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Abstract
The human insula is an important target for spinothalamic input, but there is still no consensus on its role in pain perception and nociception. In this study, we show that the human insula exhibits activity preferential for sustained thermonociception. Using intracerebral EEG recorded from the insula of 8 patients (2 females) undergoing a presurgical evaluation of focal epilepsy (53 contacts: 27 anterior, 26 posterior), we “frequency-tagged” the insular activity elicited by sustained thermonociceptive and vibrotactile stimuli, by periodically modulating stimulation intensity at a fixed frequency of 0.2 Hz during 75 seconds. Both types of stimuli elicited an insular response at the frequency of stimulation (0.2 Hz) and its harmonics, whose magnitude was significantly greater in the posterior insula compared to the anterior insula. Compared to vibrotactile stimulation, thermonociceptive stimulation exerted a markedly greater 0.2 Hz modulation of ongoing theta-band (4-8 Hz) and alpha-band (8-12 Hz) oscillations. These modulations were also more prominent in the posterior insula compared to the anterior insula. The identification of oscillatory activities preferential for thermonociception could lead to new insights into the physiological mechanisms of nociception and pain perception in humans.





Introduction
To this date, no brain response was shown to be both necessary and sufficient to generate the experience of pain. Nociceptive responses elicited in the human insula are no exception. Despite being an important target for spinothalamic input, the role of the insula in nociception and pain perception is still debated (Davis et al., 2015; Segerdahl et al., 2015a). It was suggested that only specific subregions of the insula might be selectively involved in the perception of pain. For instance, Craig (Craig, 2003, 2002) argued that pain arises within an interoceptive system involving the posterior insula, together with other distinct feelings that originate from inside the body, such as itch and temperature. Segerdahl at al. (Segerdahl et al., 2015b) reported that the dorsal posterior insula tracks the intensity of sustained pain – a finding that is consistent with several tract tracing and microelectrode studies in primates suggesting an important role of this region in the processing of nociceptive input and/or in pain perception (Craig, 2014; Evrard et al., 2014). In contrast, Davis et al. (Davis et al., 1998) provided support for a role of the anterior insula, but not of the posterior insula, in the perception of painful stimuli.

Studies conducted using intracerebral EEG have shown that transient thermonociceptive stimuli elicit robust low-frequency phase-locked local field potentials (LFPs) in the human insula (Frot et al., 2014, 2007), but these responses can also be elicited – at the same insular locations – by salient non-nociceptive and non-painful tactile, auditory and visual stimuli (Liberati et al., 2018, 2016). Hence, low-frequency phase-locked LFPs recorded from the human insula appear to reflect multimodal activity largely unspecific for nociception and pain, possibly triggered by any salient stimulus occurring in the environment, regardless of its sensory modality. In addition to low-frequency phase-locked LFPs, thermonociceptive stimuli, but not equally arousing tactile, auditory and visual stimuli, were shown to elicit gamma-band oscillations in both the anterior and posterior insula (Liberati et al., 2018, 2017). However, although insular gamma-band oscillations appear to reflect activity preferential for thermonociception and/or the processing of spinothalamic input, their magnitude can be dissociated from pain perception (Liberati et al., 2018), indicating that a significant portion of these responses is not directly related to the quality and intensity of the corresponding sensation.

A drawback of many studies investigating nociception and pain perception in humans is that they rely on responses to very brief thermonociceptive stimuli, generally lasting only a few milliseconds. Such stimuli activate almost exclusively quickly-adapting mechano-heat nociceptors. In contrast, long-lasting thermonociceptive stimuli also generate sustained activity in slowly-adapting thermonociceptors. Hence, the processes underlying the perception of transient pain and sustained pain could be very different (Meyer and Campbell, 1981; Schepers and Ringkamp, 2010; Treede et al., 1995). To gain a better understanding of the cortical representation of ongoing pain, it is therefore desirable to shift towards novel experimental approaches that can characterize cortical activity induced by sustained thermonociceptive stimulation. 

Here, we acquired intracerebral EEG data from the insula of eight epileptic patients, to characterize insular activity related to the perception of sustained heat pain, and to assess its selectivity by comparing it to the activity generated by sustained vibrotaction. Participants were exposed to sustained thermonociceptive and non-nociceptive vibrotactile stimulation, whose intensity was periodically modulated at a constant frequency of 0.2 Hz. Previous scalp EEG studies have shown that sustained periodic sensory stimulation elicits an enhancement of EEG power at the frequency of stimulation and its harmonics (Colon et al., 2016; Mouraux et al., 2011; Nozaradan et al., 2017), and may induce a periodic modulation of ongoing EEG oscillations occurring in different frequency bands (Colon et al., 2016). Furthermore, the perception of sustained pain has been suggested to relate to sustained changes in the magnitude of ongoing EEG oscillations within different frequency bands (Colon et al., 2016; Giehl et al., 2014; Huishi Zhang et al., 2016; Schulz et al., 2015). Given the lack of consensus on the differential role of the posterior and anterior human insula in the processing of nociceptive stimuli, we also investigated whether these differ in their responses to the two types of stimulation.

Materials and methods

Participants
Eight patients (2 females; age: 37 ± 9 years, mean ± standard deviation) suffering from intractable focal epilepsy were recruited over one year at the Department of Neurology of the Saint Luc University Hospital (Brussels, Belgium). All patients were investigated using depth electrodes implanted in various brain regions suspected to be the origins of seizures, including wide portions of the anterior and posterior insula (Figure 1; see Table 1 for the MNI coordinates of each electrode contact). The intracerebral EEG was recorded from 13 depth electrodes located in the insula (Patients 1, 3, 5, 7, and 8 were respectively implanted with two distinct insular electrodes). Five patients were implanted in the left insula (34 contacts), and three patients were implanted in the right insula (19 contacts), for a total of 53 insular contacts (27 contacts in the anterior insula, 26 contacts in the posterior insula). The anterior insula was identified as the region encompassing the short insular gyri (anterior, middle, and posterior), the pole of the insula, and the transverse insular gyrus. The posterior insula was identified as the region encompassing the anterior and posterior long insular gyri (Naidich et al., 2004). The anonymized DICOM images of each patient are available at the OSF online repository at the address https://osf.io/zj6rv/. These images do not include facial features that could lead to the identification of the participants. 

