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Abstract

Transient nociceptive stimuli elicit robust phase-locked local field potentials (LFPs) in the human
insula. However, these responses are not preferential for nociception, as they are also elicited by
transient non-nociceptive vibrotactile, auditory, and visual stimuli. Here, we investigated whether
another feature of insular activity, namely gamma-band oscillations (GBOs), is preferentially
observed in response to nociceptive stimuli. Although nociception-evoked GBOs have never been
explored in the insula, previous scalp electroencephalography and magnetoencephalography
studies suggest that nociceptive stimuli elicit GBOs in other areas such as the primary
somatosensory and prefrontal cortices, and that this activity could be closely related to pain
perception. Furthermore, tracing studies showed that the insula is a primary target of
spinothalamic input. Using depth electrodes implanted in nine patients investigated for epilepsy,
we acquired insular responses to brief thermonociceptive stimuli and similarly arousing non-
nociceptive vibrotactile, auditory, and visual stimuli (59 insular sites). As compared to non-
nociceptive stimuli, nociceptive stimuli elicited a markedly stronger enhancement of GBOs
(150-300 ms post-stimulus) at all insular sites, suggesting that this feature of insular activity is
preferential for thermonociception. Although this activity was also present in temporal and frontal
regions, its magnitude was significantly greater in the insula as compared to these other regions.

Keywords
Pain; Nociception; Insula; Gamma-band oscillations; Local field potentials

“Correspondence to: giulia.liberati@uclouvain.be, Avenue Mounier 53, 1200 Brussels, Belgium, Tel: 02 764 54 47.

Author contributions

GL and AM developed the concept, designed the experiment, and performed the data analyses. GL, AK, and MA acquired the
psychophysical and electrophysiological data. DM contributed to the data analysis. MMS provided the localization of all contact
electrodes required for data analysis, and contributed to the creation of the figures. SFS contributed to the conceptualization of the
study, writing of the paper, and recruitment of patients. JGRV and CR planned and performed the surgical implantation of the
electrodes. GL and AM wrote the paper. All authors discussed and revised the manuscript.

Competing financial interests

The authors declare that no competing interests exist.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Liberati et al.

Page 2

Tracing studies have shown that the insula is a primary target for inputs ascending through
the spinothalamic tract (Mogt et al. 1979; Willis 1985; Apkarian and Shi 1994; Craig 1996;
Treede et al. 1999; Brooks and Tracey 2005), and several studies have suggested or assumed
that the insula could play a key role in the ability to experience pain (Ostrowsky et al. 2002;
Frot and Mauguiére 2003; Isnard et al. 2004, 2011; Brooks and Tracey 2007; Mazzola et al.
2009, 2012; Garcia-Larrea et al. 2010; Garcia-Larrea 2012; Frot et al. 2014; Moayedi 2014;
Segerdahl et al. 2015a). Supporting a role of the insula in pain perception is the observation,
in a small subset of patients, that insular seizures and direct electrical stimulation of the
insula can elicit pain-related sensations (Isnard et al. 2004, 2011; Mazzola et al. 2012).
There are also case reports describing lesions of the insula leading to a selective impairment
of pain perception (Garcia-Larrea et al. 2010). However, these reports have been recently
questioned by studies finding no relationship between insular damage and the ability to
perceive pain (Baier et al. 2014; Feinstein et al. 2016).

There is thus, at present, no consensus on the role of the insula in pain perception (Davis et
al. 2015; Segerdahl et al. 2015b). Considering its heterogeneous cytoarchitecture and
widespread anatomical connections (Augustine 1996; Cauda et al. 2011; Cerliani et al. 2012;
Chang et al. 2013; Morel et al. 2013), it is widely acknowledged that the function of the
insula is not limited to pain and nociception. Instead, the insula appears to be involved in the
processing of a range of non-nociceptive sensory inputs, as well as in a number of cognitive,
affective, interoceptive, and homeostatic functions (Davis et al. 1998; Craig et al. 2000;
Wicker et al. 2003; Brass and Haggard 2010; Lamm and Singer 2010; Sterzer and
Kleinschmidt 2010; Craig 2011; Furl and Averbeck 2011; Heydrich and Blanke 2013).
Baliki et al. (Baliki et al. 2009) proposed that sensory inputs integrate in the insula to
generate a magnitude estimation signal, providing a unifying explanation for the role of the
insula in the numerous tasks in which it has been implicated. Consistently, the insula was
also shown to be activated in contexts requiring to compare the intensities or sizes of
different stimuli such as numbers, letters, and visual stimuli (Fulbright et al. 2003; Gobel et
al. 2004). The insula has also been related to the detection of salience, and was suggested to
constitute a hub connecting sensory areas to other networks involved in the processing and
integration of external and internal information (Yantis 2008; Menon and Uddin 2010).

There is also evidence that distinct sub-regions of the insula respond differently to
nociceptive and non-nociceptive stimuli, leading some authors to propose that specific
subregions of the insula might be selectively involved in pain perception (Davis et al. 1998;
Craig 2002, 2003b; Garcia-Larrea 2012; Segerdahl et al. 2015a). However, there is no
agreement on which subregions that would be. Davis et al. (Davis et al. 1998) suggested that
the anterior insula is more strongly involved in the perception of pain, whereas the posterior
insula would be more related to the perception of innocuous tactile and thermal stimuli.
Craig (Craig 2002, 2003a, 2005) suggested that the posterior insula comprises an
interoceptive system giving rise to distinct feelings that originate from inside the body, such
as pain, itch, temperature, muscular and visceral sensations, and vasomotor activity. Garcia-
Larrea et al. (Garcia-Larrea 2012) and Segerdahl et al. (Segerdahl et al. 2015a) have argued
for a specific role in pain of the dorsal posterior insula and neighboring parietal operculum.
Other aspects of functional specialization in the insula have been reported. The right anterior
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insula has been associated with sympathetic responses such as those triggered by noxious
stimuli, arousal, and the experience of basic emotions that are accompanied by vocalization
or intense bodily action (Phillips et al. 1997; Damasio et al. 2000; Craig 2005; Wattendorf et
al. 2016). In contrast, the left anterior insula was suggested to be predominantly associated
with parasympathetic responses (Craig 2005).

Using intracerebral electroencephalographic (EEG) recordings performed in epileptic
patients, several studies have shown that brief nociceptive stimuli perceived as painful elicit
robust phase-locked local field potentials (LFPs) in the human insula. Because the
magnitude of these LFPs correlated with the intensity of pain (Frot et al. 2007), it was
suggested that these responses reflect processes that are specific for pain (Frot et al. 2007,
2014; Garcia-Larrea 2012). However, finding that a given brain response is always observed
following the presentation of a painful stimulus does not justify the conclusion that this brain
response is specific for pain. Demonstrating specificity for pain requires to also show that
this response is not elicited by stimuli that are not painful, but matched in terms of other
characteristics, such as their salience, valence, or behavioral relevance (lannetti and
Mouraux 2010; Legrain et al. 2011). In fact, also using intracerebral recordings with depth
electrodes implanted in the human insula, we recently showed that salient non-nociceptive
and non-painful vibrotactile, auditory, and visual stimuli can elicit robust phase-locked LFPs
in the anterior and posterior insula (Liberati et al. 2016) appearing as large biphasic waves,
with an insular topographical distribution largely identical to the one of LFPs elicited by
nociceptive stimuli. Furthermore, using a blind source separation procedure, we showed that
nociceptive phase-locked LFPs could be largely explained by multimodal neural activity also
contributing to non-nociceptive LFPs, suggesting that these responses relate to a function of
the insula that is largely unspecific for pain.

