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Abstract: Conscious perception of painful stimuli needs the contribution of an extensive cortico-
subcortical network, and is completed in less than one second. While initial activities in operculo-
insular and mid-cingulate cortices have been extensively assessed, the activation timing of most areas
supporting conscious pain has barely been studied. Here we used intracranial EEG to investigate the
dynamics of 16 brain regions (insular, parietal, prefrontal, cingulate, hippocampal and limbic) during
the first second following nociceptive-specific laser pulses. Three waves of activation could be defined
according to their temporal relation with conscious perception, ascertained by voluntary motor
responses. Pre-conscious activities were recorded in the posterior insula, operculum, mid-cingulate and
amygdala. Antero-insular, prefrontal and posterior parietal activities started later and developed dur-
ing time-frames consistent with conscious voluntary reactions. Responses from hippocampus, perige-
nual and perisplenial cingulate developed latest and persisted well after conscious perception
occurred. Nociceptive inputs reach simultaneously sensory and limbic networks, probably through
parallel spino-thalamic and spino-parabrachial pathways, and the initial limbic activation precedes
conscious perception of pain. Access of sensory information to consciousness develops concomitant to
fronto-parietal activity, while late-occurring responses in the hippocampal region, perigenual and pos-
terior cingulate cortices likely underlie processes linked to memory encoding, self-awareness and pain
modulation. Hum Brain Mapp 37:4301-4315, 2016. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The human pain experience results from the interaction
of nociceptive processing with cognitive-emotional modu-
lation and reappraisal [Melzack and Casey, 1968]. Func-
tional imaging studies have consistently dismissed the
notion of a single “pain center” in the brain, and instead
delineated a set of brain structures—the “pain matrix”—
responding systematically to stimuli eliciting pain, and
supposedly underlying the subjective pain experience
[reviews Apkarian et al.,, 2005; Garcia-Larrea and Peyron,
2013; Peyron et al., 2000; Tracey and Mantyh, 2007].

Despite much impetus in determining the regions
involved in pain processing, precise characterization in
time and space of the cerebral events leading from initial
cortical reception to the conscious experience of pain
remains lacking. The conscious perception of a sensory
stimulus cannot be completed in sensory areas, but
requires the activation of a widespread cortical network
including cortico-cortical interaction of frontal, temporal
and parietal cortices [Aru et al., 2012; Del Cul et al., 2007],
and probably trans-thalamic routing of cortico-cortical
inputs via the associative thalamus [Cappe et al., 2009;
Shipp, 2003]. Functional connectivity within a frontoparie-
tal network, in continuous interplay with stimulus-specific
sensory areas, is considered an essential signature of the
access of sensory information to consciousness [Dehaene
et al., 2006; Del Cul et al., 2007; Gross et al., 2004; Haynes
et al., 2005; Langsjo et al., 2012]. While reaction times sug-
gest that the cortical processing leading to the perception
of a phasic noxious stimulus is completed in less than 1 s
[Dusch et al., 2016; Legrain et al., 2009; Perchet et al., 2012;
Siedenberg and Treede, 1996], the hemodynamic responses
on which the “pain matrix” concept is based' integrate
neural-related activity during 10 — 20 s, and are unlikely to
reflect the rapid building up of immediate perceptions
[Buckner, 1998; Peyron et al., 2000]. Moreover, these activi-
ties cannot discriminate regions involved in the perceptual
process from those reflecting post-perceptual activities
such as response selection, memory-encoding or integra-
tion of external input with self-awareness. Electrophysiolo-
gy (EEG/MEG) is able to tag the dynamics of neural
responses, but non-invasive scalp recordings often lack the
necessary spatial resolution to disentangle closely located
regions, in particular when multiple areas are simulta-
neously active [Nunez and Srinivasan, 2006]. Intracortical
EEG recordings, on the other hand, allow detecting the
precise time activation of the structures where electrodes
are implanted [Bastuji et al.,, 2015; Frot et al., 2008, 2013;
Lenz et al., 1998a,b; Ohara et al., 2008], but in most cases
only a small number of contacts are exploited, thus giving

'Either BOLD = Blood Oxygen Level Dependent signal, reflecting
activity-related changes in the ratio between oxygenated and de-
oxygenated haemoglobin, or ASL = Arterial Spin Labelling signal,
quantifying regional blood flow.

only a very partial image of the actual spatio-temporal
processing.