None of the participants had psychiatric issues, cognitive impairment, or sensory abnormalities. None of the participants presented ictal discharge onset in the insula during the recordings, and low-voltage fast activity was never present in the insula during spontaneous seizures. Four of the patients (Patients 1, 2, 4 and 5) also participated in other studies conducted by our team (Liberati et al., 2017, 2016). All experimental procedures were approved by the local Research Ethics Committee (Commission Ethique de l’Université catholique de Louvain, B403201316436). The manuscript does not contain information or images that could lead to the identification of the participants.
 
Experimental design
The study was conducted at the patient bedside. Before the beginning of the experiment, patients were briefly exposed to the test stimuli for familiarization. The experiment consisted of two blocks, which were randomized across participants (Figure 2). The two blocks were either delivered on the same day or on two different days, according to each patient’s health condition and availability. In one block, participants received sustained periodic thermonociceptive stimuli. In the other block, participants received sustained periodic non-nociceptive vibrotactile stimuli, matching the thermonociceptive stimuli in frequency and duration. The order of the blocks was randomized across participants. At the end of each block, participants were asked to describe the quality of perception, and to report whether they had perceived the stimuli as painful. 

Sustained periodic thermonociceptive stimuli, delivered on the hand dorsum contralateral to the implanted insular electrodes, were generated using a temperature-controlled CO2 laser stimulator (Laser Stimulation Device, SIFEC, Begium). The power output of this stimulator is regulated online using a feedback control loop based on a continuous measurement of the skin temperature at the site of stimulation, performed using a radiometer collinear with the laser beam. Because this radiometer allows obtaining a reliable estimate of target temperature with a very short integration time, the feedback loop is capable of updating laser power output at a very fast rate (500 Hz). The heat source is a 25 W radiofrequency-excited CO2 laser (Synrad 48-2; Synead, WA). Power control is achieved by pulse width modulation at a 5-kHz clock frequency. The stimuli are delivered through a 6 m optical fiber. By vibrating this fiber at some distance of the source, a quasi-uniform spatial distribution of radiative power within the stimulated area is obtained. At the end of the fiber, optics are used to collimate the beam. In this experiment, the optics provided a 12-mm beam diameter at target site. The thermonociceptive stimuli consisted in a 0.2 Hz sinusoidal variation of skin temperature, oscillating between baseline skin temperature (33 ± 3 °C; mean ± standard deviation) and 50°C (except for Patient 7 who received thermonociceptive stimulation at the maximal temperature of 48°C, as the stimulation at 50°C was perceived as too painful). The 50°C temperature was chosen because it is above the thermal activation threshold of both slowly- and quickly-adapting thermonociceptors (Dubin and Patapoutian, 2010). The decision to use a frequency of stimulation of 0.2 Hz was driven by the results of our previous scalp EEG study, in which we found that modulating the intensity of a sustained heat stimulus at 0.2 Hz elicits a periodic EEG response having a high signal-to-noise ratio, enabling the identification of clear peaks in the frequency spectrum – at the frequency of stimulation and at its harmonics – at single subject level (Colon et al., 2016). Previous microneurography studies indicate that sustained heat stimuli modulated at 0.2 Hz should elicit strong activity in slowly-adapting C-fiber nociceptors, which are thought to play an important role in the perception of tonic heat pain (Meyer and Campbell, 1981; Treede et al., 1995). Another advantage of using this low frequency of modulation is that is allows exploring the modulation of ongoing EEG rhythms down to the range of theta-band oscillations. 

The duration of the sustained periodic thermonociceptive stimulus was 75 s (15 cycles, each lasting 5 s). To avoid sensitization or habituation of heat-sensitive afferents, the target of the laser beam on the skin was slightly displaced during the descending part of each stimulation cycle. In a previous behavioral experiment, in which we asked participants to continuously evaluate the intensity of this type of stimulus by manipulating a slider, we showed that subjects perceived a sustained sensation of burning heat, whose intensity increased and decreased periodically over time. (Colon et al., 2016). We delivered up to 20 sustained periodic thermonociceptive stimuli for each participant. Given the duration of stimulation, patients could interrupt the block at any time if they were too tired. Therefore, 14 ± 4 (mean ± standard deviation) thermonociceptive stimuli were delivered. 

Sustained periodic vibrotactile stimuli were delivered via a recoil-type vibrotactile transducer driven by a standard audio amplifier (Haptuator, Tactile Labs Inc., Canada), positioned between the fingertips of the index and the thumb contralateral to the implanted insular electrode. The vibrations had a mean frequency of 251 Hz. This type of stimulation was chosen because, despite being non-painful, it is perceived as highly intense. Such as for thermonociceptive stimulation, its amplitude was periodically modulated at a frequency of 0.2 Hz (15 cycles, each lasting 5 s, for a total of 75 s). The vibrotactile block could be interrupted at any time if the patient was too tired. Therefore, 16 ± 2 (mean ± standard deviation) vibrotactile stimuli were delivered. 

Intracerebral recordings and anatomical electrode contact localization 
For each patient, a tailored implantation strategy was planned according to the regions considered most likely to be ictal onset sites or propagation sites, as described in previous work from our group (Liberati et al., 2017, 2016). Target areas, including the insular cortex, were reached using commercially available depth electrodes (AdTech, Racine, WI, U.S.A.; electrode rod diameter: 1.1 mm; contact length: 2.4 mm; contact spacing: 5 mm), implanted using a frameless stereotactic technique through burr holes. The placement of the electrodes was guided by a neuronavigation system based on 3D-T1w magnetic resonance (MRI) sequence performed in a 1.5 T scanner (Gradient Echo; flip angle: 15°; TR: 7.5 s; TE minimum full; 3.1 -13 ms; slice thickness: 1 mm; FOV: 24 cm; matrix: 224x224; number of slices: 162). A post-implantation 3D-T1 MRI sequence, performed either right after the surgery or on the following day, was used to accurately identify the locations of each electrode contact. This acquisition mode is safe and compatible with implanted electrodes. To obtain the MNI coordinates of each insular electrode contact, individual MRI scans were normalized to a standard T1 template in MNI space using BrainVoyager 20.2 (Brain Innovation, Maastricht, The Netherlands). The MNI coordinates were further used to generate group-level 3D glass brain plots of response amplitude at each contact location in the left and right insula, such as to visualize their spatial distributions. These plots were generated using the iELVis open source Matlab toolbox (Groppe et al., 2017) and a FreeSurfer anatomical atlas (http://surfer.nmr.mgh.harvard.edu/), after performing nonlinear mapping between the MNI volumetric coordinate system and the FreeSurfer surface coordinate system (Wu et al., 2018).

