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Two parallel di-synaptic routes convey nociceptive input to the telencephalon: the spino-thalamic
system projecting principally to the posterior insula, and the spino-parabrachial pathway reaching the
amygdalar nucleus. Interplay between the two systems underlies the sensory and emotional aspects
of pain, and was explored here in humans with simultaneous recordings from the amygdala, posterior
and anterior insulae. Onsets of thermo-nociceptive responses were virtually identical in the posterior
insula and the amygdalar complex, but no significant functional connectivity was detected between
them using coherence analysis. Anterior insular sectors responded with ~30 ms delay relative to both
the posterior insula and the amygdala. While intra-insular functional correlation was significant during
the whole analysis period, coherence between the anterior insula and the amygdala became significant
after 700 ms of processing. Phase lags indicated information transfer initially directed from the
amygdalar complex to the insula. Parallel but independent activation of sensory and limbic nociceptive
networks appear to converge in the anterior insula in less than one second. While the anterior insula is
often considered as providing input into the limbic system, our results underscore its reverse role, i.e.,
receiving and integrating very rapidly limbic with sensory input, to initiate a perceptual decision on the
stimulus ‘painfulness’.

Pain is a complex experience involving sensory, cognitive and motivational components. Such diversity
is supported by a variety of ascending systems conveying nociceptive information from the spinal cord to
the telencephalon, of which the two main disynaptic routes are the spino-thalamo-cortical (STC) and the
spino-parabrachial-amygdalar pathways. After relay in multiple nuclei of the posterior thalamus'?, the STC path-
way in primates targets three main cortical regions involved in sensorimotor integration and attentional drive,
namely the posterior insula, the medial parietal operculum, and the mid-cingulate cortex, with less extensive
projections to primary sensory and motor areas>*. The spino-parabrachial route, on the other hand, reaches the
limbic system via the amygdalar complex, especially its central nucleus, and participates to the triggering of auto-
nomic responses and the elaboration of affective components of pain®~’ Recent data from intracranial recordings
in humans have suggested that the onset latencies of amygdalar responses are virtually identical to those in pos-
terior insular and mid-cingulate cortices®, and hence that the sensory, orienting and affective aspects triggered by
nociceptive input are processed in parallel rather than sequentially’.

The human posterior insula is able to encode sensory aspects of nociceptive input including intensity, soma-
totopy and sensory sub-modality'®-'?. Intracranial recordings suggest a rapid information flow from posterior to
anterior insula!'* —the latter being an agranular cortex implicated in integrative aspects of pain, including affective
and visceral reactions associated to the painful sensation'>!¢. The connectivity patterns of posterior and anterior
insulae differ substantially'”'®. The anterior portions of the insula, together with the temporal pole and lateral
orbitofrontal cortex, were termed “paralimbic” because of their extensive reciprocal interconnections with limbic
structures in rhesus monkeys'-2!.
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Figure 1. Laser evoked potentials (LEPs) recorded in the posterior and anterior insulae and the amygdalar
nucleus. (A) All subjects. Left: Recording contact locations in each area plotted on mean sagittal slices obtained
from all the patients MRI; top: posterior insula (magenta dots); middle: anterior insula (pink dots); bottom:
amygdala (red dots). Right: Grand averages (+/— SEM) of responses obtained in each area (in referential
mode). The dotted vertical line represents the onset of the posterior insular LEPs. (B) One representative
subject. Left: Recording contact locations represented on the patient’s MRI with colour circles in the posterior
and anterior insulae (top, sagittal view)) and amygdala (bottom, coronal view). Right: LEPs obtained in each

of the three areas (in referential mode). The arrows indicate the onset and peaks of the responses. Note that the
onsets of the responses occur simultaneously in the posterior insula and amygdala and later in anterior insula,
while the highest peak of the amygdalar response occurs later than the two others.

The existence of parallel disynaptic pathways conveying input to sensory and limbic structures suggests that
they both may have simultaneous access to noxious information. Such dual source must be incorporated into
higher-order networks in order to build the unified subjective perception qualified as “pain”. It has been proposed
that convergence of multimodal input to the most anterior portions of the insula contributes to self-recognition,
emotional awareness and the building of consciousness?; the anterior insula may therefore represent a core sys-
tem (a ‘hub’) integrating affective and sensory information, and contributing to the building up of a unified but
multi-faceted subjective sensation.