Here we analyze responses to nociceptive stimuli
obtained during the last decade from over 300 intracortical
electrode contacts exploring 16 sensory, associative, para-
limbic and limbic cortical areas. This unique set of data
allowed constructing a spatio-temporal picture of the net-
work activity during the first second following a nocicep-
tive stimulus. The analysis of response timing together
with functional inter-areal relationships via phase-
coherence generates a comprehensive image of the activi-
ties sustaining and giving rise to the initial perception of
pain.

METHODS
Patients

Twenty-seven patients with refractory partial epilepsy
were included in this study (18 men, 9 women; mean age
30 years, range 19 — 51 years). To delineate the extent of
the cortical epileptogenic area and to plan a tailored surgi-
cal 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 stereo-
tactic technique of Talairach and Bancaud [1973]. The deci-
sion to explore specific areas resulted from the observation
via video-EEG of ictal manifestations suggesting the possi-
bility of seizures propagating to, or originating from these
regions [Guenot et al., 2001]. This procedure aims at
recording spontaneous seizures but also includes the func-
tional mapping of potentially eloquent cortical areas using
evoked potentials recordings and cortical electrical stimu-
lation [Ostrowsky et al., 2002; Mazzola et al., 2006]. 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 used to localize the epileptogenic
cortical areas and gave their consent. The laser stimulation
paradigm was submitted to, and approved by, the local
Ethics Committee (CCPPRB Léon Bérard-Lyon).

Spinothalamic-specific laser stimulation was performed
after a minimal delay of 5 days post electrode implanta-
tion; at that time antiepileptic drugs had been tapered
down (see Table I) with daily dosages at, or slightly under,
the minimum of their usual therapeutic range. None of
these patients reported pain symptoms before or after the
recording session.

Electrode Implantation

Intracerebral electrodes were implanted using the Talair-
ach’s stereotactic frame. A cerebral angiography was per-
formed in stereotactic conditions using an X-ray source
located 4.85 m away from the patient’s head. This
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TABLE I. Individual clinical, MRI, and SEEG data

Patient Gender/Age Treatment MRI Seizure onset Number of Electrodes
P1 M/19 Carbamazepin 800 R fronto-orbital R fronto-orbital 11/R
Valproate 500
Clobazam 10
P2 F/23 Levetiracetam 2000 L hippocampal L mesial temporal 11/L
Lamotrigin 800 atrophy
P3 F/37 Carbamazepin 600 Normal L mesial temporal 13/L
Pregabalin 75
P4 M/26 Carbamazepin 200 L hippocampal L mesial temporal 12/L
Lamotrigin 200 atrophy
Pregabalin 75
P5 M/20 None R hippocampal R mesial temporal 12/R
atrophy
P6 M/21 Topiramate 200 R temporal dysplasia R temporal 11/R+3/L
Oxcarbazepin 900
Lamotrigin 400
pP7 M/39 Lamotrigin 200 L hippocampal L mesial temporal 11/L
Topiramate 200 atrophy
Levetiracetam 1000
Lacosamide 100
P8 M/19 None Normal R mesial temporal 11/R
P9 F/50 Lamotrigin 200 L hippocampal L temporal 10/R+6/L
Zonisamide 100 atrophy
Phenobarbital 100
P10 M/32 Levetiracetam 1000 L hippocampal L basal temporal 13/L+2/R
Oxcarbazepin 150 atrophy
P11 M/36 Levetiracetam 1000 L amygdala atrophy L basal temporal 12/L+2/R
Lacosamide 100
P12 M/37 Carbamazepin 400 Normal L perisylvian 13/L
Topiramate 200
Clobazam 5
P13 F/23 Carbamazepin 200 L hippocampal L temporo amygdala 12/L
Lamotrigin atrophy
Gabapentin
P14 M/34 Carbamazepin 200 L hippocampal L mesial temporal 11/L
Lamotrigin atrophy and insula
P15 M/33 Carbamazepin R frontal dysplasia R frontal and insula 12/R
Phenytoin
P16 F/33 Phenobarbital 100 R hippocampal R mesial temporal 11/R
Topiramate 200 atrophy
P17 F/40 Lamotrigin Parietal malformation L post parietal 13/L
Valproate
Levetiracetam
P18 M/27 Lamotrigin 600 R frontal dysplasia R frontal 12/R+2/L
Carbamazepin 600
P19 F/18 None L temporal dysplasia L parietal 13/L
P20 M/21 Lamotrigin 100 Val- R operculo-insula R operculo-insula 12/R
proate Pregabalin dysplasia
P21 F/51 Oxcarbazepin Normal R temporal 12/R
clobazam
P22 M/20 Valproate L temporal atrophy L temporal 13/L
Carbamazepin
Levetiracetam
P23 F/31 Valproate 500 L temporal dysplasia L temporal 15/L
Topiramate 10
P24 M/28 Lamotrigin 400 L frontal & parietal L parietal 10/L

atrophy
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TABLE I. (continued).