The intracerebral EEG recordings were performed using a DeltaMed (Paris, France) acquisition system. Additional bipolar channels were used to record electromyographic activity (EMG: two electrodes measuring respectively bicipital and tricipital contraction of the patient's non-dominant arm) and electrocardiographic activity (EKG: two channels, utilizing two electrodes respectively located on the right and left side of the sternum, one electrode located centrally under the sternum, and one electrode on the right lateral side of the chest). All signals were acquired at a 512 Hz sampling rate using a reference electrode located between Cz and Pz, re-referenced to the average activity recorded from all intracerebral contacts, and analyzed offline using Letswave 6 (https://github.com/NOCIONS/letswave6) (Mouraux and Iannetti, 2008). The continuous intracerebral EEG recordings were filtered using a 0.05 Hz high-pass Butterworth filter to remove slow drifts in the recorded signals. Non-overlapping epochs were obtained by segmenting the recordings from 0 to 75 s relative to the onset of each sustained periodic stimulation. Artifacts due to eye blinks, eye movements, or muscular activity were removed using a validated method based on an Independent Component Analysis (FastICA algorithm) (Hyvärinen and Oja, 2000). Epochs containing excessive artifacts that could not be removed using FastICA were rejected from further analyses using visual inspection. 2 ± 3 (mean ± standard deviation) epochs were rejected in the thermonociceptive blocks, and 3 ± 2 (mean ± standard deviation) epochs were rejected in the vibrotactile blocks.

Statistical analyses
For each patient and modality of stimulation, the artifact-free intracerebral EEG epochs were averaged. The obtained average waveforms, lasting 75 s, were then transformed in the frequency domain using a discrete Fourier transform (FFTW) (Frigo and Johnson, 1998). We then used a “frequency-tagging” (Regan, 1989) approach to identify the responses to the sustained periodic thermonociceptive and vibrotactile simulations. The general assumption underlying this frequency-domain analysis approach is that sustained periodic stimulation elicits periodic activity within the neurons processing this input, and that this synchronous neuronal activity generates peaks in the EEG frequency spectrum at the frequency of stimulation and its harmonics (Colon et al., 2016, 2014, 2012b, 2012a; Mouraux et al., 2011). Therefore, at these frequencies, the amplitude of the FFTW may be expected to correspond to the sum of the stimulus-evoked periodic intracerebral EEG response and unrelated residual background noise that was not completely canceled out by the averaging procedure. To obtain valid estimates of the magnitude of the periodic intracerebral EEG responses, we thus removed the contribution of this residual noise by subtracting, at each insular contact and at each frequency bin, the average amplitude of the signal measured at neighboring frequencies (-0.026 to -0.065 Hz and +0.026 to +0.065 Hz) (Colon et al., 2016; Mouraux et al., 2011). In the absence of a periodic intracerebral EEG response, the noise-subtracted average signal amplitude is expected to tend toward zero. Therefore, to assess the significance of the periodic responses, a non-parametric Wilcoxon signed-rank test was used to determine whether, for each modality of stimulation (thermonociceptive and vibrotactile), the magnitude of the noise-subtracted signal amplitude at the base frequency (0.2 Hz) and at the harmonic frequencies (0.4 Hz, 0.6 Hz, and 0.8 Hz), averaged across all insular contacts, were significantly greater than zero. Significance level was set at p<0.05, uncorrected for multiple comparisons. 
Comparison of the periodic intracerebral EEG responses elicited by sustained thermonociceptive and vibrotactile stimulation in the anterior and posterior insula was conducted using IBM SPSS Statistics 24 (Armonk, NY). A linear mixed models (LMM) analysis with ‘modality’ (two levels: thermonociceptive, vibrotactile), ‘harmonic frequency’ (three levels: 0.2 Hz, 0.4 Hz, 0.6 Hz; corresponding to the harmonic frequencies at which the noise-subtracted amplitudes were significantly greater than zero), and ‘location’ (2 levels: average signal at anterior insula contacts, and posterior insula contacts) as fixed factors was used. Given the high discrepancy in the number of electrode contacts located in the right and left insulae, the factor ‘side’ was not included. To account for the variation of the regression model intercept across participants, the contextual variable ‘subject’. was added to the LMM. Parameters were estimated using restricted maximum likelihood (REML) (Twisk, 2005). Main effects were compared using the Bonferroni confidence interval adjustment.

Time course of periodic insular activity. To assess the time course of periodic insular responses over the 75 seconds of sustained periodic stimulation, we computed an additional set of epochs by segmenting the 75 s waveforms into three successive segments of 25 s (0-25 s, 25-50 s, 50-75 s), and processed the data as in the previous analyses. To obtain valid estimates of the magnitude of the periodic intracerebral EEG responses, we removed the contribution of this residual noise by subtracting, at each insular contact and at each frequency bin, the average amplitude of the signal measured at neighboring frequencies (-0.08 to -0.2 Hz and +0.08 to +0.2 Hz).

For each modality, we then performed a LMM analysis on the noise-subtracted signal amplitude at 0.2 Hz using ‘segment’ (three levels: first, second, third) and ‘harmonic frequency’ (three levels: 0.2 Hz, 0.4 Hz, 0.6 Hz) as fixed factors, and ‘subject’ as a contextual variable. Parameters were estimated using REML (Twisk, 2005).