Here we tested the above hypothesis by analysing nociceptive-specific evoked potentials and functional con-
nectivity in 10 epileptic patients with electrodes simultaneously implanted in the posterior and anterior insular
sectors, as well as in the amygdalar nucleus. Such exceptional access to responses in the three regions allowed
analysing both response timing and functional inter-areal relationships via phase-coherence, and generated a
comprehensive image of the activities of the three structures. The results suggest that, during the first second
that follows a noxious stimulus, an initial parallel and uncorrelated nociceptive processing in sensory and limbic
systems is rapidly followed by a functional convergence of both toward the anterior insula.

Results

Timing and amplitude of insular and amygdalar nociceptive responses. Grand averaged responses
from the 3 areas together with responses of a representative patient are illustrated in Fig. 1A and B. While the
posterior and anterior insular potentials were similar in shape, the morphology of the amygdalar response was
different from those in the insulae, lasting much longer and often showing two consecutive peaks of which the
second one was always predominant.

One-way ANOVA demonstrated a significant onset latency difference among regions [F** =9.96; P =0.0045].
While onset latencies between posterior insula and amygdala did not differ, they were both significantly shorter
than latencies in the anterior insula (Holm-Sidak, p=0.0025 and p=0.04, corrected) (Fig. 2A). The main peak
latencies also differed significantly among the three cortical areas [F>°=120.2; P < 0.0001], the latencies of cul-
mination being delayed in the amygdala as compared to both posterior and anterior insulae (both: p < 0.0001).
The anterior insular response peaked later than its posterior counterpart, but the difference only showed a trend
toward significance (corrected p=0.088) (Fig. 2B). The amplitude of the response at its highest peak did not differ
among the three areas [F>°=2.24; P=0.157] (Fig. 2C).

Functional connectivity analyses. Three-way ANOVA on spectral coherence values showed no signif-
icant main effect of cortical area [F**=2.12; p=0.14], time window [F>°=0.26; p =0.77] or frequency band
[F'?=0.74; p=0.40]. There was, however, a significant interaction between cortical area and time-window
[F*'8=3.03; p =0.025], due to a significant decline of intra-insular coherence values in the last analysis period
(700-1000 ms), in coincidence with enhanced coherence between the amygdala and the anterior insula during
the same period (Fig. 3A).

Figure 4 illustrates the mean phase delays and confidence intervals between the pairs of structures where
coherence values were significant (>>0.2). For each patient, phase shifts were computed at the frequency exhibiting
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Figure 2. Latency and amplitude histograms of LEPs recorded within the posterior insula, anterior insula and
amygdala. Error bars: =SEM. (A) The onset latencies in posterior insula and amygdala were not significantly
different, while both responded with significantly shorter onset than the anterior insula. (B) The main peak
latency was delayed in the amygdala as compared to both posterior and anterior insulae. The anterior insular
response peaked slightly later than its posterior counterpart but the difference was not significant. (C) There was
no significant difference of the amplitude of the response between the 3 areas.

the highest coherence, which was always between 5 and 10 Hz (mean 7.9 4= 1.7 Hz). As shown in Fig. 4 (top dia-
grams), the intra-insular average phase lags (:-=SEM) were positive during the initial time window (19.2 £26.7)
and negative during the second (—17.8 +21.4), in favour of a change of directionality of information transfer;
however, inter-individual differences were very important and confidence intervals always crossed the zero line
(Fig. 4, upper part).

In contrast with this, phase lags between the amygdala and the anterior insula in the 700-1000 time window
were concentrated on the upper right quadrant of the phase circle (Fig. 4, lower right). The average phase lag
(SEM) was 21 4 10° in the ‘amygdala toward insula’ direction, and 339 & 10° in the insula-to-amygdala opposite
sense. Once transformed into milliseconds, this yielded a mean time lag of 8.1 & 3 ms between amygdalar and
anterior insular oscillations if the amygdala was considered to lead, and of 118 + 3 ms if the insula was leading.
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Figure 3. (A) Interaction between cortical areas and time, on spectral coherence values. Mean phase spectral
coherence values of EEG signal between each combination of areas and three time windows (100-400 ms;
400-700 ms; 700-1000 ms). The significant differences between both insulae and the two other pairs were

p <0.0001 (***). (B) (Left panel). Grand averages of LEPs in posterior insula (top), anterior insula (middle) and
amygdala (bottom) superimposed on their representation on a time-frequency axis. Dotted lines indicate the 3
time windows chosen for coherence analysis. (B) (Right panel). Mean phase spectral coherence values between
both insulae (top) and between anterior insula and amygdala (bottom) during the 3 time windows. Significant
differences on post hoc analyses are indicated: *p < 0.05 and **p < 0.01.