Here, our aim was to explore whether other features of insular activity sampled using
intracerebral EEG, namely gamma-band oscillations (GBOs, >40 Hz), might reflect insular
processes that are selective for thermonociception. GBOs have been consistently observed in
a wide array of brain regions, and in response to a variety of stimuli and experimental
paradigms (Womelsdorf et al. 2006; Fries 2009; Karns and Knight 2009; Crone et al. 2011;
Herrmann and Kaiser 2011; Buzséki and Wang 2012; Buzséki and Schomburg 2015).
Whether nociceptive stimuli elicit GBOs in the human insula is currently unknown, but other
studies using scalp EEG or magnetoencephalography (MEG) have suggested that painful
nociceptive stimuli elicit GBOs in several other brain regions, such as the primary
somatosensory cortex (S1) and prefrontal areas (Gross et al. 2007; Hauck et al. 2007; Schulz
et al. 2012; Zhang et al. 2012). Furthermore, these studies suggested that the magnitude of
nociception-evoked GBOs can correlate with pain perception (Gross et al. 2007; Hauck et al.
2007; Schulz et al. 2012; Zhang et al. 2012), and can be dissociated from the magnitude of
phase-locked nociception-evoked brain potentials (Zhang et al. 2012).

More generally, low-frequency activity sampled using intracerebral EEG has been shown to
predominantly reflect synaptic activity, whereas high-frequency activities such as GBOs are
thought to predominantly reflect spiking activity from neuronal aggregates (Friedman-Hill et
al. 2000; Frien et al. 2000; Brosch et al. 2002; Miller et al. 2012; Nourski et al. 2015;
Nozaradan et al. 2016). Further supporting the view that low- and high-frequency activities
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reflect functionally-distinct processes is the finding that they can be modulated differentially
(e.g. phase-locked low-frequency LFPs and non-phase-locked high-frequency GBOs elicited
by acoustic stimulation in the primary and secondary auditory cortices) (Nourski et al. 2015;
Nozaradan et al. 2016). GBOs have been related to numerous cognitive functions including
perceptual binding (Gray et al. 1989), selective attention (Fries et al. 2001), and working
memory (Pesaran et al. 2002). Furthermore, the synchronization of gamma frequencies has
been hypothesized to form a temporal code that dynamically “binds” spatially segregated
neurons into assemblies representing higher-order stimulus properties (Malsburg 1995;
Engel and Singer 2001; Crone et al. 2011).

Using time-frequency analysis of the signals sampled from 59 intracerebral contacts located
in the insula of nine patients undergoing invasive EEG recordings for the diagnostic workup
of partial epilepsy, we found that nociceptive thermal stimuli elicit an early-latency
enhancement of GBOs (40-90 Hz) in the insula, in the time interval between 150 and 300 ms
post-stimulus. This increase was markedly greater than the magnitude of post-stimulus
GBOs following non-nociceptive vibrotactile, auditory, and visual stimulation. In contrast,
stimulus-evoked phase-locked LFPs elicited by nociceptive stimuli were not of greater
magnitude than the phase-locked LFPs elicited by non-nociceptive stimuli (see also Liberati
et al. 2016). Taken together, our results suggest that nociception-evoked GBOs in the human
insula reflect cortical activity that is preferentially involved in nociception and/or the
processing of spinothalamic input.

Materials and Methods

Participants

Nine patients (six females, mean age: 30, range: 19-43 years) suffering from intractable
focal epilepsy were recruited at the Department of Neurology of the Saint Luc University
Hospital (Brussels, Belgium). Electrophysiological data from six of these patients was
recently used to show that low-frequency stimulus-evoked phase-locked LFPs recorded from
the human insula are not specific for nociception (Liberati et al. 2016). None of the patients
had a history of psychiatric illness or cognitive dysfunction, and all patients had a normal
neurological examination with no sensory deficit, with the exception of one patient with
documented hyperacusis (Patient 7). All patients were investigated using depth electrodes
implanted for the recording of brain activity in various regions suspected to be the origin of
the seizures, including wide portions of the anterior and posterior insula (Ad-Tech depth
electrodes with an “MRI-friendly” titanium body). The intracerebral EEG was recorded
from ten insulae (eight left, two right; one of the patients had a bilateral insular
implantation), with a total of 59 electrode contacts located in the insula (Table 1). In
addition, all patients had at least one additional electrode implanted in a region outside the
insula, either in the temporal lobe (with a total of 126 contacts) or in the frontal lobe (with a
total of 106 contacts) (Table 2). None of the participants presented ictal discharge onset in
the insula during the recordings, and low voltage fast activity was never present in this area
during spontaneous seizures. All participants gave written informed consent. All
experimental procedures were approved by the local Research Ethics Committee
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(B403201316436) and performed in compliance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki).

Electrode implantation and anatomical electrode contact localization

Procedure

For each patient, a tailored implantation strategy was planned according to the regions
considered most likely to be ictal onset sites or propagation sites. Target areas, including the
insular cortex, were reached using commercially available bipolar depth electrodes (AdTech,
Racine, WI, U.S.A.; contact length: 2.4 mm; contact spacing: 5 mm) implanted using a
frameless stereotactic technique through burr holes. The placement was guided by a
neuronavigation system based on 3D T1-weighted (3D-T1W) magnetic resonance imaging
(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). To accurately identify the locations of each electrode, a post-implantation 3D-
T1W MRI sequence was performed either immediately after surgery or on the following
day. This MRI scan, which was conducted for clinical diagnostic purposes, is considered
safe, as the implanted electrodes are made of an “MRI friendly” titanium body. Individual
contact locations were identified with the help of multiplanar reformations. The anterior
insula (29 contacts) 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 (30 contacts) was identified as the region composed of the anterior and
posterior long insular gyri (Naidich et al. 2004). 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 / QX 3.2 (Brain Innovation, Maastricht, The
Netherlands). The DICOM images of each patient are available at the OSF online repository
at the address https://osf.io/nzeeal.