Hilbert analysis. To examine whether sustained periodic thermonociceptive stimulation and/or sustained periodic vibrotactile stimulation generated a periodic modulation of the amplitude of ongoing intracerebral EEG oscillations within different frequency bands of the EEG frequency spectrum, band-pass Butterworth filters were applied to the unaveraged EEG epochs to retain the EEG signal within theta (4-8 Hz), alpha (8-12 Hz), beta (12-40 Hz), and gamma (40-100 Hz) frequency bands. A Hilbert transform was then applied to the filtered EEG epochs to estimate the envelope of the signal within each frequency band. Finally, the obtained epochs were averaged across trials, transformed in the frequency domain using a FFTW, and noise subtracted using the mean of the signal amplitude measured at neighboring frequencies (-0.026 to -0.065 Hz and +0.026 to +0.065 Hz). To assess the significance of the periodic modulations of ongoing oscillations, a non-parametric Wilcoxon signed-rank test was used to determine whether, for each modality of stimulation and frequency band, the magnitudes of the noise-subtracted modulations at the base frequency (0.2 Hz) and at the harmonic frequencies (0.4 Hz, 0.6 Hz, and 0.8 Hz), averaged across all insular contacts, were significantly greater than zero. Significance level was set at p<0.05, uncorrected for multiple comparisons. 

We then performed a LMM analysis with ‘modality’ (two levels: thermonociceptive, vibrotactile), ‘frequency band’ (theta, alpha, beta, gamma), ‘harmonic frequency’ (four levels: 0.2 Hz, 0.4 Hz, 0.6 Hz, 0.8 Hz; corresponding to the harmonic frequencies at which the noise-subtracted amplitudes were significantly greater than zero), and ‘location’ (two levels: anterior insula and posterior insula) as fixed factors and ‘subject’ as a contextual variable. Parameters were estimated using REML (Twisk, 2005).

Results
Quality of perception
All participants described the sensation elicited by the sustained periodic thermonociceptive stimuli as a diffuse mildly painful sensation of heat, with the exception of Patient 7, who described the stimulation as intensely burning (for this reason, the block was interrupted after 6 trials). All participants described the sensation elicited by the sustained periodic vibrotactile stimuli as not painful, but nevertheless intense.

Periodic insular signals elicited by thermonociceptive and vibrotactile stimulation 
Both thermonociceptive and vibrotactile stimulation elicited a marked increase of EEG power at the frequency corresponding to the frequency of stimulation (0.2 Hz), and at its harmonics (Figure 3). The Wilcoxon signed-rank test showed that for both modalities, the magnitude of the noise-subtracted signal amplitude averaged across all insular contacts was significantly different from zero at 0.2 Hz, 0.4 Hz, and 0.6 Hz, but not at 0.8 Hz (Table 2; Figure 4). The LMM analysis performed using ‘modality’ (thermonociceptive, vibrotactile), ‘location’ (anterior insula, posterior insula), and ‘harmonic frequency’ (0.2 Hz, 0.4 Hz, 0.6 Hz) showed a significant interaction between the factors ‘location’ and ‘harmonic frequency’ (F=24.4, p<.001). Post-hoc comparisons showed that the signal amplitudes at 0.2 Hz and at 0.4 Hz were significantly greater in the posterior insula compared to the anterior insula (p<.001 and p=.001, respectively). The differences between the 0.2 Hz periodic responses recorded from the anterior and posterior insula for both the thermonociceptive and the vibrotactile modalities are shown in Figure 5. There was, however, no significant effect of ‘modality’ (F=0.01, p=.893), and no interaction between ‘modality’ and the other factors, indicating that this feature of the periodic EEG response elicited by sustained thermonociceptive stimulation was largely similar to the periodic EEG response elicited by vibrotactile stimulation. 

Temporal dynamics of the periodic insular responses
The LMM analysis of the noise-subtracted signal amplitude within the first (0-25 s), second (25-50 s), and third (50-75 s) segments of each 75-s epoch showed no effect of ‘segment’, neither for the periodic response elicited by thermonociceptive stimulation (F=1.4, p=.246) nor the periodic response elicited by vibrotactile stimulation (F=0.2, p=.782). Furthermore, there was no significant interaction between the factors ‘segment’ and ‘harmonic frequency’, indicating that the magnitude of the periodic responses at 0.2 Hz, 0.4 Hz, and 0.6 Hz all tended to remain constant over time, both for thermonociceptive (F=1.1, p=.379) and vibrotactile (F=0.4, p=.252) stimulation (Figure 6). 

Periodic modulation of ongoing oscillations (Hilbert analysis)
The results of the Wilcoxon signed-rank test to assess the significance of the modulation of ongoing oscillations exerted by thermonociceptive and vibrotactile stimuli in the different frequency bands are shown in Table 3. Thermonociceptive stimulation exerted a highly significant 0.2 Hz modulation of ongoing insular oscillations in the theta, alpha, beta, and gamma frequency bands. In contrast, vibrotactile stimulation did not exert a significant 0.2 Hz modulation in any of the frequency bands (Figure 7). The LMM analysis performed using ‘modality’ (thermonociceptive, vibrotactile), ‘location’ (anterior insula, posterior insula), ‘frequency band’ (theta, alpha, beta, gamma), and ‘harmonic frequency’ (0.2 Hz, 0.4 Hz, 0.6 Hz, 0.8 Hz) as factors showed a significant three-way interaction between the factors ‘modality’, ‘frequency band’ and ‘harmonic frequency' (F=5.5, p<.001). Post-hoc comparisons showed that, compared to vibrotactile stimuli, thermonociceptive stimuli elicited a greater modulation of ongoing oscillations at 0.2 Hz and at 0.4 Hz in the theta frequency band (both p<.001), and a greater modulation of ongoing oscillations at 0.2 Hz in the alpha frequency band (p=.002) (Figure 8). In addition, the analysis yielded a significant three-way interaction between the factors ‘location’, ‘frequency band’, and ‘harmonic frequency’ (F=2.9, p=.002). Post-hoc comparisons showed that, in the theta frequency band, the modulation of ongoing oscillations at 0.2 Hz and at 0.4 Hz was significantly greater in the posterior insula compared to the anterior insula (p<.001 and p=.001, respectively); and that in the alpha and beta frequency bands, the modulation of ongoing oscillations at 0.2 Hz was also significantly greater in the posterior insula compared to the anterior insula (p=.019 and p=.007, respectively). The differences in the 0.2 Hz modulations of ongoing theta- and alpha-band oscillations elicited in the anterior and posterior insula by thermonociceptive stimuli are shown in Figure 9.