Discussion

Parallel but independent activation of sensory and limbic networks. Field responses to nociceptive
input confirmed virtually identical onset latencies in the posterior sensory insula and the amygdalar nucleus®.
Comparable onset times of activation in these two regions suggest that one was not triggered by the other, but
rather that nociceptive input reached simultaneously the posterior insula and the amygdala, respectively via the
spino-thalamo-cortical and the spino-parabrachial-amygdalar pathways>?. Functional independence of noci-
ceptive processing in the amygdala and posterior insula was also supported by the lack of significant spectral
coherence between the two regions during the whole analysis window (Fig. 3). This contrasted with the signifi-
cant coherence levels rapidly observed between the posterior and anterior insular sub-regions, and suggests that,
at least during the initial stages of processing, the handling of nociceptive input in sensory and limbic targets
remained independent and uncorrelated. Although early tracing studies reported anatomical projections between
these two areas in monkeys?, the ‘posterior’ insular injections in these studies incorporated dysgranular sections
anterior and ventral to the posterior insula, thus greatly limiting the injection selectivity (see Figs 3 and 6 in?).
More recent studies in monkeys** and humans? have suggested that activity in the posterior insula, while heav-
ily coupled with that of somato-motor areas, is uncorrelated with that of limbic regions, and in particular the
amygdala. Also, a recent analysis of structural connectivity of insular subdivisions in humans failed to disclose
anatomical connections between the posterior insula and the amygdala®.

Spectral coherence reflects rapid bi-directional intra-insular communication. The posterior
and anterior sections of the insula showed the highest levels of functional relationship from the very begin-
ning of the response, declining only during the last period of the analysis window. Anatomical and functional
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Figure 4. Mean phase delays with 95% confidence intervals), represented on trigonometric circles, between
the pairs of structures where mean coherence values were significant (>0.2) (posterior/anterior insulae in the
3 time windows and anterior insula/amygdala in the last time window). Contact locations in each brain area
are projected on the averaged MRI of all patients. Posterior insula (magenta dots); anterior insula (pink dots);
amygdala (red dots). Arrows indicate the estimated functional directionality between structures at each period
of time.

interconnections between the posterior and anterior insula have been consistently reported in both monkeys
and humans!'”*2-28_ Although intra-insular communication is bi-directional, initial information transfer after
a somatic stimulus is likely to occur from the posterior sensory sectors toward the more anterior and integrative
insular divisions, and indeed in our patients the response in the posterior insula started earlier than in its ante-
rior counterpart (Fig. 2). The study of phase relationships did not allow, however, establishing a clear pattern of
directionality, since phase angles between signals were highly dispersed within the trigonometric circle (Fig. 4).
Indeed, although the average phase lags were consistent with an initial postero-anterior flux (4-19.2°) with sub-
sequent reversal (—17.8°), dispersion of individual values yielded confidence intervals too large to allow reliable
interpretation (Fig. 4, upper part). While the initial intra-insular coherence is likely to depend on a rapid flux of
information from posterior to anterior sectors, most intra-insular connections in humans were found to be recip-
rocal, and a previous report did not find a clear directionality®®. The initial postero-anterior flux may have been
concealed by a rapid flow back, thereby blurring any consistent directionality.

Does sensory and limbic information converge in the anteriorinsula?  Phase relationships between
anterior insula and amygdala showed a much more consistent pattern than the one observed for intra-insular
relations. Phase angles were mostly concentrated within the upper right quadrant of the trigonometric circle, with
a mean phase difference of 21° (~8 ms) between amygdalar and anterior insular activities (Fig. 4). Calculating
time shifts from phase angles entails an inherent ambiguity, since 360° can always be added to or subtracted from
a phase value®. Thus, a lead of 8 ms if the amygdala leads the insula can also correspond to a lag of 118 ms if we
consider that the insula is leading. In mammals, latency delays between contiguous cortical regions or homolo-
gous areas did not exceed 20 ms in most reported studies. Average delay between S1 and S2 in cats was 13 ms™,
and mean latencies to activate area 17 from areas 18 and 19 were 6.1 and 10.4 ms respectively’!. In humans,
inter-hemispheric transmission between homologous S2 areas was reported to be of ~15ms*»*, and direct elec-
trical stimulation in epileptic patients estimated conduction times between insula and amygdala at 28 + 3 ms*.
Despite substantial variation of individual results around these averages®**, published latency histograms show
that 40-60% of cortico-cortical connections have latencies less than 10 ms****%, In the present case the mean
time lag around 8 ms if the amygdala is leading the insula appears physiologically compatible with published
intra-cortical delays, whereas the 118 ms lag we would obtain if the insula was leading the amygdala is not. This
supports the view that the enhanced coherence between the two structures reflects, at least initially, information
transfer from the amygdalar nucleus to the anterior insula.

