairs excluded using IQR+Z-score; I→III = 0.41  ± 0.23, III→I = 0.4  ± 0.26 , 5/259 outlier pairs excluded using IQR+Z-score). However, pair-wise spectrogram analysis revealed frequency-dependent asymmetries: Regions I and II showed stronger influence over Region III in late low-frequency range, suggesting a possible feedback mechanism28,29. Notably, this low-frequency asymmetry was observed only between the posterior regions (I and II) and the mid-anterior Region III.  The same pattern reached significance exclusively for these region pairs when comparing the late low-frequency components F2 with no significant asymmetry observed for any other region pair. Notably, the low-frequency asymmetry was observed only between the posterior regions (I and II) and the mid-anterior Region III.  The same pattern reached significance exclusively for these region pairs when comparing the late low-frequency components F2 with no significant asymmetry observed for any other region pair (F2: III→I = 0.49 ± 0.32, I→III = 0.61 ± 0.25, within-individual pair-level p = 0.012, d = -0.377, 95% CI [-0.715, -0.130]; III→II = 0.64 ± 0.19, II→III = 0.68 ± 0.18,  within-individual pair-level p = 0.012, d = -0.283, 95% CI [-0.490, -0.094]).

[bookmark: _Toc240451577][bookmark: _Toc240451735]Supplementary Table: Cohorts Contributing to Each Experiment
This table presents a complete overlap matrix across all cohorts, allowing the reader to directly assess which participants contributed to which experimental components. We note that intracranial recordings and stimulations targeting the insular cortex remain considerably less common than those in medial temporal lobe structures. The full dataset was accordingly accumulated over 15 years of our clinical practice. Because all studies were conducted in a clinical setting, participation in each experimental component depended on factors including electrode placement, patient availability during the hospitalization window, and task suitability and patient consent, all of which resulted in different number of participants across analyses. Not all experiments were conducted on every participant, and not all participants contributed data to every experimental component of the study. 
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[bookmark: _Toc240451579][bookmark: _Toc240451737]Limitations of Functional Mapping with Electrical Stimulation
We emphasize that stimulation-evoked subjective experiences likely capture only a subset of the functions of the stimulated brain region. As detailed elsewhere30, while electrical stimulation provides valuable causal evidence linking a region to conscious perceptual or behavioral phenomena, the likelihood of eliciting such experiences depends on whether electrical discharges engage the neural processes underlying access consciousness31-33.  Thus, our findings should be interpreted as reflecting only a subset of insular processes that become consciously accessible and reportable, rather than those remaining out of reach of consciousness. We therefore interpret our stimulation results as informative about the functional repertoire of insular subregions, while recognizing that they reflect responses to an electrical perturbation rather than direct readouts of physiological function. Furthermore, we acknowledge the general limitations of electrical cortical stimulation as a tool for sensory and functional mapping. Although direct cortical stimulation offers a rare and privileged window into human brain and conscious experience relationships, bypassing the inferential constraints of correlational studies30, stimulation-evoked percepts do not necessarily recapitulate physiological signaling under natural conditions. The phenomenology elicited by stimulation may be shaped by factors extrinsic to a region's normal functional role, including stimulation parameters (frequency, amplitude, pulse width, and duration), local current spread to adjacent or connected regions, the clinical context of the recording environment, and the structure and framing of subject questioning, which may influence whether and how patients report subjective experiences. It remains to be determined to what extent these considerations limit the strength of inferences one can draw from stimulation-induced reports about the normal functional architecture of a region. At the same time, the convergence of our stimulation findings with independent evidence from task-based recordings and connectivity analyses, each carrying distinct methodological assumptions, provides a degree of triangulation that partially mitigates these concerns.
Moreover, it is important to note that the restricted phenomenological range we observed in our stimulations contrasts markedly with findings from our prior intracranial stimulation work in other cortical regions where we followed exactly the same procedures. For instance, as we have reported previously, stimulation of the precuneus34, dorsal anterior cingulate cortex35, and hypothalamus 36 - in some of the same patients recruited in the current study-  elicited remarkably complex and high-order experiences including self-depersonalization and dissociative state, volitional phenomena such as a compelling “will to persevere”, or feeling of shame, embarrassment, sadness, and fear, but not anger, guilt or grief - that are considerably more elaborate than anything we encountered with insular stimulation. The fact that such complex phenomenology can be evoked by direct stimulation elsewhere in the brain – in the same subjects - but not in the insula, makes the restricted range of insular responses all the more puzzling and suggests this is not simply a methodological artifact of how questions were posed to patients. One interpretation, consistent with our connectivity findings, is that the insula's contributions to complex emotional, social, and self-referential experience emerge principally from its participation in large-scale distributed networks rather than from focal insular activity alone – a claim that is supported by prior lesion studies37.
We are mindful that the absence of subjective responses during passive stimulations does not preclude the possibility that the stimulation could induce behavioral or conscious perceptual changes in different experimental contexts incorporating expectancy, anticipation, uncertainty, or predictive processing of bodily signals. In this regard, a plausible explanation for the lack of subjective changes with insular Region IV stimulation might be the experimental context in which stimulations occurred. In our procedure we did not manipulate interoceptive expectancy, anticipation, uncertainty, or contextual prediction of bodily signals that are known to be highly associated with the engagement of this region of the insula 38-40. In keeping with this, the GradCPT results demonstrated that when probed with a directed, ecologically sensitive experimental paradigm, the anterior insular Region IV yields robust and interpretable functional signals,  even though it was “silent” during restful electrical stimulations.  
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