Discussion
Sustained thermonociceptive stimulation periodically modulated at 0.2 Hz elicited a significant periodic signal in the intracerebral EEG signals recorded from the human insula, appearing as peaks in the EEG frequency spectrum at the frequency of stimulation (0.2 Hz) and its harmonics (0.4 Hz, 0.6 Hz). This periodic signal likely reflects synchronized activity within neuronal populations of the insula responding to the thermoniceptive stimulus (Herrmann, 2001; Nozaradan, 2014). Using scalp EEG, we recently observed a very similar sustained periodic response elicited by the same type of stimulation (Colon et al., 2016), which was maximal at the scalp vertex and symmetrically distributed over the two hemispheres – a topography that could be explained by activity originating from the left and right operculo-insular cortices (Mouraux et al., 2011). This periodic response was also shown to be predominantly elicited by the activation of heat-sensitive C fiber nociceptors, as it was unaffected by conduction blockade of myelinated A-fibers (Colon et al., 2016). C fiber nociceptors are thought to be the main mediators of primary hyperalgesia induced by tissue injury or inflammation (Campbell and Meyer, 1983; LaMotte et al., 1983). Hence, the proposed approach could allow a better understanding of the involvement of C fibers in physiological and pathological conditions.

However, sustained periodic non-nociceptive vibrotactile stimulation also elicited a sustained periodic insular response at the frequency of stimulation and at its harmonics. Furthermore, the periodic response elicited by vibrotactile stimulation was indistinguishable from the periodic response elicited by thermonociceptive stimulation – at least at the macroscopic level of intracerebral EEG recordings. First, the two responses did not differ in terms of signal amplitude. Second, they showed a similar spatial distribution, both being markedly more prominent in the posterior insula compared to the anterior insula. Both responses were clearly identifiable in each patient. Differently from transient insular responses evoked by very brief stimuli which were recently shown to be strongly affected by stimulus repetition (Liberati et al., 2018), the sustained periodic responses elicited by thermonociceptive and vibrotactile stimulation maintained their amplitude over time, despite the continuous and long-lasting stimulation. This indicates that the insular responses elicited by sustained periodic somatosensory stimulation and the insular responses elicited by transient somatosensory stimulation reflect functionally distinct processes. Further supporting this functional dissociation is the fact that the insular responses elicited by sustained periodic somatosensory stimulation are maximal at posterior insular contacts, whereas the insular responses elicited by transient somatosensory stimulation are similarly distributed over posterior and anterior insular contacts (Liberati et al., 2017, 2016). Taken together, slow periodic somatosensory stimulation appears to be a robust and reliable method to investigate sustained insular responses to prolonged nociceptive and non-nociceptive somatosensory stimuli. 

Compared to single unit recordings, intracerebral EEG recordings performed using macroscopic electrode contacts sample brain activity at population level, and are also more likely to be influenced by distant sources of activity (Herreras, 2016; Kajikawa and Schroeder, 2011). Therefore, one cannot exclude that responses which appear similar when sampled using intracerebral EEG actually reflect the activity of distinct neurons intermingled within the same sub-regions of the insula. Moreover, because each patient generally had a limited number of electrode contacts located in a circumscribed sub-region of the insula, one must be cautious when interpreting differences in response amplitude across electrode contacts, as at least part of the observed differences could be due to interindividual differences rather than topographical differences. However, the fact that for both modalities of stimulation the strongest periodic responses were generally recorded from the dorsal posterior regions of the insula suggests that these responses did not originate from distant structures, as activity originating from distant structures would be expected to similarly influence the signals recorded at all insular contacts. Notably, the posterior prominence of the elicited responses is compatible with a preferential involvement of the posterior insula in the processing of somatic input (Baier et al., 2014, 2013; Baumgärtner et al., 2010; Björnsdotter et al., 2009; Bowsher et al., 2004; Brooks et al., 2002; Burton et al., 1995; Greenspan and Winfield, 1992; Hua et al., 2005; Kakigi et al., 2005; Keltner et al., 2006; Kupers and Kehlet, 2006; Schneider et al., 1993; Strigo et al., 2003). 

In addition to generating a periodic signal at intracerebral insular contacts, sustained periodic thermonociceptive and vibrotactile stimulation also induced a periodic modulation of ongoing insular oscillations within different frequency bands, also most prominent in the posterior regions of the insula as compared to the anterior regions. Crucially, the periodic modulation of ongoing oscillations induced by periodic thermonociceptive stimulation differed markedly from the periodic modulation of ongoing oscillations induced by periodic vibrotactile stimulation. Indeed, compared to vibrotactile stimulation, thermonociceptive stimulation elicited a markedly stronger modulation of oscillations, at least in theta (4-8 Hz) and alpha (8-12 Hz) frequency bands. 

The preferential modulation of alpha-band oscillations exerted by thermonociceptive stimulation is compatible with the results of a number of EEG studies showing that tonic painful stimuli can induce a sustained increase (Le Pera et al., 2000), decrease (Chang et al., 2001a, 2003; Chen and Rappelsberger, 1994; Egsgaard et al., 2009; Ferracuti et al., 1994; Giehl et al., 2014; Huishi Zhang et al., 2016; Nir et al., 2012; Peng et al., 2014; Schulz et al., 2015; Shao et al., 2012), or both decrease and increase (Backonja et al., 1991; Chang et al., 2001b; Dowman et al., 2008) of alpha-band power. This modulation of alpha-band oscillations, which was also evidenced during the expectation of painful stimuli (Babiloni et al., 2005; Franciotti et al., 2009), has been  suggested to reflect cortical activation or disinhibition related to the alerting function of pain (Hu et al., 2013; Peng et al., 2014; Peng and Tang, 2016; Pfurtscheller and Lopes da Silva, 1999; Ploner et al., 2006). Similarly to ongoing alpha-band oscillations, ongoing theta-band oscillations were also reported to be modulated by tonic nociceptive stimuli (Chang et al., 2001a, 2002a; Chen et al., 1998; Chen and Rappelsberger, 1994; Chien et al., 2014; Ferracuti et al., 1994; Huber et al., 2006; Huishi Zhang et al., 2016), and alterations in ongoing theta-band oscillations have been reported in a variety of chronic pain patients, including patients with neurogenic pain (Sarnthein et al., 2006; Sarnthein and Jeanmonod, 2008), visceral pain (Drewes et al., 2008), and complex regional pain syndrome (Walton et al., 2010).