Patient Gender/Age Treatment MRI Seizure onset Number of Electrodes
P25 M/26 Lamotrigin 125 Topir- Normal R hippocampus 13/R
amate 80 Carbama-
zepin 200
P26 M/36 Levetiracetam 750 R hippocampal R temporal 12/R
atrophy
P27 M/41 Lamotrigin 350 R hippocampal R hippocampus 15/R
Levetiracetam 1000 atrophy

Carbamazepin 200

eliminates the linear enlargement due to X-ray divergence
and allows a 1:1 scale so that the films could be used for
measurements without any correction. In a second step,
the relevant targets were identified on the patient’s MRI,
previously enlarged to a scale of one-to-one. As MR and
angiographic images were at the same scale, they could
easily be superimposed, so as to avoid damage to blood
vessels and minimize the risk of haemorrhage during elec-
trode implantation.

Anatomical Localization of Electrode Contacts

The localization of the recording contacts was deter-
mined using 2 different procedures. In 13 patients
implanted before 2010, MRI could not be performed with
electrodes in place because of the physical characteristics
of the stainless steel contacts. In these cases, the scale 1:1
post implantation skull radiographs performed within the
stereotactic frame of Talairach and Tournoux [1988] were
superimposed to the pre-implantation scale 1:1 MRI slice
corresponding to each electrode track, thus permitting to
plot each contact onto the appropriate MRI slice of each
patient and determining its coordinates [MRIcro software;
Rorden and Brett, 2000]. In the other 14 patients, the
implanted electrodes were MRI-compatible and cortical
contacts could be directly visualized on the post-operative
3D-MRIs. In both cases, anatomical scans were acquired
on a 3-Tesla Siemens Avanto Scanner using a 3D
MPRAGE sequence with following parameters: TI/TR/TE
1100/2040/2.95 ms, voxel size: 1 X 1 X 1 mm?®, FOV = 256
X 256 mm”.

Intracortical electrode contacts were mapped to the stan-
dard stereotaxic space (Montreal Neurological Institute,
MNI) by processing MRI data with Statistical Parametric
Mapping (SPM12 — Wellcome Department of Cognitive
Neurology, UK; http://www fil.ion.ucl.ac.uk/spm/). Ana-
tomical T1-3D images pre- and post-implantation were co-
registered and normalized to the MNI template brain
image using a mutual information approach [Maes et al.,
1997] and the segmentation module of SPM12, which seg-
ments, corrects bias and spatially normalizes images with
respect to the MNI model [Ashburner and Friston, 2005].
Then, the cortical localization of electrodes was performed

using a regional atlas [WFU Pickatlas v3, Maldjian et al.,
2003] in MRIcro®. In the 14 patients with MRI-compatible
electrodes, the cortical contacts could be directly visualized
on the post-operative normalized 3D-MRIs. In the 13
patients without MRI-compatible electrodes, the coordi-
nates of contacts were determined on their own MRI
according to the procedure described above, thus permit-
ting to plot each contact onto the appropriate MRI slice of
each patient [MRIcron software; Rorden and Brett, 2000]
and determining its MNI coordinates.

Nociceptive-Specific Laser Stimulation

Radiant nociceptive heat pulses of 5 ms duration were
delivered with a Nd:YAP-laser (Yttrium Aluminium Perov-
skite; wavelength 1.34 pm; ELEn.®, Florence, Italy). The
laser beam was transmitted from the generator to the stim-
ulating probe via an optical fibre of 10 m length (550um
diameter with sub miniature version (SAV) A-905 connec-
tor). Perceptive and nociceptive thresholds were deter-
mined in each patient immediately before the recording
session. Nociceptive thresholds to A-delta stimuli were
determined as the minimal laser energy producing a prick-
ing sensation, compared to pulling a hair or receiving a
boiling water drop in at least two of three stimuli. They
were obtained in all subjects with energy densities between
60 and 100 mJ/mm2 (mean 80 m]J/mm?2), which are within
the usual data range observed in our laboratory and those
reported by others using Nd:YAP lasers [Cruccu et al,
2008]; these parameters have been validated as being able
to activate selectively the spinothalamic system in humans
[e.g., Garcia-Larrea et al., 2010; Perchet et al., 2012].

Data Acquisition and Recording Procedure

In each patient, two runs of 10-15 stimulations each, at
nociceptive threshold, were applied to the skin in the
superficial radial nerve territory on the dorsum of the
hand contralateral to the hemispheric side of electrodes
implantation. The heat spot was slightly shifted over the
skin surface between two successive stimuli to avoid both
sensitization and peripheral nociceptor fatigue. Fourteen
patients were stimulated on the right hand, and thirteen
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Figure I.