The study was conducted at the patient bedside. Before the beginning of the experiment, the
procedure was explained to the patient, who was exposed to a small number of test stimuli
for familiarization. The experiment consisted of two sessions of four blocks each, one
session per side of stimulation (contralateral and ipsilateral to the implanted insular
electrode). In each block, the patient received stimuli belonging to one of four sensory
modalities: nociceptive, vibrotactile, auditory, and visual. Each block comprised 40 stimuli.
The order of the blocks was randomized across participants. To reduce expectation of the
stimuli, the inter-stimulus interval (1SI) was large, variable, and self-paced by the
experimenter (5-10 s). Participants were instructed to fixate a black cross (3 x 3 cm) placed
in front of them, at a distance of ~ 2 m, 30° below eye level, for the whole duration of each
block. To ensure that each stimulus was perceived, and to maintain vigilance across time,
participants were asked to press a button immediately after perceiving the stimulation. To
have a measure of the perceived magnitude of the stimuli, subjects provided a verbal rating
of the intensity of each stimulus using a numerical scale ranging from 0 (defined as “no
sensation at all”) to 10 (defined as “the highest intensity | can imagine™). Ratings from one
participant were lost due to a computer failure. At the end of each block, participants were
asked to report whether they had perceived the stimuli as painful.
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Sensory stimuli

Nociceptive somatosensory stimuli consisted in 50-ms pulses of radiant heat generated by a
CO2 laser (wavelength: 10.6 um). The stimuli were applied on the hand dorsum. The laser
beam was transmitted via an optic fiber. Focusing lenses were used to set the beam diameter
at target site to 6 mm. The laser stimulator was equipped with a radiometer providing a
continuous measure of the target skin temperature, used in a feedback loop to regulate laser
power output, which was adjusted to raise the target skin temperature to 62.5°C in 10 ms,
and to maintain this temperature for 40 ms. To prevent nociceptor fatigue or sensitization,
the laser beam was manually displaced after each stimulus (Schlereth et al. 2001). All
participants reported that the laser stimuli elicited a clear painful pinprick sensation. This
target temperature was chosen following a series of pilot tests performed on 10 healthy
subjects, with the aim of finding an intensity at which the stimuli are always perceived as
painful and clearly pricking, and detected with reaction times compatible with the
conduction velocity of AS fiber nociceptors (Bromm and Treede 1984).

Non-nociceptive somatosensory stimuli consisted in 50-ms vibrations at 250 Hz, delivered
via a recoil-type vibrotactile transducer driven by a standard audio amplifier (Haptuator,
Tactile Labs Inc., Canada) and positioned on the palmar side of the index fingertip. Auditory
stimuliwere loud, lateralized sounds (0.5 left/right amplitude ratio) delivered through an
earphone. The sounds consisted in 50-ms tones at 800 Hz and ~105 dB SPL. Visual stimuli
were 50-ms punctuate flashes of light delivered by means of a light-emitting diode (LED)
with a 12 Im luminous flux, a 5.10 cd luminous intensity, and a 120° visual angle
(GM5BW97333A, Sharp Corporation, Japan), placed on the hand dorsum. The intensities of
the non-nociceptive vibrotactile, auditory and visual stimuli were chosen after a series of
pilot tests performed on healthy subjects in which intensities were adjusted such that none of
the non-nociceptive stimuli would be systematically perceived as more or less intense than
the others, or more or less intense than the nociceptive stimulus. The chosen parameters of
stimulation were also guided by the results of previous studies using the same types of
stimuli (Mouraux and lannetti 2009; Mouraux et al. 2011; Liberati et al. 2016).

Intracerebral recordings

The intracerebral EEG recordings were performed using a DeltaMed Natus (Paris, France)
acquisition system (AC coupling), using a reference electrode located between Cz and Pz.
Additional bipolar channels were used to record electromyographic activity (EMG: two
electrodes measuring respectively bicipital and tricipital contraction of the patient's 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). EMG and EKG are
normally measured to help the interpretation of the EEG signals and assess the behavioral
manifestations of seizures. All signals were acquired at a 512 Hz sampling rate, and
analyzed offline using Letswave 6 (https://www.letswave.org/) (Mouraux and lannetti 2008).

Analysis of intracerebral insular recordings

The continuous recordings obtained from each insular contact were band-pass filtered (0.3 —
40 Hz) for analysis in the time domain and high-passed filtered (>20 Hz) for analysis in the
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time-frequency domain, and then segmented into 1.5-s epochs (-0.5 to 1.0 s relative to
stimulus onset). In the time domain, the recordings were baseline corrected using a-0.5t0 0
s reference interval relative to stimulus onset.

Trials contaminated by artefacts were corrected using an independent component analysis
(ICA) algorithm (Makeig et al. 1997) or removed after visual inspection. 1.7 £ 1.5 epochs
(mean + standard deviation) were rejected in the nociceptive modality; 3.3 £ 2.7 epochs
were rejected in the vibrotactile modality; 2.1 + 1.9 epochs were rejected in the auditory
modality; and 2.7 + 2.0 epochs were rejected in the visual modality. Separate average
waveforms were then computed for each insular contact and stimulus type (nociceptive,
vibrotactile, auditory, and visual). Within these average waveforms, the peak-to-peak
magnitude of the large biphasic wave elicited by each type of stimulus was used as a
measure of the magnitude of the low-frequency stimulus-evoked phase-locked LFP.

For the analysis in the time-frequency domain, a time-frequency representation of each high-
pass filtered intracerebral EEG epoch was obtained using a short-term Fourier transform
(STFT) with a fixed 200-ms width Hanning window, chosen to achieve a good tradeoff
between time resolution and frequency resolution in the range of gamma-band frequencies
(Gross et al. 2007; Schulz et al. 2011; Zhang et al. 2012). The STFT yielded, for each trial, a
complex time-frequency spectral estimate £~(7, ) at each point (¢ £) of the time-frequency
plane extending from -0.5 to 1.0 s in the time domain, and from 20 to 150 Hz (in steps of 1
Hz) in the frequency domain. After averaging the single-trial time-frequency maps, the
average magnitude of the stimulus-induced changes in oscillation amplitude was estimated
as follows (Pfurtscheller and Lopes da Silva 1999; Zhang et al. 2012; Hu et al. 2014):

ER% (¢, f) = [P(t, f) — R(f)]/R(F) X 100

where P(t, )= |F(t F)}?is an estimate of signal amplitude at each time-frequency point (z, £)
and R(7) is the average amplitude of the signal enclosed within the pre-stimulus reference
interval (-0.4 to -0.1 s before the onset of the stimulus), for each estimated frequency 7. This
yielded, for each insular electrode contact and modality of stimulation, a time-frequency
representation of the average stimulus-induced changes of intracerebral EEG signal (event-
related percentage of change in signal amplitude, ER%)(Pfurtscheller and Lopes da Silva
1999).