A number of studies have also associated tonic pain to the modulation of beta-band (Backonja et al., 1991; Chang et al., 2002a, 2002b; Chen et al., 1989; Chen and Rappelsberger, 1994; Huber et al., 2006; Le Pera et al., 2000; Shao et al., 2012; Veerasarn and Stohler, 1992) and gamma-band (Dowman et al., 2008; Peng et al., 2014; Schulz et al., 2015; Veerasarn and Stohler, 1992) oscillations. In our study, thermonociceptive stimulation also modulated beta-band oscillations at the frequency of stimulation. In contrast, no significant modulation of beta oscillations was observed during vibrotactile stimuli. However, the magnitude of the modulation induced by thermonociceptive stimulation was not significantly different from the modulation induced by vibrotactile stimulation, suggesting that this feature of insular activity may be non-preferential for thermonociception. 

We recently showed that brief thermonociceptive stimuli elicit an early-latency (150-300 ms) enhancement of gamma-band oscillations in the human insula, which appears to be preferential for thermonociception and/or the activation of the spinothalamic system (Liberati et al., 2017). Therefore, it may be surprising that, in the present study, sustained periodic thermonociceptive stimuli did not exert a preferential modulation of ongoing gamma-band oscillations compared to vibrotactile stimuli. Even though the magnitude of gamma-band modulation was not significantly greater for thermonociceptive stimulation as compared to vibrotactile stimulation, the modulation of gamma-band oscillations exerted by periodic thermonociceptive stimulation was significantly greater than zero, whereas the modulation of gamma-band oscillations exerted by vibrotactile stimuli was not. Hence, such as for beta-band oscillations, the absence of a significant difference between the modulation exerted by the two types of stimuli might be explained by limited statistical power. It should be also noted that the brief thermonociceptive stimuli used in our previous study elicited a highly pricking sensation related to the preferential activation of quickly-adapting Aδ fiber nociceptors (Churyukanov et al., 2012), whereas the sustained periodic thermonociceptive stimulation used in the present study elicited a more diffuse burning sensation shown to predominantly relate to the activation of C fibers (Colon et al., 2016). Therefore, the processes underlying the perception of these two types of stimuli are likely very different.

The observation that thermonociceptive stimuli elicit a significant modulation of theta- and alpha-band insular activity whose magnitude is maximal at dorsal posterior contacts is consistent with several fMRI studies showing an increase of BOLD signal in the dorsal posterior insula following nociceptive thermal (Baumgärtner et al., 2010; Brooks et al., 2002; Keltner et al., 2006; Strigo et al., 2003) and mechanical (Baumgärtner et al., 2010; Kupers and Kehlet, 2006) somatosensory stimuli, as well as an increase of absolute cerebral blood flow (CBF) during the perception of tonic heat pain, correlating with subjective reports of pain intensity (Segerdahl et al., 2015b). Moreover, direct electrical stimulation of this region may trigger painful sensations (Mazzola et al., 2012, 2009), and tract tracing and microelectrode studies in primates have suggested its involvement in the cortical processing of incoming nociceptive sensory stimuli (Craig, 2014; Evrard et al., 2014). All these findings support the conclusion that the dorsal posterior insula plays a role in the processing of nociceptive input and/or in pain perception.

Nevertheless, the preferential modulation exerted by sustained periodic thermonociceptive stimuli on ongoing oscillations in the theta and alpha frequency bands recorded from posterior insular contacts should be interpreted with caution. More specifically, it is important to consider that these modulations do not necessarily reflect pain-specific insular activity, given that thermonociceptive and vibrotactile stimuli differ in a number of dimensions not restricted to painfulness. For instance, differently from vibrotactile stimuli, thermonociceptive stimuli activate the spinothalamic system and convey thermal information – two characteristics that are not necessarily associated with pain. To disentangle these different properties of thermonociceptive stimulation, further investigations of the modulation of ongoing insular oscillations should be carried out comparing periodic responses to different types of stimuli, such as sustained periodic cool stimuli (which activate the spinothalamic system and convey thermal information, but are not painful), and sustained periodic nociceptive mechanical stimuli (which activate the spinothalamic system, but do not convey thermal information and are not necessarily painful). 

In conclusion, both sustained and slow periodic thermonociceptive and vibrotactile stimulation elicit sustained periodic responses in the human insula, particularly in its posterior portion. In addition to this periodic response, thermonociceptive stimulation exerts a preferential modulation of ongoing theta- and alpha-band oscillations, which is not observed in response to vibrotactile stimulation. These results, which are compatible with several findings suggesting a relevant role of the dorsal posterior insula in the processing of nociceptive input, indicate that we can clearly differentiate between insular responses to thermonociceptive and non-nociceptive tactile stimuli by means of a frequency tagging approach. Further investigations using single-unit recordings could shed light on the exact contribution of different neuronal populations to the selective modulation of ongoing theta- and alpha-band oscillations. The identification of oscillatory activities preferential for thermonociception could lead to new insights into the physiological mechanisms of nociception in humans, and offer new prospects for investigating the pathological mechanisms underlying sustained pain. 
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Tables

Table 1.  Localization of insular electrode contacts

	Subject
	Hemisphere
	Contact
	Description
	MNI coordinates

	1 (electrode 1)
	Left
	1
	Posterior insular cortex, external capsule
	-33, -12, 13

	
	