Laser evoked potentials recorded in the |6 studied areas. A:
Responses obtained in posterior (n=25) and anterior (n = 13)
insulae, parietal (n=8) and frontal (n=8) operculi B:
Responses obtained in amygdala (n= 14) and hippocampus
(n=10). C: Responses obtained in cingulate cortices: pACC
(n=5), ACC (n=4), MCC (n=8), dPCC (n=38), vPCC

on the left hand. Recordings were performed in common
referential mode, the reference electrode being chosen for
each patient on an implanted contact located in the skull.
EEG was recorded continuously at a sampling frequency

(n=>5). D: Responses obtained in OFC (n=7), DLPFC (n = 13),
SMA (n=7), precuneus (n=8)and PPC (n=9). For each area
Left: Recording contact locations in each area represented on
MNI Brain templates; Right: Grand averages (+/- SEM) of
responses obtained in each area (in referential and bipolar
modes).

of 256 Hz or 512 Hz from 96 to 128 channels, amplified
and band pass filtered (0.33 —128 Hz; —3dB, 12 dB/
octave) to be stored in hard disk for off-line analysis
(Micromed SAS®, Macon France).
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Figure 2.

Onset latencies of the nociceptive responses recorded in the 14
areas analyzed (bipolar mode). A: Latency differences between the
13 areas, relative to that of the posterior insula. Two points of
inflection clearly distinguish 3 groups: the first one with virtually
no latency difference relative to the post-insula comprising the
parietal operculum, mid cingulate, SMA, and amygdala (latency dif-
ference around zero); the second group with a progressive but rel-
atively small latency increase including the frontal operculum,
anterior insula, precuneus, OFC, DLPFC, and the third group with

ELECTROPHYSIOLOGICAL DATA ANALYSES
Motor Reaction Times

Motor reaction times were calculated in 10 patients
using synchronized EEG and video signals, both simulta-
neously digitized at 256 or 512 Hz. Video recordings being
available in every room, this technique was preferred to
EMG which would have imposed to place extra-
electrodes. The onset latency of the finger lift in response

a greater rate of latency increase including the posterior parietal
cortex, posterior and perigenual cingulate, and hippocampus. B:
Onset latencies (top) and grand-averaged traces (bottom) of the
three groups: the first one with a 110 — 130 ms onset latency
range; the second with a 130 — 150 ms onset latency range and
the third one with a 150 — 180 ms onset latency range. The small
arrows point to the mean onset of the responses and the areas
delineated with dotted lines correspond to time windows during
which motor reaction occurred (RT).

to the stimulus was regarded as a correlate of stimulus
conscious perception.

Laser-Evoked Potentials (LEPs)

The coordinates of the contacts exhibiting the largest
responses to laser stimuli are indicated on Table II. Epoch-
ing of the EEG, selective averaging, and recordings analy-
ses were performed off-line using BrainVision® System
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(Brain Products®, Munich, Germany). Epochs presenting
contamination by epileptic transient activities or artefacts
exceeding 250 pV were rejected from analysis, the rate of
rejection being of ~10%. LEP components recorded in the
different structures were assessed using both monopolar (ref-
erential) and bipolar montages (with adjacent contact), with-
in a time window of 100 ms pre- and 900 ms post-stimulus.
The consistency of responses from each area was estimated
as the percentage of patients in whom a reproducible
response could be obtained from that area. Consistency of
responses was estimated by superimposing the EPs to two
consecutive runs of stimuli (or the responses to “odd” and
“even” stimuli within a single long run). Responses from a
given region were considered for analysis only when they
were of higher amplitude than the mean baseline value * 3
SD in at least 70% of the single trials. Then, responses from
same regions in different patients were also superimposed to
assess between-subject reproducibility, inter-subject variabili-
ty being quantified by the point-by-point standard errors
(SEM) on grand averages. In bipolar montages, were mea-
sured 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 devi-
ations from the mean pre-stimulus baseline. Statistical analy-
ses 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 sig-
nificance level set at P < 0.05 (Greenhouse-Geisser corrected
if needed). Pre-defined contrast or post-hoc tests (Holm-
Sidak test corrected for multiple comparisons) were applied
in case of significant effects following ANOVA.