Insular-amygdalar relationships are reciprocal, their overall functional connectivity is certainly bidirec-
tional?*** and the above results should not be taken as reflecting causality. The anterior insular cortex provides
extensive input into the amygdaloid nucleus, while equally extensive amygdalar connexions toward the anterior
insula involve the medial, cortical, basal and lateral nuclei'®?. The finding that the initial relationship between
the two regions may convey information from the amygadala to the insula, and not the opposite, is consistent
with the fact that the onset response times of the amygdalar complex preceded those of the anterior insula (Fig. 1).
This suggests that the anterior insula represents an area of sensory-limbic convergence, capable of receiving and
integrating very rapidly sensory information from its posterior sector with affective input from the amygdala, and
hence participates to the initial transformation of cortical nociception into the experience of pain.
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Mesulam and Mufson!” considered the anterior insula as part of a paralimbic cortex interfacing extrapersonal
stimuli and the internal milieu. Detecting stimulus relevance and engaging executive regions for appropriate
responses via its extensive output to fronto-cingulate networks is indeed considered as one of its core func-
tions®®*. Functional imaging has contributed to establish the anterior insula as a pivotal area integrating systems
involved in affect, sensory processing, and general cognition*-*2. In a comprehensive study of networks coac-
tivated with insular regions, Chang et al.*! described clear differences between the posterior granular insula (a
multimodal zone for sensory input) and the anterior dys- and agranular insula mainly associated with networks
involved in emotion, autonomic function, higher cognitive tasks and executive control. Most reports, however,
tend to disregard the importance that afferent connections may have to determine the ‘functions’ ascribed to this
region. Clinical reports have suggested, however, that destruction of connections to the anterior insula, including
from medial temporo-limbic cortex, may impair the recognition of emotions to a greater extent than lesions of
the anterior insula itself*>.

Limitations of the study. We analysed cortical responses to nociceptive stimuli exclusively, and therefore
the results cannot be generalized to input from other somatosensory subsystems. Also, although the time lags
obtained here suggest direct cortico-cortical connections, functional links through phase-coherence analysis
do not prove causal influences from one structure over another*. The amplitude gradient between the critical
recording contact and its neighbours indicates that the activities analysed here were very close to the actual
sources, in the latero-medial axis (see Fig. S1). However, we cannot exclude some volume-conducted activity
in the dorsal-ventral axis, especially within the anterior insula where this axis is maximal. Thus, whether our
recordings mainly reflected activity from antero-dorsal or antero-ventral subsections, mostly connected with the
amygdala®, goes beyond the localization capacities of this study. Similarly, the spatial resolution of intracranial
macroelectrodes used for human recordings does not allow assessing specific subnuclei responsible for amygda-
lar responses. This might become possible in the future with the development of systems allowing simultaneous
recording of local field potentials and single- or multi-unit responses®. Finally, confining our analysis to the
insular-amygdalar relations is necessarily a simplification, and this work should be progressively expanded to
incorporate other structures active during the same and subsequent time spans.

Conclusion

Evoked field potentials and coherence analyses were consistent with a model of nociceptive integration whereby
the spino-thalamic and spino-parabrachial systems reach their respective telencephalic targets in parallel, but
with no or very little mutual interaction. In less than one second the pattern of inter-areal coherence changes from
an initial predominance of posterior-anterior intra-insular links, to a configuration where the anterior insula
becomes similarly interconnected with its posterior sensory sector and with the amygdala. The results point to
the anterior insula as an area of sensory-limbic convergence, integrating sensory with emotional input, and hence
participating to the transformation of cortical nociception into the experience of pain.