	2
	Posterior insular cortex, transition between the long gyrus of the insula and the cortex from the parietal operculum, at the level of the circular gyrus
	-38, -12, 14

	
	
	3
	Posterior insular cortex, transition between the long gyrus of the insula and the cortex from the parietal operculum, at the level of the circular gyrus
	-44, -12, 17

	
	
	4
	Posterior insular cortex / parietal operculum
	-49, -12, 16

	1 (electrode 2)
	Left
	1
	Posterior insular cortex, most posterior long gyrus
	-38, -9, -5

	
	
	2
	Posterior insular cortex, most posterior long gyrus
	-42, -9, -5

	2

	Left
	1
	Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus
	-42, 22, -1

	
	
	2
	Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus
	-42, 16, -1

	
	
	3
	Anterior insular cortex, second short gyrus
	-42, 11, -1

	
	
	4
	Anterior insular cortex, transition between the second and third short gyri
	-42, 4, -1

	
	
	5
	Anterior insular cortex, third short gyrus
	-42, -1, 0

	
	
	6
	Posterior insular cortex, first long gyrus
	-42, -8, 0

	
	
	7
	Posterior insular cortex, transition between the first long gyrus and the second long gyrus
	-42, -15, 0

	
	
	8
	Posterior insular cortex, second long gyrus
	-42, -19, 0

	3 (electrode 1)
	Right
	1
	Anterior insular cortex, first short gyrus
	37, 22, -11

	
	
	2
	Anterior insular cortex, first short gyrus adjacent to the inferior frontal gyrus
	37, 27, 0

	3 (electrode 2)
	Right
	1
	Posterior insular cortex, ventral portion of the second long gyrus
	35, -17, 7

	4
	Left
	1
	Anterior insular cortex, adjacent to the inferior frontal gyrus
	-33, 29, -9


	
	
	2
	Anterior insular cortex, adjacent to the inferior frontal gyrus
	-33, 24, -8

	
	
	3
	Anterior insular cortex, adjacent to the inferior frontal gyrus
	-34, 19, -7

	
	
	4
	Anterior insular cortex, first short gyrus
	-34, 14, -6

	
	
	5
	Anterior insular cortex, second short gyrus
	-34, 9, -3

	
	
	6
	Anterior insular cortex, transition between the second and third short gyri
	-35, 3, -2

	
	
	7
	Anterior insular cortex, third short gyrus
	-35, -2, 0

	
	
	8
	Anterior insular cortex, transition between the third short gyrus and the first long gyrus
	-35, -6, 3

	
	
	9
	Posterior insular cortex, first long gyrus
	-35, -11, -5

	
	
	10
	Posterior insular cortex, first long gyrus
	-35, -16, 6

	
	
	11
	Posterior insular cortex, transition between the first long gyrus and the second long gyrus
	-35, -21, 8

	
	
	12
	Posterior insular cortex, transition between the first long gyrus and the second long gyrus
	-35, -26, 11

	5 (electrode 1)







	Left
	1
	Anterior insular cortex, first short gyrus
	-35, 14, -1

	
	
	2
	Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus
	-39, 14, -3

	
	
	3
	Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus
	-44, 13, -6

	5 (electrode 2)
	Left
	1
	Posterior insular cortex, dorsal portion of the first long gyrus
	-40, -11, 12

	
	
	2
	Posterior insular cortex, dorsal portion of the first long gyrus
	-44, -11, 9

	6
	Right
	1
	Anterior insular cortex, adjacent to the inferior frontal gyrus
	40, 23, -6

	
	
	2
	Anterior insular cortex, transition between the first short gyrus and the second short gyrus
	40, 19, -4

	
	
	3
	Anterior insular cortex, second short gyrus
	40, 13, -2

	
	
	4
	Anterior insular cortex, second short gyrus
	40, 9, 0

	
	
	5
	Anterior insular cortex, third short gyrus
	40, 4, 1

	
	
	6
	Anterior insular cortex, third short gyrus
	40, 0, 3

	
	
	7
	Anterior insular cortex, third short gyrus
	40, -5, 5

	
	
	8
	Posterior insular cortex, first long gyrus
	40, -10, 7

	
	
	9
	Posterior insular cortex, first long gyrus
	40, -15, 9

	
	
	10
	Posterior insular cortex, first long gyrus, adjacent to the transverse temporal gyrus
	40, -20, 11

	
	
	11
	Posterior insular cortex, transition between the first long gyrus and the second long gyrus, adjacent to the transverse temporal gyrus
	40, -24, 12

	
	
	12
	Posterior insular cortex, second long gyrus, adjacent to the transverse temporal gyrus
	40, -30, 15

	7 (electrode 1)
	Right
	1
	Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus
	44, 15, -9

	7 (electrode 2)
	Right
	1
	Posterior insular cortex, dorsal portion of the second long gyrus
	44, -12, 8

	
	
	2
	Posterior insular cortex, dorsal portion of the first long gyrus
	48, -12, 11

	
	
	3
	Posterior insular cortex / operculus
	52, -12, 14

	8 (electrode 1)
	Left
	1
	Anterior insular cortex, second short gyrus
	-40, 9, -4

	
	
	2
	Anterior insular cortex, second short gyrus, adjacent to the frontal operculum cortex
	-44, 9, -2

	8 (electrode 2)
	Left
	1
	Posterior insular cortex, first long gyrus
	-39, -11, 8





Table 2. Results of the Wilcoxon signed-rank test used to determine whether, for the thermonociceptive modality and the vibortactile modality, the magnitude of the noise-subtracted signal amplitude at the frequency of stimulation (0.2 Hz) and at the harmonic frequencies was significantly greater than zero. 

	modality
	harmonic
frequency
	p-value

	thermonociceptive
	0.2 Hz
	p<.001

	
	0.4 Hz
	p<.001

	
	0.6 Hz
	p=.004

	
	0.8 Hz
	p=.774

	vibrotactile
	0.2 Hz
	p<.001

	
	0.4 Hz
	p<.001

	
	0.6 Hz
	p=.006

	
	0.8 Hz
	p=.550




Table 3. Results of the Wilcoxon signed-rank test used to determine,  whether, for the thermonociceptive modality and the vibrotactile modality, the magnitude of the noise-subtracted modulation of ongoing oscillations within different frequency bands at the frequency of stimulation (0.2 Hz) and at the harmonic frequencies was significantly greater than zero. 