Insular-Cortical Coherence

Functional connectivity was studied using EEG phase-
coherence analysis with the posterior insular region as
“seed region” with respect to the rest of the cortical areas
analyzed (MNI coordinates indicated in Table II). The pos-
terior insula was chosen as the principal “seed” area, since
it receives the earliest nociceptive signal [Frot et al., 1999;
Lenz et al., 1998b] and the most important sensory projec-
tions from the spinothalamic system (STS) [Dum et al.,
2009]. Phase coherence was computed within three time
windows: 100 — 400 ms, 400 — 700 ms, and 700 — 1000 ms
following each nociceptive stimulus, after Fast Fourier
Transform of the signal for each spectral band power (del-
ta: 1 — 3 Hz, theta: 4 — 7 Hz, alpha: 8 — 12 Hz, beta: 13 — 29
Hz, gamma: 30 — 64 Hz). The first time window was cho-
sen according to previous data obtained with intra-
cerebral recordings showing that the operculo-insular
LEPs are recorded within these latency borders [Frot et al.,
1999, 2014; Lenz et al., 1998; Ohara et al., 2004]. The two
other time windows were defined so as to divide the post-
stimulus period in two equivalent epochs (300 ms each).
The phase coherence was calculated as the quotient

between correlation and autocorrelation for each frequency
and each channel pair, and underwent Fisher's z-
transformation before statistical analysis. Individual coher-
ence values between posterior insula and the different cor-
tical areas were submitted to a three-way mixed ANOVA
with “Frequency band” and “Time window” as within fac-
tors, and “Cortical area” as between factor. Post-hoc tests
(Holm-Sidak test corrected for multiple comparisons) were
applied in case of significant effects following ANOVA.

RESULTS
Behavioral Data

All the patients described a “pricking” sensation associ-
ated to the laser stimulus. Mean motor reaction times
(index lift) indicating stimulus detection were recorded at
349 =58 ms after stimulus onset (median: 368.33 ms;
range: 260 — 422 ms).

Timing and Amplitude of Cortical Nociceptive
Responses

Grand averages of responses from the 16 cortical areas
analyzed are illustrated in Figure 1. On bipolar montages,
local field responses to nociceptive laser pulses were sys-
tematically obtained (100% of cases) in the posterior and
anterior insulae, parietal and frontal opercula, mid-
cingulate cortex (MCC), supplementary motor area (SMA),
amygdala, hippocampus, orbitofrontal cortex (OFC), and
postero-inferior parietal cortex (PPC, BA40). Responses
were fairly systematic in the precuneus (88%), the perige-
nual and ventral posterior cingulate (pACC and vPCC;
80%), and the dorsolateral prefrontal cortices (DLPFC;
62%), while their incidence dropped to 50% in the anterior
cingulate cortex (ACC), and 36% in the dorsal posterior
cingulate (dPCC). Due to their inconstant presence across
our subjects, the responses obtained in ACC and dPCC
were not further included in statistical analyses.

One-way ANOVA demonstrated a highly significant
inhomogeneity of onset latencies across regions [F (13,
126) =7.673; P <0.0001]. Latency discontinuities were
assessed by determining the differences between succes-
sive latencies, relative to that of the posterior insula. The
graph (Fig. 2A) shows two points of inflection: first, there
is virtually no latency difference with respect to the poste-
rior insula in the parietal operculum, mid cingulate, SMA
and amygdala; then, a progressive latency increase is
observed for all the other structures, with, initially, a rela-
tively small latency increase of 12-20 ms in 5 structures
(frontal operculum, anterior insula, precuneus, OFC,
DLPFEC), followed by a greater rate of latency increase
(26-56 ms) in 4 other regions (posterior parietal, posterior,
and perigenual cingulate, and hippocampus). Predefined
contrast analyses showed significant differences between
the three groups: the first group had shorter latencies
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TABLE Ill. Values = SEM of the onsets latencies, peak latencies, and peak amplitudes of the
responses in the different cortical areas

Onset latency (ms)

Highest peak latency (ms)

Highest peak amplitude (1V)

Posterior insula 122525
Parietal operculum 124,5+8.5
MCC 120.8 3.6
SMA 122.1+4.7
Amygdala 1225+3.3
Frontal operculum 1344 +3.2
Precuneus 138.5 4.5
OFC 141.1+11.2
Anterior insula 143.1+74
DLPEC 144.1+4
PPC 1489 +5.7
Hippocampus 156.7 £7.9
vPCC 1642 +11.8
pACC 179 +3.7

2102+4.1 80 +12.2
189.6 = 11.5 924 +15.8
241837 373x94
183.7 6.1 28 £10.2
407.6 =9.7 38.1x34
228.8 £15.6 50.8 9.9
350 +3.8 29.5+10.4
318.7 =229 17+3.1
239989 57.1*x18.7
2263 +9 227+42
273 £7.5 27.6 6.1
411.1+10.7 63.6 =124
349.8+6.9 25*6.2
398.4+179 174 5.2

relative to the second and third groups (F=23.31,
P <0.0001 and F=284.06, P <0.0001 respectively) and the
second group shorter than the third one (F=2498,
P <0.0001) (Fig. 2B and Table III).