The magnitudes of stimulus-evoked low-frequency phase-locked LFPs recorded from the
insular contacts contralateral to the location of the sensory stimulus were compared using a
linear mixed models (LMM) analysis as implemented in IBM SPSS Statistics 22 (Armonk,
NY: IBM Corp) with the fixed factors ‘modality’ (four levels: nociceptive, vibrotactile,
auditory, and visual) and ‘contact location” (two levels: anterior and posterior insula). The
magnitudes of stimulus-evoked GBOs were also compared using a LMM analysis with the
fixed factors ‘modality’ (four levels: nociceptive, vibrotactile, auditory, and visual), ‘contact
location’ (two levels: anterior and posterior insula), ‘frequency range’ (two levels: 40-90 Hz
and 90-140 Hz), and ‘latency”’ (4 levels: 150-300 ms, 300-450 ms, 450-600 ms, 600-750
ms). To assess whether differences in pre-stimulus GBO amplitude across modalities could
have yielded differences in the post-stimulus ER% values computed across modalities, we
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also compared the average baseline amplitude (from -0.4 to -0.1 ms before stimulation
onset) using a LMM analysis with the factors ‘modality” (four levels: nociceptive,
vibrotactile, auditory, and visual), ‘contact location’ (two levels: anterior and posterior
insula); and ‘frequency range’ (two levels: 40-90 Hz and 90-140 Hz).

Analysis of intracerebral recordings outside the insula

One patient (Patient 3) had, in addition to a depth electrode in the left insula, an electrode
grid over the left sensorimotor cortex, with 6 contacts above the hand motor area. Because
patients were instructed to press a button as quickly as possible after perceiving each
stimulus, and because part of the observed GBO activities recorded from the insula could
have been related to movement preparation and/or execution, the time-frequency distribution
of stimulus-evoked GBOs recorded from the insula of that patient was compared to the time-
frequency distribution of stimulus-evoked GBOs recorded from the hand motor area, i.e. an
area strongly involved in both movement preparation and execution (Carrillo-de-la-Pefia et
al. 2008).

Finally, to assess whether stimulus-evoked GBOs recorded from the insula could be
distinguished from stimulus-evoked GBOs recorded from other brain regions, the magnitude
of insular GBOs was compared with the magnitude of GBOs recorded at contacts located in
the temporal and frontal lobes (126 and 106 contacts respectively, after excluding contacts
located in the temporal and frontal operculum as these might have sampled insular activity),
contralateral to stimulation, using a LMM with the fixed factors ‘modality” (four levels:
nociceptive, vibrotactile, auditory, and visual), ‘region’ (three levels: insula, temporal,
frontal), “frequency range’ (two levels: 40-90 Hz and 90-140 Hz), and ‘latency’ (4 levels:
150-300 ms, 300-450 ms, 450-600 ms, 600-750 ms).

Analysis of electrocardiographic signals

The EKG was used to derive heart rate variability as a measure of stimulus-evoked arousal
(Malmstrom et al. 1965; Taylor and Epstein 1967; Epstein 1971). The EKG activity was
analyzed offline using Letswave 6. The continuous EKG recordings were filtered using a
0.67-40 Hz band-pass filter. The 0.67 Hz lower-frequency cutoff corresponds to a minimum
heart rate of 40 beats per minute (bpm) and the 40 Hz high-frequency cutoff allows
eliminating muscle noise (Luo and Johnston 2010; Sansone et al. 2010; Shing-Hong 2010).
The Pan Tompkins algorithm was used to recognize the QRS complexes in the EKG signal
based on slope, amplitude and width (Pan and Tompkins 1985). The time intervals between
two QRS complexes were then used to generate a continuous waveform expressing the
instantaneous heart rate as a function of time. This waveform was then segmented into 15 s
epochs (-5 to 10 s relative to stimulus onset), and averaged according to stimulus type
(nociceptive, vibrotactile, auditory, and visual). Finally, within these average waveforms, the
difference between the maximum and minimum heart rate value during the 5 seconds that
followed the onset of each stimulus was computed as an indicator of stimulus-triggered heart
rate variability. The difference between the maximum and minimum heart rate value during
the 5 seconds preceding the onset of each stimulus was computed as a baseline.
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A LMM analysis was then performed to evaluate the effect of the fixed factors ‘modality’
(four levels: nociceptive, vibrotactile, auditory, and visual) and ‘time interval’ (two levels: 5
seconds before the stimulus, 5 seconds after the stimulus) on the magnitude of heart rate
variability.

In all analyses, the contextual variable ‘subject’ was added to the LMM models, to account
for the variation of the regression model intercept across participants. Parameters were
estimated using restricted maximum likelihood (REML) (Twisk 2005). Main effects were
compared using the Bonferroni confidence interval adjustment.

Intensity of perception

On average, the ratings of intensity of the stimuli (nociceptive: 5.7 £+ 1.8; vibrotactile: 4.2

+ 1.6; auditory: 5.5 £ 3.2; visual: 5.1 + 1.5; mean + standard deviation) were not
significantly different across modalities (F=1.3, p=.312). However, for all subjects,
nociceptive stimuli were systematically described as eliciting a clear burning/pricking
sensation, and systematically qualified as painful. Conversely, all subjects described the
auditory, vibrotactile, and visual stimuli as intense but not painful, with the exception of one
subject with documented hyperacusis (with one single electrode contact in the dorsal
posterior insula, see Table 1, Subject 7), who described the auditory stimuli as painful and
annoying.

Heart rate variability

Given the relatively short time interval between two successive stimuli, it is likely that
stimulus-induced changes in heart rate did not have enough time to completely return to
baseline. Nevertheless, previous reports have shown that heart rate variability can be
measured wit ISIs as short as 5 seconds (Graham and Clifton 1966), and the LMM analysis
showed a significant effect of ‘time interval’ (F=7.77, p=.007) on the heart rate variability,
which was greater during the 5 seconds that followed the stimulus (nociceptive: 5.5 + 2.2
bpm; vibrotactile: 5.5 + 2.9 bpm; auditory: 5.7 £ 2.5 bpm; visual: 5.5 £ 2.6 bpm) compared
to the 5 seconds preceding the stimulus (hociceptive: 4.6 £ 1.8 bpm; vibrotactile: 4.2 + 2.5
bpm; auditory: 5.0 £ 2.9 bpm; visual: 3.6 £ 1.6 bpm). The effect of ‘modality’ (F=1.0, p=.
379) and the interaction between ‘modality” and ‘time interval’ (F=0.1, p=.945) were not
significant. This indicates that all stimuli elicited a significant change in heart rate
variability, and that this change in heart rate variability was of the same order of magnitude
across the different modalities.