	
	thermoniceptive stimulation

	harmonic frequency
	frequency band

	
	theta
	alpha
	beta
	gamma

	0.2 Hz
	p<.001
	p<.001
	p=.001
	p<.001

	0.4 Hz
	p=.001
	p=.031
	p=.001
	p=.082

	0.6 Hz
	p=.068
	p=.707
	p=.428
	p=.664

	0.8 Hz
	p=.947
	p=.298
	p=.015
	p=.048



	
	vibrotactile stimulation

	harmonic frequency
	frequency band

	
	theta
	alpha
	beta
	gamma

	0.2 Hz
	p=.330
	p=.933
	p=.085
	p=.078

	0.4 Hz
	p=.763
	p=.248
	p<.001
	p=.951

	0.6 Hz
	p=.236
	p=.017
	p=.190
	p=.059

	0.8 Hz
	p=.954
	p=.210
	p=.044
	p=.479
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Figure 1. Localization of the 13 depth electrodes implanted in the insula of 8 patients. A total of 53 insular sites (27 in the anterior insula, 26 in the posterior insula; 34 in the left insula, 19 in the right insula; indicated by red circles) were investigated. The MNI coordinates of the electrode contacts are presented in Table 1. The DICOM images of each patient are available at the OSF online repository at the address https://osf.io/zj6rv/.
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Figure 2. Experimental procedure. The experiment consisted of two blocks of sustained periodic stimulation (thermonociceptive, upper panel; and vibrotactile, lower panel), randomized across participants. Sustained periodic thermonociceptive stimuli, delivered on the hand dorsum contralateral to the implanted insular electrodes, were generated using a temperature-controlled CO2 laser stimulator. The power output of the laser stimulator was regulated online using a feedback control loop based on a continuous measurement of the skin temperature at the site of stimulation. The stimuli consisted in a 0.2 Hz sinusoidal variation of skin temperature, oscillating between baseline skin temperature and 50°C, for a duration of 75 s (15 cycles, each lasting 5 s; one representative stimulus shown). Sustained periodic vibrotactile stimuli were delivered via a recoil-type vibrotactile transducer driven by a standard audio amplifier, positioned between the fingertips of the index and the thumb contralateral to the implanted insular electrode. The vibrations had a mean frequency of 251 Hz. Such as for thermonociceptive stimulation, the amplitude was periodically modulated at a frequency of 0.2 Hz (15 cycles, each lasting 5 s, for a total of 75 s; a.u., arbitrary amplitude unit).  
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Figure 3. Frequency-domain analysis of the periodic insular EEG response elicited by 0.2 Hz periodic thermonociceptive and vibrotactile stimulation. Frequency spectrum of the noise-subtracted intracerebral EEG signal measured from the insula of each patient, at the individual insular contact showing the response with the highest amplitude. Note the clear enhancement of amplitude at 0.2 Hz (red arrows) and its harmonics (black arrows), present both during sustained periodic thermonociceptive stimulation (left) and during sustained periodic vibrotactile stimulation (right). 
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Figure 4. Individual noise-subtracted amplitude of the insular EEG response elicited at the base frequency (0.2 Hz) and harmonic frequencies (0.4 Hz, 0.6 Hz, 0.8 Hz), averaged for each patient across all insular contacts. Both during thermonociceptive and vibrotactile stimulation, the magnitude of the noise-subtracted signal amplitude was significantly greater than zero at 0.2 Hz, 0.4 Hz and 0.6 Hz, but not at 0.8 Hz. *p<.05 (Wilcoxon signed ranked test against zero). 
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Figure 5. Spatial distribution of the amplitude of the 0.2 Hz periodic response elicited by thermonociceptive and vibrotactile stimulation. The circles correspond to the MNI coordinates of the insular contacts of all patients, within a 3D glass brain generated using the FreeSurfer template (http://surfer.nmr.mgh.harvard.edu/). Note that, for both modalities of stimulation, the magnitude of the sustained periodic 0.2 Hz response was markedly greater at dorsal-posterior electrode contacts.
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Figure 6. Temporal dynamics of the periodic insular responses. Amplitude of the 0.2 Hz periodic response elicited by the periodic 0.2 Hz thermonociceptive and vibrotactile stimulation did not differ significantly across the first (0-25 s), second (25-50 s), and third (50-75 s) segments of stimulation, indicating that the elicited activity sustains over time. Each line shows the response of one individual participant, averaged across insular contacts.
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Figure 7. Periodic modulation of ongoing insular EEG oscillations elicited by sustained 0.2 Hz thermonociceptive and vibrotactile stimulation in the theta, alpha, beta, and gamma frequency bands. Each waveform corresponds to the frequency spectrum of the signal envelope of theta, alpha, beta and gamma-band activity recorded from the insula of one individual participant, at the electrode contact where the signal amplitude was greatest.
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Figure 8. Group-level average frequency spectrum of the intracerebral EEG signal envelope of theta, alpha, beta, and gamma activity averaged across all insular contacts. Compared to 0.2 Hz vibrotactile stimulation, 0.2 Hz thermonociceptive stimulation elicited a greater modulation of ongoing oscillations at 0.2 Hz and at 0.4 Hz in the theta frequency band (both p<.001), and a greater modulation of ongoing oscillations at 0.2 Hz in the alpha frequency band (p=.002). 
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Figure 9. Spatial distribution of the amplitude of the 0.2 Hz modulation of theta- and alpha-band oscillations induced by sustained 0.2 Hz periodic thermonociceptive stimulation. MNI coordinates of the insular contacts of all patients, within a 3D glass brain generated using the FreeSurfer template (http://surfer.nmr.mgh.harvard.edu/). Both for theta and alpha oscillations, the modulation at 0.2 Hz was greater at dorsal-posterior insular contacts as compared to anterior contacts (theta: p<.001; alpha: p=.019).
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