ANOVA on the latency of the highest peak of the
response also showed a significant effect of cortical areas
[F (13, 126) = 72.19; P < 0.0001], peak latency being delayed
in the amygdala, hippocampus, pACC, vPCC, PPC, precu-
neus, and OFC (near 400 ms) as compared to the posterior
and anterior insulae, the parietal and frontal operculi, and
SMA (Table III). Amplitudes of the highest peak were also
significantly different according to the cortical areas
[F(13,126) = 3.83; P <0.0001]. Although mean amplitudes
were higher in posterior insula and parietal operculum rel-
ative to all other areas, after correction for multiple com-
parisons differences reached significance when compared
with DLPFC and OFC.

Functional Connectivity
(Spectral Coherence) Analyses

Since the posterior insula receives the most important
spinothalamic projections in primates [Dum et al., 2009],
coherence analysis was performed using this structure as
“seed” for all other brain regions. On these conditions, a
three-way ANOVA on spectral coherence values (factors:
cortical area, time window and frequency band) showed a
significant effect of cortical area [F(12,96)= 2.613;
P =0.0047] and time window [F(2,24) =5.736; P =0.0038],
with no effect of frequency spectral band and no interac-
tion (Fig. 3A).

Coherence values cumulated across bands increased sig-
nificantly between the first time-window (100 —400 ms),
and the two others (400 —700 ms and 700 — 1,000 ms);
(t(544) = 4.81; P <0.0001; and #(544) = 3.64; P = 0.0006) (Fig.
3B). Coherence levels with the posterior insula increased
with time in a large majority of other cortical areas (Fig. 4)

Irrespective of time-window, the largest spectral coherence
values with the posterior insula were observed in the ante-
rior insula, parietal operculum, and pACC (Figs. 3C and 4).

DISCUSSION

To the best of our knowledge, this is the first time that
intracortical human recordings from such a diversity of
cortical areas have been gathered in response to
nociceptive-specific activation. Many of the areas studied
here pertain to the classical network activated by painful
stimuli in functional imaging studies, while others, includ-
ing the amygdala, hippocampus and posterior cingulate,
are seldom reported. Altogether our results provide evi-
dence for parallel and simultaneous initial nociceptive
input to sensory, motor, and one limbic region (the amyg-
dala) through spinothalamic and extra-thalamic ascending
pathways. This initial stage is followed by a relatively
ordered activation of different groups of cortical struc-
tures, which may lead from unconscious nociceptive proc-
essing to conscious perception, self-awareness, and
memory encoding.

Parallel Responses in Sensory, Motor
and Limbic Areas

Five regions responded with earliest latencies to noci-
ceptive input: two were sensory cortices (posterior insula,
parietal operculum), two were motor regions (SMA, mid-
cingulate) and one was a limbic structure (amygdala).
These regions were activated with very similar onset laten-
cies of 110 — 120 ms (Fig. 2), thus providing physiological
evidence that nociceptive input can simultaneously trigger
sensory, motor, and limbic responses in the human brain.
While the temporal coincidence of sensory and motor-
cingulate EEG responses has already been shown [Frot
et al., 2008, 2013; Ohara et al., 2004, 2006], activation of the
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Figure 3.

A: Phase coherence level of EEG frequency bands between poste-
rior insula and the 13 cortical structures calculated in the
100 — 400 ms, 400 — 700 ms, and 700 — 1,000 ms time windows
following nociceptive stimuli. Ordinate: level of coherence from
0.2 to 0.5; abscissa: cortical structures (anterior insula, parietal
operculum, pACC, MCC, SMA, frontal operculum, precuneus,
PPC, amygdala, DLPFC, hippocampus, vPCC, OFC); third

limbic cortex has been typically considered to follow sen-
sory activation, rather than being concomitant to it [Inui
et al., 2003; Kakigi et al., 2004]. Human amygdalar record-
ings to noxious stimuli have been scarce so far, and

coordinate: frequency bands (8, T, «, B, 7). B: Mean levels of
coherence between posterior insula and all other areas according
to time window, showing the significant increase of this level dur-
ing the second and third time window as compared to the first
one. C: Mean levels of coherence between posterior insula and
each of the other areas, showing highest values for the anterior
insula, parietal operculum, and pACC as compared to the others.

showed either long latency responses [Liu et al., 2010,
Moont et al., 2011] or no response at all [Frot et al., 1999].
Figure 2 in Liu et al. [2010], however, shows that at least
in one subject amygdalar responses developed at latencies
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Figure 4.