Intracerebral responses recorded from the insula

Time-frequency analysis of the intracerebral EEG recordings obtained at insular contacts
showed that nociceptive stimuli elicited a strong enhancement of GBOs in the insula, which
was not observed in response to non-nociceptive vibrotactile, auditory, and visual stimuli
(Figure 1). The LMM analysis of the magnitudes of insular GBOs showed a main effect of
‘modality” (F=71.36, p<.001), a main effect of ‘frequency’ (F=57.79, p<.001), and a main
effect of ‘latency’ (F=5.70, p=.001). The LMM also showed a significant interaction
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between ‘modality’ and ‘latency’ (F=5.75, p<.001), and a significant interaction between
‘modality” and ‘location’ (F=6.75, p<.001). Post hoc comparisons showed that, regardless of
sensory modality, GBOs were significantly greater in magnitude in the 40-90 Hz frequency
range compared to the 90-140 Hz frequency range. Moreover, nociceptive GBOs were
significantly greater in the 150-300 ms time interval compared to the 300-450 ms (p=.005),
450-600 ms (p=.001), and 600-750 ms (p<.001) time intervals. Most importantly, in both the
anterior and posterior insula, the magnitude of nociceptive GBOs was significantly greater
than the magnitude of vibrotactile, auditory, and visual GBOs (all p<.001; see Figure 2).
Whereas vibrotactile, auditory, and visual GBOs were greater in magnitude in the posterior
insula compared to the anterior insula (p=.028, p=.009, and p=.027), nociceptive GBOs were
greater in magnitude in the anterior insula compared to the posterior insula (p=.013). Figure
1B shows the magnitude of the post-stimulus change in GBO amplitude averaged at all
contacts of each individual insula, for each modality of stimulation, considering the 40-90
Hz frequency range and the 150-300 ms post-stimulus interval.

The LMM analysis of the magnitude of pre-stimulus GBOs showed no effect of ‘location’
(F=1.52, p=.218), but a main effect of ‘modality’ (F=3.12, p=.026), a main effect of
‘frequency’ (F=142.86, p<.001), and a significant interaction between ‘frequency’ and
‘modality’ (F=2.87, p=.036). Post-hoc comparisons showed that in the 40-90 Hz frequency
range, the magnitude of pre-stimulus GBOs in the visual condition was significantly smaller
than the magnitude of pre-stimulus GBOs in the vibrotactile (p=.023) and auditory (p=.001)
conditions. The magnitude of pre-stimulus GBOs in the nociceptive condition was not
significantly different from the magnitudes of pre-stimulus GBOs in the vibrotactile,
auditory, and visual conditions, indicating that the preferential enhancement of post-stimulus
GBOs following nociceptive stimulation was not due to a difference in pre-stimulus GBO
magnitude.

As reported in Liberati et al. (Liberati et al. 2016), all four types of stimuli elicited a large
biphasic phase-locked LFP, having a same topographical distribution across insular contacts
(average peak-to-peak amplitudes: nociceptive: 68 £37 uV; vibrotactile: 67 +31 pV;
auditory: 90 £49 pV; visual: 52 £49 pV). The LMM analysis showed a main effect of
‘modality’ (F=13.66, p<.001) with no effect of ‘contact location’ (F=1.35, p=.246) on the
amplitude of the phase-locked LFPs. Post-hoc comparisons showed that the amplitude of the
auditory phase-locked LFP was significantly larger than the amplitudes of the nociceptive
(p=.002), vibrotactile (p=.001), and visual (p<.001) phase-locked LFPs, and that the
amplitude of the nociceptive phase-locked LFP was significantly larger than the amplitude
of the visual phase-locked LFP (p=.043).

Figure 3A shows the average post-stimulus change in GBO amplitude recorded at each
insular contact across modalities (ER% values; 40-90 Hz and 150-300 ms post-stimulus).
Figure 3B shows the average amplitude of phase-locked LFPs recorded across modalities at
the same insular contacts. The clear dissociation between GBOs (which were preferentially
enhanced following nociceptive stimulation) and phase-locked LFPs (which were similarly
elicited by all types of stimuli) can also be observed in Figure 4.
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Intracerebral responses recorded outside the insula

In Patient 3, the comparison of the post-stimulus GBOs recorded from the insula to the post-
stimulus GBOs recorded over the hand motor area showed that, as for the other patients,
nociceptive stimuli elicited an early latency enhancement of GBOs. The magnitude of post-
stimulus GBOs (latency: 150-300 ms) recorded at insular contacts was markedly greater
following nociceptive stimulation (43 £12 ER%) as compared to non-nociceptive
vibrotactile (16 +14 ER%), auditory (-8 +11 ER%), and visual (7 £10 ER%) stimulation
(Figure 6). In contrast, at contacts located in the hand motor area, an increase of GBO
amplitude was observed for all modalities (nociceptive: 19 £15 ER%; vibrotactile: 37 £21
ER%; auditory: 28 +17 ER%; visual: 25 £18 ER%), having a later latency (300-750 ms) and
a broader frequency range (40-140 Hz) than the GBO response recorded from the insula.

The results of the LMM analysis performed to compare the magnitude of GBOs recorded in
the insula with the magnitude of GBOs recorded in temporal and frontal regions (excluding
the temporal and frontal operculum) showed significant interactions between ‘region’ and
‘modality’ (F=24.13, p<.001) and between ‘region’ and ‘frequency’ (F=24.35, p<.001).
Post-hoc comparisons showed that, in the insula, but also in temporal regions and in frontal
regions, nociceptive GBOs were greater in magnitude than vibrotactile, auditory, and visual
GBOs (see Table 3); that nociceptive GBOs recorded from the insula were significantly
greater than nociceptive GBOs recorded from the frontal and temporal regions (both p<.
001); that the magnitude of GBOs was greater in the 40-90 Hz frequency range compared to
the 90-140 Hz frequency range in the insula and in temporal regions (both p<.001), but not
in frontal regions (p=.175). Figure 5 shows the difference between nociceptive, vibrotactile,
auditory, and visual GBOs recorded from the insula, in temporal regions, and in frontal
regions, considering the 150-300 ms time interval and the 40-90 Hz frequency range.

Discussion

The present study shows that in the posterior and anterior human insula, brief nociceptive
stimuli perceived as painful do not only elicit a low-frequency LFP phase-locked to the
stimulus onset, but also elicit an early-latency (150-300 ms) enhancement of GBOs maximal
in the 40-90 Hz frequency range. Remarkably, there was an evident dissociation between the
low-frequency phase-locked LFPs and GBOs: unlike the phase-locked LFPs, insular GBOs
appeared to reflect activity that is preferential for nociception.

As in our previous study (Liberati et al. 2016), non-nociceptive tactile, auditory, and visual
stimuli elicited phase-locked LFPs, appearing as large biphasic waves with a spatial
distribution across insular contacts indistinguishable from the spatial distribution of the
LFPs elicited by nociceptive stimuli. Because the insula is thought to contribute to a large
number of cognitive, affective, interoceptive, and homeostatic functions (Davis et al. 1998;
Craig et al. 2000; Wicker et al. 2003; Brass and Haggard 2010; Lamm and Singer 2010;
Sterzer and Kleinschmidt 2010; Craig 2011; Furl and Averbeck 2011; Heydrich and Blanke
2013), we hypothesized that phase-locked insular LFPs elicited by painful nociceptive
stimuli reflect processes that are unspecific for pain, such as salience-related processes
involved in arousal or bottom-up attention (Liberati et al. 2016).
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Contrasting with the phase-locked LFPs, nociceptive stimuli elicited a clear early-latency
enhancement of GBOs at insular contacts, and a similar response was not observed
following non-nociceptive vibrotactile, auditory, and visual stimulation. This indicates that
nociception-evoked GBOs in the insula reflect activity that is preferentially involved in the
processing of spinothalamic input, nociception, and/or the perception of pain. Importantly,
the magnitude of GBOs preceding the presentation of nociceptive stimuli did not differ
significantly from the magnitude of GBOs preceding vibrotactile, auditory and visual
stimuli, indicating that the preferential increase of GBO magnitude after nociceptive
stimulation was not due to differences in baseline GBO activity.