Methods

Patients. Ten patients with refractory partial epilepsy were included in the study (7 men, 3 women; mean
age 27 years, range 19-51 years). To delineate the extent of the cortical epileptogenic area and to plan a tai-
lored surgical treatment, depth EEG recording electrodes (diameter 0.8 mm; 5-15 recording contacts 2 mm long,
inter-contact interval 1.5 mm) were implanted according to the stereotactic technique of Talairach and Bancaud*.
In agreement with French regulations relative to invasive investigations with direct individual benefit, patients
were fully informed about electrode implantation, stereotactic EEG (SEEG), evoked potential recordings, and
cortical stimulation procedures to localize the epileptogenic cortical areas and gave their consent. The laser stim-
ulation paradigm was approved by the local and national Ethics Committee (CPP Sud Est IV n° 2006-A00572-49
and Ile de France XI n° 2017-A00464-49). Recordings were conducted after a minimal delay of five days post
electrode implantation and none of these patients reported pain symptoms before or after the recording session.

Anatomical localization of electrode contacts. The localization of the recording contacts was deter-
mined using the appropriate slices MR of patient’s brains [MRIcron® software] (See SI). Intracortical electrode
contacts were mapped to the standard stereotaxic space (Montreal Neurological Institute, MNI) by processing
MRI data with Statistical Parametric Mapping (SPM12). Then, the localization of electrodes was performed
directly on the MR of the patients, and using the human atlas of the insula*” for the exact localization of the con-
tacts within the insula.

Nociceptive-specific laser stimulation. Radiant nociceptive heat pulses of 5ms duration were delivered
with a Nd:YAP-laser (Yttrium Aluminium Perovskite; wavelength 1.34 um; ELEn.®, Florence, Ttaly). Nociceptive
thresholds to A-delta stimuli were determined as the minimal laser energy producing a pricking sensation, com-
pared to “pulling a hair” or “receiving a boiling water drop” in at least two out of three stimuli. (see SI).

Data acquisition and recording procedure. In each patient, two runs of 10-15 stimuli each, at noci-
ceptive threshold, were applied to the skin in the superficial radial nerve territory on the dorsum of the hand
contralateral to the side of electrodes implantation. Recordings were performed in common referential mode
from 96-128 channels, at a sampling frequency of 256 Hz or 512 Hz, then amplified and band-pass filtered (0.33-
128 Hz; —3 dB, 12 dB/octave) (Micromed SAS®, M4con, France).

Electrophysiological data analyses. Laser-evoked potentials (LEPs). 'The coordinates of the contacts
exhibiting the largest responses to laser stimuli are indicated on Table 1, and grand-averaged data showing the
amplitude gradient between these and adjacent electrode contacts are illustrated in Figure S1 (supplementary data).
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Posterior Anterior

Patients Insula Insula Amygdala
P1 35,-23,2 33,11, 9 16, -3, =22
P2 35,-22,7 36,11,2 25,2,-22
P3 37,-12,2 35,8,5 24,-2,-21
P4 38, —6,4 35,9,10 15, -2, -19
P5 37,—1,—-4 38,16,1 15, —6, —20
P6 38, —16,17 35,0,11 18, -3, 20
P7 35,—-13,15 37,7, 4 18, -9, —-21
P8 36, —10, 12 35,5,7 26,—7,-21
P9 38, —21,-2 37,2,-7 19, —4,-24
P10 35,—-8,—8 35,5,11 22,1, -28
Mean 36, -13,5 36,8,7 20, -3, -22
SD 1,7,8 1,7,5 4,3,3

Table 1. MNI coordinates (x, y, z) of cortical contacts with the largest LEPs.

Oftline analyses, including segmentation of the EEG, selective averaging, time-frequency transforms and spectral
coherence analyses were performed using BrainVision® System (Brain Products®, Munich, Germany). Segments
presenting contamination by epileptic transient activities or artefacts exceeding 250 uV were rejected from anal-
ysis, the rate of rejection being of ~10%. LEP components recorded in the different structures were assessed
within a time window of 1 second (100 ms pre- and 900 ms post-stimulus). We measured in each patient (1) the
onset and peak latencies of the LEP main component, and (2) its amplitude (from onset to peak). Onsets were
defined at the inflection point when amplitude values of the signal differed by two standard deviations from the
mean pre-stimulus baseline. Statistical analyses were performed with GraphPad Prism 6 and StatView® softwares.
Latencies and amplitudes were submitted to one-way ANOVA with cortical areas as ‘between’ factor, and signif-
icance level set at p < 0.05 (Greenhouse-Geisser corrected if needed). Post-hoc tests (Holm-Sidak test corrected
for multiple comparisons) were applied in case of significant main effects of ANOVA.