Phase spectral coherences during the three time windows repre-
sented on normalized anatomical model of the brain proposed by
the McConnell Brain Imaging Centre of the Montreal Neurologi-
cal Institute. Coherences between posterior insula and 13 cortical
areas: Left. Recording contact locations in the posterior insula
represented on a sagittal slice. Top: Sagittal slice for anterior
insula, amygdala and hippocampus; Mid: Brain convexity for poste-
rior parietal cortex, parietal operculum, frontal operculum and

dorso-lateral prefrontal cortex; Bottom. Mid-sagittal slice for pre-
cuneus, ventral posterior cingulate, SMA, mid cingulate, perigenual
anterior cingulate and orbito-frontal cortex. Levels of coherence
during the three time windows are represented in each histo-
gram. Ordinate: level of coherence from 0.1 to 0.4; abscissa: time
windows (front: 100 — 400, middle: 400 — 700, back: 700 — 1,000
ms). Note that the coherence values between the insula and a
large majority of other cortical areas increase with time.
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consistent with those in the present work, and early onset
gamma oscillations in the amygdala have been also recent-
ly described in response to fearful faces [review Sato et al.,
2013].

The presence of early-onset amygdalar nociceptive
responses in this study is consistent with anatomo-
physiological data in mammals, from rodents to primates.
Spinal fibres carrying noxious stimuli from the spinal cord
project heavily onto neurons in the pontine parabrachial
nucleus, which in turn send monosynaptic projections
toward the amygdalar body ensuring a di-synaptic noci-
ceptive route [Bernard and Besson, 1988; Gauriau and Ber-
nard, 2002]. Transneuronal labelling indicates that such
spino—parabrachial-amygdalar connection represents a
functional pathway [Dum et al., 2009; Jasmin et al., 1997;
review Veinante et al., 2013]; in particular, injection of her-
pes virus in the dorsal horn of macaques infected neurons
in the central amygdala with identical timing as those in
the posterior insula [Dum et al., 2009], demonstrating that
the spino-amygdalar primate pathway is functional and
disynaptic. It can be reasonably concluded that amygdala
responses to laser stimuli were, at least in their early
phase, generated through such a rapid route.

Amygdalar potentials had slower slope and longer dura-
tion than the rest of early-onset responses. Nociceptive
information can reach this structure not only via the rapid
spino-parabrachial route, but also through pathways
involving three or more relays, via brainstem nuclei, intra-
laminar thalamus and anterior insula [Friedman et al.,
1986; Mesulam et al.,, 1982; Nieuwenhuys 2012; Veinante
et al., 2013]. Our results suggest a cumulative nociceptive
input to the amygdala, and this may be relevant in the
context of hypotheses suggesting that the role of amygdala
in emotional judgment might emerge from the conver-
gence of inputs issued from multiple areas [Omigie et al.,
2015].

The Construction of “Pain Awareness”

Motor reaction times (RTs) to the laser pulses are an
indirect indication of stimulus awareness. Their mean
onset in our subjects was 349 = 58 ms, and the earliest sin-
gle reactions developed around 260 ms. These latencies
are earlier than those reported when responding via a but-
ton press [Dusch et al., 2016] and comparable to those
obtained via EMG recordings in healthy subjects [Perchet
et al.,, 2012]. Activation of posterior operculo-insular cor-
tex, motor cingulate and amygdala preceded by more than
120 ms the earliest motor reaction, and was therefore like-
ly to be initiated prior to conscious awareness. Indeed,
neural activity limited to sensory areas cannot ensure con-
scious perception [Aru et al., 2012; Del Cul et al., 2007;
Rees et al, 2000], even when limbic regions are co-
activated [Troiani et al., 2014; Vuilleumier et al., 2002], and
conscious awareness requires joint activation of multiple
networks including prefrontal and parietal areas [Beck