The latency and frequency range of nociception-evoked GBOs recorded in the insula are
similar to the latency and frequency range of nociception-evoked GBOs identified in other
brain regions using scalp EEG and MEG (Gross et al. 2007; Hauck et al. 2007; Schulz et al.
2012, 2015; Zhang et al. 2012; Ploner et al. 2016; Fardo et al. 2017). Their early latency
(150-300 ms) indicates that these activities are triggered by input conveyed by thinly-
myelinated A5 fibers (Gross et al. 2007). Indeed, when stimulating the hand dorsum, input
conveyed by C fibers would be expected to elicit responses having a much greater latency
(Opsommer et al. 1999). On average, nociception-evoked GBOSs recorded from the anterior
insula were greater in magnitude than nociception-evoked GBOs recorded from the posterior
insula. This is consistent with previous studies suggesting that the anterior insula is more
strongly involved in the perception of pain (Davis et al. 1998), but also at odds with studies
suggesting a stronger involvement of the dorsal posterior insula in nociception (Segerdahl et
al. 2015a). Given the sparse spatial sampling of intracerebral EEG, this anterior-posterior
difference should be interpreted with great caution. Notwithstanding, nociception-evoked
GBOs were widespread in both the anterior and the posterior insula, suggesting that they did
not originate from a restricted “pain-specific” subregion of the insula.

Another important point to consider is whether the preferential enhancement of GBOs
following laser stimulation was truly due to the nociceptive nature of the laser stimulus (or
the painful quality of the elicited sensation), or whether it could have resulted from another
feature distinguishing the laser stimulus from the other stimuli, such as a difference in
salience or intensity. On average, patients provided similar ratings of intensity for the
different stimuli, indicating that none of the four types of stimuli was systematically
perceived as more intense than the others — a circumstance that could have constituted a bias
in the interpretation of our findings. However, intensity ratings are entirely subjective
measures, which can vary largely across participants and, possibly, within the same
participant. Furthermore, because stimuli that are painful are also inherently salient,
painfulness and salience cannot be completely dissociated. The strongest evidence that the
preferential enhancement of GBOs following laser stimulation compared to non-nociceptive
vibrotactile, auditory, and visual stimulation was not due to a gross difference in the
intensity or salience of the different stimuli is that all four types of stimuli elicited consistent
and robust low-frequency phase-locked LFPs, of the same order of magnitude. The fact that
nociceptive and non-nociceptive stimuli elicited comparable changes in heart rate variability
further suggests that the nociceptive stimuli were not systematically more salient or arousing
than the other stimuli. Indeed, stimulus-evoked changes in heart rate variability is another
response to the stimulus which can be expected to relate to stimulus arousal and valence
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(Malmstrom et al. 1965; Taylor and Epstein 1967; Epstein 1971). Nevertheless, further
studies should explore the potential relationship between stimulus-evoked responses from
the insula and different measures of arousal such as changes in skin conductance and
pupillometry.

One question that cannot be addressed with the present results is whether the nociception-
evoked GBOs we observed were related to the nociceptive nature of the stimuli, to the
painful quality of the elicited sensation, or to the fact that the stimuli conveyed thermal
information. This latter hypothesis is consistent with a recent scalp EEG and MEG study
that identified cortical generators of cold-evoked GBOs within a distributed network of
sources including operculo-insular regions, parietal regions, and frontal regions (Fardo et al.
2017), as well as with the proposition that the dorsal middle/posterior insula is preferentially
involved in thermoception (Craig et al. 2000; Hua et al. 2005). In the present study, however,
nociception-evoked GBOs were not limited to opercular or dorsal portions of the insula, but
were widespread throughout the insula. Further studies could explore, using depth electrodes
implanted in the insula, whether innocuous cold (i.e. non-painful thermal stimuli conveyed
by the spinothalamic system) or mechanical pinprick stimuli (i.e. a non-thermal but
nevertheless painful stimuli also conveyed by the spinothalamic system) elicit a similar
enhancement of GBOs.

Participants were asked to press a button as soon as they perceived the stimuli. This raises
the possibility that post-stimulus GBOs could reflect, at least partly, activity related to
movement preparation and/or execution. However, GBOs related to the preparation or
execution of a motor response could not explain the greater magnitude of nociceptive GBOs
compared to non-nociceptive vibrotactile, auditory, and visual GBOs, as movement-related
activity would be expected to affect the responses to all stimuli equally. Moreover, the
comparison of post-stimulus GBOs recorded from insular contacts and post-stimulus GBOs
recorded from the hand motor area of one patient showed that, in the insula, nociceptive
stimuli elicited an early-latency enhancement of GBOs which was not present after non-
nociceptive vibrotactile, auditory, and visual stimulation, whereas in the hand motor area, all
stimuli elicited a distinct later-latency and longer-lasting enhancement of GBOs, possibly
related to movement preparation or execution.

Studies have suggested that blood-oxygen-level dependent (BOLD) sighals measured using
MRI often correlate with the magnitude of GBOs (Logothetis et al. 2001; Logothetis 2002;
Foucher et al. 2003). Therefore, if nociceptive stimuli elicit a selective enhancement of
GBOs in the insula, one may wonder why previous fMRI studies found that brief
nociceptive and non-nociceptive tactile, auditory, and visual stimuli similar to those used in
the present study elicit insular BOLD responses that are spatially overlapping and largely
indistinguishable (Mouraux et al. 2011). However, the relationship between GBO activity
and BOLD signal appears to be nonlinear, and changes in GBO activity can occur with no
(or very subtle) changes in the BOLD signal (Muthukumaraswamy and Singh 2008).
Moreover, there are discrepancies in the literature relative to the range of oscillation
frequencies that are most closely linked to the BOLD signal (Pan et al. 2013), which include
low gamma (<60 Hz) (Goense and Logothetis 2008; Hutchison et al. 2015), mid-gamma
(60-120 Hz) (Conner et al. 2011), and high gamma (up to 250 Hz) (Murayama et al. 2010).
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Several experiments performed in humans have shown that GBOs and BOLD signals can be
functionally decoupled, and that an increase in the magnitude of GBO responses is not
always sufficient to drive a subsequent BOLD response (Singh et al. 2000; Adjamian et al.
2004; Muthukumaraswamy and Singh 2008, 2009). A likely explanation could be that, as
compared to the baseline GBO activity, the stimulus-induced enhancement of GBOs is
relatively small and, most importantly, very short-lasting.