Functional connectivity measures. Intra-insular and insula-amygdala functional relationships were assessed
using EEG phase-coherence between each pairs of areas (posterior insula-anterior insula, posterior
insula-amygdala and anterior insula-amygdala). Phase coherence was computed after Fast Fourier Transform of
the signal for each spectral band power (delta: 1-3 Hz, theta: 4-7 Hz, alpha: 8-12 Hz, beta: 13-29 Hz). The analy-
sis was performed within three post-stimulus time windows: 100-400 ms, 400-700 ms and 700-1000 ms®. Phase
coherence values were computed as the quotient between correlation and autocorrelation for each frequency
and each channel pair, and underwent Fisher’s z-transformation before statistical analysis. Phase values were
unwrapped (phase as a continuous signal across frequency bins), then phase angles were transformed into milli-
seconds. Coherence values were grouped as low frequencies’ (delta + theta bands, 1-7 Hz) and ‘high-frequencies’
(alpha + beta bands, 8-29 Hz). To determine whether a given level of coherence between two regions was above
noise, its statistical significance was estimated by contrasting with random levels of coherence, obtained from
recordings where the amplitude levels of one of the time series was randomly reordered*®. Therefore, coherence
levels equal to, or greater than 0.2 (i.e. 3 standard deviations above mean random coherence levels) were con-
sidered significantly different from noise. Coherence values of the two frequency bands in the three areas were
submitted to a three-way repeated measure ANOVA with “Time window”, “Cortical area” and “frequency band”
as factors. Post-hoc tests (Holm-Sidak test corrected for multiple comparisons) were applied in case of significant
effects following ANOVA. The phase of the cross spectrum was calculated for each subject at the frequency show-
ing the highest coherence for each pair and the phase lag in radians was then transformed into milliseconds?**.
Since phase values are only meaningful when coherence is significant, those corresponding to regions with a
mean coherence not significantly different from random were ignored.

References

1. Graziano, A. & Jones, E. G. Widespread thalamic terminations of fibers arising in the superficial medullary dorsal horn of monkeys
and their relation to calbindin immunoreactivity. J. Neurosci. 24, 248-256 (2004).

2. Bastuji, H. et al. Thalamic responses to nociceptive-specific input in humans: functional dichotomies and thalamo-cortical
connectivity. Cereb. Cortex 26, 2663-2676 (2015).

3. Dum, R. P, Levinthal, D. J. & Strick, P. L. The spinothalamic system targets motor and sensory areas in the cerebral cortex of
monkeys. J. Neurosci. 29, 14223-14235 (2009).

4. Lenz, EA,, Casey, K.L., Jones, E.G., Willis, W.D. The human pain system: experimental and clinical perspectives. 638 p (New York:
Cambridge University Press, 2010).

5. Bernard, J. F. & Besson, J. M. The spino(trigemino)pontoamygdaloid pathway: electrophysiological evidence for an involvement in
pain processes. J. Neurophysiol. 63, 473-490 (1990).

6. Jasmin, L., Burkey, A. R., Card, J. P. & Basbaum, A. L. Transneuronal labeling of a nociceptive pathway, the spino-(trigemino-)
parabrachio-amygdaloid, in the rat. J. Neurosci. 17, 3751-3765 (1997).

7. Veinante, P,, Yalcin, I. & Barrot, M. The amygdala between sensation and affect: a role in pain. J. Mol. Psychiatry 1, 9-14 (2013).

8. Bastuji, H., Frot, M., Perchet, C., Magnin, M. & Garcia-Larrea, L. Pain networks from the inside: Spatiotemporal analysis of brain
responses leading from nociception to conscious perception. Hum. Brain Mapp. 37, 4301-4315 (2016).

9. Garcia-Larrea, L., Bastuji, H. Pain and consciousness. Prog. Neuropsychopharmacol. Biol. Psychiatry pii: S0278-5846(17)30510-9
(2017).

SCIENTIFICREPORTS| (2018) 8:13360 | DOI:10.1038/s41598-018-31781-z 7



www.nature.com/scientificreports/

10.
11.

12.
13.
14.
15.
. Garcia-Larrea, L. & Peyron, R. P. Matrices and Neuropathic Pain Matrices: a review. Pain 154(Suppl 1), S29-43 (2013).
17.
18.
19.
20.

21.

22.
23.

24.
25.
26.
27.

28.
. Gotman, J. Measurement of small time differences between EEG channels: method and application to epileptic seizure propagation.

30.
31.
32.
33.

34.
. Stancak, A. et al. Source activity in the human secondary somatosensory cortex depends on the size of corpus callosum. Brain Res.

36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

49.

Frot, M. & Mauguiére, F. Dual representation of pain in the operculo-insular cortex in humans. Brain 126, 438-450 (2003).