et al.,, 2001; Haynes et al., 2005; Pessoa, 2008]. In our sub-
jects, prefrontal, posterior parietal, and anterior insular
regions became activated later than sensori-motor and lim-
bic areas, and remained active until at least 500 ms post-
stimulus. Hence, an ensemble of sensorimotor, limbic, and
fronto-parietal structures was simultaneously active during
the 250-400 ms window, when conscious awareness of the
stimulus was likely to emerge (Fig. 2). Data from other
sensory systems indicate that declarative awareness only
occurs when activation of fronto-parietal networks adds
up to that of sensory cortices, hence making information
available to high-level processes including intentional
action [Dehaene et. al 1989; Del Cul et al., 2007]. Access to
consciousness has been shown to concur with an increase
in functional correlation between stimulus-specific areas
and high-order frontal networks [Dehaene et al., 2001;
Gross et al., 2004; Haynes et al., 2005], and such increase
in coupling was also observed here, with progressive
enhancement of spectral coherence between parieto-frontal
regions and the sensory posterior insula (Fig. 3). Of notice,
the connectivity pattern in the 200-500 ms post-stimulus
period was strikingly similar to that reported during the
emergence of consciousness from anesthesia [Langsjo
et al., 2012]. In each case, activation of a core network of
sensory and limbic regions functionally coupled with parts
of frontal and inferior parietal cortices appears as an
important concomitant, perhaps a determinant, of the
access of the stimulus to conscious awareness.

The last group of cortical regions to become activated
comprised the hippocampal formation and the two
extreme segments of the cingulate, respectively around the
genu (perigenual cingulate, pACC) and the splenium of
the corpus callosum (ventral posterior cingulate, vPCC).
These two regions share a role in what has been termed
“internal awareness” [see Demertzi et al., 2013; Fig. 1) but
their function in the context of pain appear different. Peri-
genual responses tend to be enhanced during hyperalge-
sia, either induced pharmacologically [Lorenz and Casey,
2005; Schweinhardt et al., 2006] or through observation of
pain in others [Godinho et al., 2012], and have been inter-
preted as reflecting a link between pain awareness and
triggering of descending pain controls [Garcia-Larrea and
Peyron, 2013]. This is supported by the co-activation of
perigenual areas and descending modulatory regions such
as the periaqueductal grey [An et al., 1998; Kupers et al.,
2004; Zambreanu et al., 2005], and also the fact that perige-
nual responses, most often deficient in neuropathic pain,
can be restored by analgesic procedures that also enhance
descending inhibition [Garcia-Larrea and Peyron, 2013;
Peyron et al.,, 2007; Willoch et al.,, 2003]. In contrast, the
ventral perisplenial cingulate (v-PCC) is rather considered
to sustain processes involved in self-monitoring, partici-
pate to the interface between external world and the sense
of the self [Gusnard et al., 2001], and be involved in the
network sustaining self-referential processing (reviews in
Vogt 2005; Brewer et al., 2013; Demertzi et al., 2013;
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DeWitt et al., 2015]. Such functional dissimilarities
between perigenual and perisplenial cingulate are sus-
tained by differences in connectivity patterns: the exten-
sive subcortical connections of the perigenual are lacking
in the posterior ventral cingulate [Vogt, 2005], which in
turn is connected with cortical areas, prominently includ-
ing memory-supporting regions such as the hippocampal
formation [Bzdok et al.,, 2015; Kobayashi and Amaral,
2007; Parvizi et al., 2006]. The belated activation of these
regions in our subjects, as well as the late increase in func-
tional coherence between them and the posterior insular
cortex (Fig. 3A) support their role in high-level stages of
stimulus processing, linking up external and internal sen-
sory worlds. Of notice, “external” and “internal
awareness” networks appear functionally disconnected in
altered states of consciousness such as vegetative state
[Demertzi et al., 2013], suggesting the inability of these
patients to fully map noxious stimuli onto declarative
consciousness.

Limitations of the Study

The present work analyzed cortical responses using
nociceptive stimuli exclusively, without control from non-
noxious stimuli. Response latencies, in the 100-400 ms
range, are however exclusively compatible with the timing
of activation of the STT, as the dorsal-column system gives
rise to much earlier responses (15— 20 ms) [Allison et al.,
1989; Bradley et al., 2016]. Also, functional links through
phase-coherence analysis do not prove causal influences
from one structure over another, and may result from
functional connections through intermediary regions not
recorded here [Liu et al., 2011]. Finally, the data presented
here, although extensive, could not provide a full view of
all cortical regions responding to noxious input during the
first second; in particular, many areas of the temporal lobe
were lacking, due to their frequent involvement in the epi-
leptic process.

CONCLUSION

Our data suggest that human cortical nociceptive proc-
essing is initiated simultaneously in sensory, motor and
limbic areas; it progresses in less than one second to the
recruitment of fronto-parietal and anterior insular net-
works, and finally to the activation of perigenual, posterior
cingulate and hippocampal structures. Functional connec-
tivity (spectral coherence) between sensory and high-level
networks increases progressively during the first second,
in accordance with other studies on sensory awareness.
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