The magnitude of nociception-evoked GBOs recorded in the insula was significantly greater
than the magnitude of nociception-evoked GBOs recorded in temporal and frontal regions.
Nevertheless, post-stimulus GBOs preferential for nociceptive stimuli as compared to non-
nociceptive tactile, auditory and visual stimuli were also observed in these regions. Because
temporal and frontal electrode contacts were located in structurally and functionally diverse
areas, it is difficult to draw conclusions on the functional significance of these responses.
What can be said is that the stronger magnitude of nociception-evoked GBOs recorded in the
insula is compatible with a strong involvement of that brain structure in nociception
(Ostrowsky et al. 2002; Frot and Mauguiére 2003; Isnard et al. 2004, 2011; Brooks and
Tracey 2007; Mazzola et al. 2009, 2012; Garcia-Larrea et al. 2010; Garcia-Larrea 2012; Frot
et al. 2014; Moayedi 2014; Segerdahl et al. 2015a), and that finding nociception-evoked
GBOs outside the insula is also supported by previous scalp EEG and MEG studies, showing
that nociceptive stimuli can elicit GBOs originating from S1 and prefrontal regions (Gross et
al. 2007; Hauck et al. 2007; Schulz et al. 2012; Zhang et al. 2012). The observation that
nociceptive stimuli can elicit GBOs both inside and outside the insula is also compatible
with the recent proposal that pain is an intrinsically dynamic process that emerges from
synchronized activity within a network of neurons or brain areas, i.e., the so-called “pain
connectome”, which would integrate all cognitive, affective, and sensorimotor aspects of
pain, thereby shaping cognition and behavior (Kucyi and Davis 2015, 2016). Indeed, one of
the hypothesized functions of GBOs is the selective and flexible coupling of neighboring or
distant cortical regions — a mechanism referred to as communication through coherence
(Engel et al. 2001; Varela et al. 2001; Fries 2005; Buzsaki 2010; Buzsaki and Schomburg
2015). In this framework, the enhancement of GBO activity following nociceptive
stimulation could constitute the mean through which this network synchronizes its activity
across brain regions, therefore serving as a distinctive feature of insular activity preferential
for nociception and/or the processing of spinothalamic input in humans.
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Figure 1. Enhancement of gamma-band oscillations (GBOS) in response to nociceptive stimuli.
A. Time-frequency representations of the change in GBOs (40-140 Hz, expressed as

percentage of change relative to baseline, ER%) elicited by nociceptive stimulation in the
insula of 9 patients (10 insulae: one patient underwent a bilateral insular implantation), at the
electrode contacts at which the increase in GBOs elicited by nociceptive stimuli was most
pronounced. B. ER% values averaged at all contacts of each individual insula, for each
modality of stimulation, considering the 40-90 Hz frequency range and the 150-300 ms post-

stimulus interval.
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Figure 2. Magnitude of GBOs dlicited by nociceptive, vibrotactile, auditory, and visual stimuli in
the contralateral left or right insula.

The sizes of the circles represent the magnitudes of the post-stimulus change in GBO
magnitude (40-90 Hz, 150-300 ms). Max and Min correspond to the maximum and
minimum ER% values observed across modalities and electrode contacts, separately for
each insula. At the majority of insular locations, and both in the left and in the right insula,
the post-stimulus GBO enhancement was much more pronounced after nociceptive
stimulation, as compared to tactile, auditory and visual stimuli. This preferential
enhancement following nociceptive stimulation was not restricted to a specific subregion of
the insula and, instead, was observed in both the anterior and posterior portions of the insula.
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Figure 3. Magnitude of insular responsesto nociceptive, vibrotactile, auditory, and visual stimuli.
A. Swarm plots showing the post-stimulus change in GBO amplitude elicited by the

different types of stimuli, and expressed as percentage of change relative to baseline (ER%),
recorded across subjects from each electrode contact located in the insula, considering the

40-90 Hz frequency range and the 150-300 ms post-stimulus interval. B. Swarm plots

showing the amplitude of phase-locked LFPs recorded across subjects from each insular
contact. In both panels, the boxplots display the first quartile, the median, and the third
quartile of the distribution of response magnitude. Note that the magnitude of GBOs elicited
by nociceptive stimuli in the insula is significantly greater than the amplitude of GBOs
elicited by non-nociceptive vibrotactile, auditory, and visual stimuli. In contrast, the
magnitude of the phase-locked LFPs elicited at the same contacts were not greater in
response to nociceptive stimuli. *** p <.001; ** p=.002 (paired sample t-tests).
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Figure 4. Dissociation between gamma band oscillations (GBOs) and low-frequency phase-locked
local field potentials (L FPs) recorded in the human insula in response to nociceptive, tactile,
auditory, and visual stimulation.

A. Selected contacts at which, for each explored insula (on both the left and the right
hemisphere), GBOs elicited by nociceptive stimuli were more pronounced (same contacts as
displayed in Figure 1). B. Time-frequency representation of the changes in oscillatory power
(40-90 Hz) elicited by nociceptive, tactile, auditory, and visual stimuli at the insular
locations shown in A (group level average percentage change in amplitude; ER%). As
compared to non-nociceptive stimuli, brief nociceptive stimuli elicit a greater post-stimulus
increase in GBO power. Single-subject GBO responses elicited by nociceptive stimuli at the
indicated insular contacts are shown in Figure 1. C. Phase-locked LFPs recorded at the same
insular locations shown in A, in response to the four kinds of stimuli (group level average;
confidence intervals stated at the 95% confidence level are shown in gray). The dissociation
between GBOs (exhibiting a strong increase only following nociceptive stimulation) and
phase-locked LFPs (presenting similar magnitudes across modalities) indicates that GBOs
and phase-locked LFPs reflect different neural processes.
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Figure 5. Comparison between GBOsrecorded from the insula and GBOsrecor ded from frontal
and temporal regions (150-300 ms post-stimulus; 40-90 Hz frequency range).

The magnitude of GBOs recorded from the insula was significantly greater than the
magnitude of GBOs recorded from temporal and frontal regions. In all brain regions, the
magnitude of GBOs elicited by nociceptive stimuli was significantly greater than the
magnitude of GBOs elicited by vibrotactile, auditory, and visual stimuli. Error bars represent
confidence intervals stated at the 95% confidence level.
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Figure 6. Comparison between GBOsrecorded from the insula and GBOs recor ded from the
hand motor area of one patient.