Frot, M., Magnin, M., Mauguiére, F. & Garcia-Larrea, L. Human SII and posterior insula differently encode thermal laser stimuli.
Cereb. Cortex 17, 610-620 (2007).

Mazzola, L., Isnard, J., Peyron, R., Guénot, M. & Mauguiére, F. Somatotopic organization of pain responses to direct electrical
stimulation of the human insular cortex. Pain 146, 99-104 (2009).

Baumgirtner, U. et al. Multiple somatotopic representations of heat and mechanical pain in the operculo-insular cortex: a high-
resolution fMRI study. J. Neurophysiol. 104, 2863-2872 (2010).

Frot, M., Faillenot, I. & Mauguiére, F. Processing of nociceptive input from posterior to anterior insula in humans. Hum. Brain Mapp.
35, 5486-5499 (2014).

Schweinhardt, P. & Bushnell, M. C. Pain imaging in health and disease-how far have we come? J. Clin. Invest. 120, 3788-3797 (2010).

Mufson, E. J. & Mesulam, M. M. Insula of the old world monkey. II: Afferent cortical input and comments on the claustrum. J. Comp.
Neurol. 212, 23-37 (1982).

Mesulam, M. M. & Mufson, E. J. Insula of the old world monkey. III: Efferent cortical output and comments on function. J. Comp.
Neurol. 212, 38-52 (1982).

Aggleton, J. P, Burton, M. J. & Passingham, R. E. Cortical and subcortical afferents to the amygdala of the rhesus monkey (Macaca
mulatta). Brain Res. 190, 347-368 (1980).

Mufson, E. J., Mesulam, M. M. & Pandya, D. N. Insular interconnections with the amygdala in the rhesus monkey. Neuroscience 6,
1231-1248 (1981).

Augustine, J. R. Circuitry and functional aspects of the insular lobe in primates including humans. Brain Res. Brain Res. Rev. 22,
229-244 (1996).

Craig, A. D. Once an island, now the focus of attention. Brain Struct. Funct. 214, 395-396 (2010).

Willis, W. D. & Westlund, K. N. Neuroanatomy of the pain system and of the pathways that modulate pain. J. Clin. Neurophysiol. 14,
2-31(1997).

Wu, R., Wang, E, Yang, P. E & Chen, L. M. High-resolution functional MRI identified distinct global intrinsic functional networks
of nociceptive posterior insula and S2 regions in squirrel monkey brain. Neuroimage 155, 147-158 (2017).

Chang, L.]., Yarkoni, T., Khaw, M. W. & Sanfey, A. G. Decoding the Role of the Insula in Human Cognition: Functional Parcellation
and Large-Scale Reverse Inference. Cereb. Cortex 2, 739-749 (2013).

Nomi, J. S., Schettini, E., Broce, I., Dick, A. S. & Uddin, L. Q. Structural Connections of Functionally Defined Human Insular
Subdivisions. Cereb. Cortex 30, 1-12 (2017).

Cerliani, L. et al. Probabilistic tractography recovers a rostrocaudal trajectory of connectivity variability in the human insular cortex.
Hum. Brain Mapp. 33,2005-2034 (2012).

Almashaikhi, T. et al. Intrainsular functional connectivity in human. Hum. Brain Mapp. 35,2779-2788 (2014).

Electroenceph. Clin. Neurophysiol. 56, 501-514 (1983).

Miller, R. Distribution and properties of commissural and other neurons in cat sensorimotor cortex. J. Comp. Neurol. 164, 361-373
(1975).

Bullier, J., McCourt, M. E. & Henry, G. H. Physiological studies on the feedback connection to the striate cortex from cortical areas
18 and 19 of the cat. Exp. Brain Res. 70, 90-8 (1988).

Frot, M., Rambaud, L., Guenot, M. & Mauguiere, E Intracortical recordings of early pain-related CO2-laser evoked potentials in the
human second somatosensory (SII) area. Clin. Neurophysiol. 110, 133-145 (1999).

Bradley, C., Bastuji, H. & Garcia-Larrea, L. Evidence-based source modelling of nociceptive cortical responses: A direct comparison
of scalp and intracranial activity in humans. Hum. Brain Mapp. 38, 6083-6095 (2017).

Almashaikhi, T. et al. Functional connectivity of insular efferences. Hum. Brain Mapp. 35, 5279-5294 (2014).

936, 47-57 (2002).