The time-frequency maps show the post-stimulus change in GBO amplitude (40-140 Hz) in
the insula and in the hand motor area (averaged across contacts) of Patient 3. Such as for the
other patients, the magnitude of the stimulus-evoked enhancement of GBOs recorded at
insular contacts (latency: 150-300 ms) was markedly greater following nociceptive
stimulation compared to non-nociceptive vibrotactile, auditory, and visual stimulation. In
contrast, in the hand motor area, a late latency increase of GBO power was observed for all
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modalities, at a later latency (300-750 ms), and within a broader frequency range (40-140
Hz) than the GBO response recorded from the insula.
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Patient Hemisphere Contact Description MNI coordinates
1 Right 1 Anterior insular cortex, first short gyrus 39, 17, -17
2 Anterior insular cortex, first short gyrus 38,17, -12
3 Anterior insular cortex, subcortical topography of the first short gyrus 38,17,-5
4 Anterior insular cortex / subcortical pars triangularis of the frontal gyrus 38,18,1
5 Anterior insular cortex / subcortical pars triangularis of the frontal gyrus 38,18,5
6 Anterior insular cortex / subcortical pars triangularis of the frontal gyrus 38,18, 11
2 Left 1 Anterior insular cortex, lateral fissure between the orbital portion of the inferior -35, 18, -10
frontal gyrus and the first short gyrus
2 Anterior insular cortex, first short gyrus -35, 15, -10
3 Posterior insular cortex, subcortical topography of the first long gyrus -36, 9, -10
4 Posterior insular cortex, subcortical topography of the first long gyrus -36, 3, -9
5 Posterior insular cortex, subcortical topography of the second long gyrus -36, -2, -9
6 Posterior insular cortex, subcortical topography of the second long gyrus -37,-7,-7
7 Posterior insular cortex, subcortical topography of the second long gyrus -37,-12, -7
8 Posterior insular cortex, intersection between the insula and the root of the Heschl -38,-17, -6
gyrus (superior temporal gyrus)
3 Left 1 Anterior insular cortex, second short gyrus -32, 8, -10
2 Anterior insular cortex, second short gyrus -32, 8, -6
3 Anterior insular cortex, second short gyrus -31,8,0
4 Anterior insular cortex, superior portion of the second short gyrus -31,8,5
5 Anterior insular cortex, superior portion of the circular fold -30, 8, 11
6 Anterior insular cortex, superior portion of the circular fold -30, 8, 17
4a Left 1 Anterior insular cortex, subcortical topography between the first short gyrus and the  -38, 9, -4
second short gyrus
2 Anterior insular cortex, subcortical topography between the second short gyrus and ~ -37, 4, -3
the third short gyrus
3 Anterior insular cortex, subcortical topography of the third short gyrus -37,0,-3
4 Posterior insular cortex, subcortical topography of the first long gyrus -36, -5, -3
5 Posterior insular cortex, subcortical topography of the first long gyrus -35,-13, -3
6 Posterior insular cortex, subcortical topography of the first long gyrus -35,-18, -2
7 Posterior insular cortex, subcortical topography of the second long gyrus -34,-22, -1
4b Right 1 Anterior insular cortex, base of the second short gyrus 30,7,-8
2 Anterior insular cortex, base of the second short gyrus 30,1,-7
3 Posterior insular cortex, inferior portion of the first long gyrus 30, -4, -6
4 Posterior insular cortex, inferior portion of the first long gyrus 30, -9, -5
5 Posterior insular cortex, inferior portion of the second long gyrus 30, -15, -5
6 Posterior insular cortex, adjacent to the posterior portion of the lentiform nucleus 30, -20, -4
5 Left 1 Anterior insular cortex, adjacent to the opercular portion of the inferior frontal -34,22,-2

gyrus
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Patient Hemisphere Contact Description MNI coordinates
2 Anterior insular cortex, first short gyrus -35, 16, -2
3 Anterior insular cortex, transition between the first and second short gyri -35,11, -2
4 Anterior insular cortex, second short gyrus -35,5, -2
5 Posterior insular cortex, subcortical portion of the first long gyrus -36, -1, -3
6 Posterior insular cortex, subcortical portion of the first long gyrus -36, -6, -3
7 Posterior insular cortex, subcortical portion of the second long gyrus -37,-12,-3
8 Posterior insular cortex, subcortical portion of the second long gyrus -37,-17,-3
9 Posterior insular cortex, subcortical portion of the circular fold, adjacent to the -37,-23,-3
superior temporal gyrus
6 Left 1 Anterior insular cortex, first short gyrus, posterior to the circular fold -30, 25, -1
2 Anterior insular cortex, subcortical portion of the second short gyrus -30, 19, -1
3 Anterior insular cortex, third short gyrus -30, 17, -1
4 Posterior insular cortex, first long gyrus -31, 13, -2
5 Posterior insular cortex, second long gyrus -32,9, -2
7 Left 1 Posterior insular cortex, dorsal portion of the long gyri / operculum -36, -16, 15
8 Left 1 Anterior insular cortex, adjacent to the anterior portion of the circular sulcus -35, 10, -9
2 Anterior insular cortex, first short gyrus -36, -1, -6
3 Anterior insular cortex, second short gyrus -37,-11, -3
4 Posterior insular cortex, first long gyrus -37,-21,0
5 Posterior insular cortex, adjacent to the posterior portion of the circular sulcus -37,-31,3
9a Left 1 Posterior insular cortex, external capsule -33,-12,13
2 Posterior insular cortex, transition between the long gyrus of the insula and the -37,-12, 15
cortex from the parietal operculum, at the level of the circular gyrus
3 Posterior insular cortex, transition between the long gyrus of the insula and the -41,-12, 16
cortex from the parietal operculum, at the level of the circular gyrus
4 Posterior insular cortex / parietal operculum -49,-12, 16
9b Left 1 Posterior insular cortex, most posterior long gyrus -38,-9, -5
2 Posterior insular cortex, most posterior long gyrus -42,-9, -5
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Table 2
Contactslocated in the temporal and frontal regions

Subject Hemisphere Lobe L ocation Number of contacts
1 Right Frontal Lateral superior frontal gyrus 16
Lateral medial frontal gyrus 16
Orbitofrontal cortex 8
2 Left Temporal ~ Mesiotemporal cortex 8
3 Left Temporal  Basal temporal cortex 8
Mesiotemporal cortex 8
Frontal Lateral frontal cortex 32
4 Left Temporal ~ Mesiotemporal cortex 21
Right Temporal ~ Mesiotemporal cortex 17
5 Left Temporal ~ Mesiotemporal cortex 8
Temporopolar cortex 8
Frontal Lateral frontal cortex 16
6 Left Temporal ~ Mesiotemporal cortex 4
Lateral temporal cortex 8
Temporopolar cortex 8
Basal temporal cortex 12
7 Left Frontal Superior frontal cortex 8
Dorsolateral frontal cortex 10
8 Left Temporal ~ Temporopolar cortex 4
Mesiotemporal cortex 4
9 Left Temporal ~ Temporopolar cortex 4
Mesiotemporal cortex 4
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Table 3
Pairwise comparisons of the magnitude of gamma-band oscillations elicited by nociceptive
stimuli and the magnitude of gamma-band oscillations elicited by non-nociceptive
vibrotactile, auditory, and visual stimuli, respectively in theinsula, in temporal regions,
and in frontal regions.

insula temporal regions frontal regions
mean difference p-value mean difference p-value mean difference p-value
(ER%) (ER%) (ER%)
nociceptivevs. vibrotactile 8.6 p<.001 54 p<.001 3.6 p=.001
nociceptive vs. auditory 11.8 p<.001  12.7 p<.001 0.2 p=1
nociceptivevs. visual 9.4 p<.001 3.9 p<.001 4.3 p<.001
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