Swadlow, H. A. Properties of antidromically activated callosal neurons and neurons responsive to callosal input in rabbit binocular
cortex. Exp. Neurol. 43, 424-444 (1974).

Swadlow, H. A. & Weyand, T. G. Efferent systems of the rabbit visual cortex: laminar distribution of the cells of origin, axonal
conduction velocities, and identification of axonal branches. J. Comp. Neurol. 203, 799-822 (1981).

Menon, V. & Uddin, L. Q. Saliency, switching, attention and control: a network model of insula function. Brain Struct. Funct. 214,
655-667 (2010).

Wiech, K. et al. Dissociable neural mechanisms underlying the modulation of pain and anxiety? An FMRI pilot study. PloS One 9,
€110654 (2014).

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

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

Smith, R. & Lane, R. D. The neural basis of one’s own conscious and unconscious emotional states. Neurosci. Biobehav. Rev. 57, 1-29
(2015).

Couto, B. et al. Insular networks for emotional processing and social cognition: comparison of two case reports with either cortical
or subcortical involvement. Cortex 49, 1420-1434 (2013).

Liu, C. C. et al. Painful laser stimuli induce directed functional interactions within and between the human amygdala and
hippocampus. Neuroscience 178, 208-217 (2011).

Pothof, F. et al. Chronic neural probe for simultaneous recording of single-unit, multi-unit, and local field potential activity from
multiple brain sites. . Neural. Eng. 13, 046006 (2016).

Talairach, J. & Bancaud, J. Stereotactic approach to epilepsy: methodology of anatomo-functional stereotaxic investigations. Prog.
Neurol. Surg. 5,297-354 (1973).

Faillenot, I., Heckemann, R. A., Frot, M. & Hammers, A. Macroanatomy and 3D probabilistic atlas of the human insula. Neuroimage
150, 88-98 (2017).

Miranda de S4, A. M. E L., Infantosi, A. F. & Simpson, D. M. Coherence between one random and one periodic signal for measuring
the strength of responses in the electro-encephalogram during sensory stimulation. Med. Biol. Eng. Comput. 40, 99-104 (2002).
Brazier, M. A. Spread of seizure discharges in epilepsy: anatomical and electrophysiological considerations. Exp. Neurol. 36, 263-272
(1972).

Acknowledgements

Supported by the French Society for Pain Evaluation and Therapy (Translational Research Grant 2012-14), the
LABEX CORTEX (ANR-11-LABX-0042; ANR-11-IDEX-0007), and a Region Rhone-Alpes/France ARC2 2012-
2015 scholarship. HB benefited form a INSERM Clinical-Research Interface Grant.

SCIENTIFICREPORTS| (2018) 8:13360 | DOI:10.1038/s41598-018-31781-z 8



www.nature.com/scientificreports/

Author Contributions
H.B. and L.G.L. designed research; H.B., M.E, C.P, K.H. and L.G.L. performed research; H.B., M.E,, C.P,, K.H. and
L.G.L. analysed data; and H.B. and L.G.L. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-31781-z.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:13360 | DOI:10.1038/s41598-018-31781-z 9


http://dx.doi.org/10.1038/s41598-018-31781-z
http://creativecommons.org/licenses/by/4.0/

	Convergence of sensory and limbic noxious input into the anterior insula and the emergence of pain from nociception

	Results

	Timing and amplitude of insular and amygdalar nociceptive responses. 
	Functional connectivity analyses. 

	Discussion

	Parallel but independent activation of sensory and limbic networks. 
	Spectral coherence reflects rapid bi-directional intra-insular communication. 
	Does sensory and limbic information converge in the anterior insula? 
	Limitations of the study. 

	Conclusion

	Methods

	Patients. 
	Anatomical localization of electrode contacts. 
	Nociceptive-specific laser stimulation. 
	Data acquisition and recording procedure. 
	Electrophysiological data analyses. 
	Laser-evoked potentials (LEPs). 
	Functional connectivity measures. 


	Acknowledgements

	Figure 1 Laser evoked potentials (LEPs) recorded in the posterior and anterior insulae and the amygdalar nucleus.
	Figure 2 Latency and amplitude histograms of LEPs recorded within the posterior insula, anterior insula and amygdala.
	Figure 3 (A) Interaction between cortical areas and time, on spectral coherence values.
	Figure 4 Mean phase delays with 95% confidence intervals), represented on trigonometric circles, between the pairs of structures where mean coherence values were significant (>0.
	Table 1 MNI coordinates (x, y, z) of cortical contacts with the largest LEPs.




