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Nociceptive stimuli disrupt sleep, but may, or may not, entail an arousal. While arousal reactions go along with the activation
of a widespread cortical network, the factors enabling such activation remain unknown. Here we used intracranial EEG in
humans to test the relation between the cortical activity immediately preceding a noxious stimulus and the capacity of such a
stimulus to trigger arousal. Intracranial EEG signals were analyzed during all-night sleep in 14 epileptic patients (4 women),
who received laser stimuli slightly above their individual pain threshold. During 5 s preceding each stimulus, the functional
correlation (spectral phase-coherence) between the main spinothalamic sensory area (posterior insula) and 12 other brain
regions, grouped in four networks, as well as their spectral contents, were contrasted according to the presence of a stimu-
lus-induced arousal, and then fed into a logistic regression model to assess their predictive value. Enhanced prestimulus
phase-coherence between the sensory posterior insula and neocortical and limbic areas increased significantly the probability
of arousal to nociceptive stimuli, in both slow-wave (N2) and rapid eye movements/paradoxical sleep. Furthermore, during
N2 sleep, arousal was facilitated by stimulus delivery in periods of attenuated slow-wave activity. Together, these data indi-
cate that sleep micro-states with enhanced interareal communication facilitate information transfer from sensory to higher-
order cortical areas, and hence physiological arousal.
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Significance Statement

Sleep is commonly subdivided into stages based on specific electrophysiological characteristics; however, within each single
sleep stage, the functional state of the brain is continuously changing. Here we show that the probability for a phasic noxious
stimulus to entail an arousal is modulated by the prestimulus interareal phase-coherence between sensory and higher-level
cortical areas. Fluctuations in interareal communication immediately before the noxious stimulus may determine the respon-
siveness to incoming input by facilitating or preventing the transfer of noxious information from sensory to multiple higher-
level cortical networks.

Introduction
Being awakened by a noxious stimulus is an objective marker of
its intrusiveness. During nocturnal sleep, stimuli disrupting ho-
meostasis awake the subject in a very variable proportion of
cases, from 30% for nociceptive pricking to 80% in the case of
apneas (Lavigne et al., 2000, 2004; Bastuji et al., 2008; Chouchou

et al., 2014). Several lines of evidence suggest that the level of
brain activation immediately before the stimulus may be crucial
to modulate responsiveness to incoming input. During wakeful-
ness, the prestimulus activity in different areas has been reported
to correlate with the subsequent perception of nociceptive stim-
uli and/or the magnitude of pain ratings (Boly et al., 2007; Ploner
et al., 2010; Ohara et al., 2008; Wiech et al., 2010). Transition
from sleep to waking is preceded by signs of activation in multi-
ple cortical areas (Magnin et al., 2010), and during sleep parieto-
frontal and cingulate activations preceded purpose-oriented
motor responses (Mazza et al., 2014).

Our driving hypothesis in the present study was that the cere-
bral activity preceding a noxious stimulus delivered during sleep,
and in particular the functional state of connectivity between
sensory and higher-level areas, could largely determine the post-
stimulus neural responses, hence facilitating or impeding the
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subject’s awakening. To test this hypothesis, we used intracranial
electroencephalographic (iEEG) recordings in humans to analyze
neural activity in both time-frequency and functional connectiv-
ity (phase-coherence) domains during the 5 s preceding the
delivery of noxious stimuli, and correlated them with the occur-
rence of an arousal reaction.

Subjects and Methods
Patient selection. Fourteen patients with refractory partial epilepsy

were included in the study (10 men, 4 women; mean age 28 years, range
19-51 years). They were consecutive patients agreeing to participate in the
study, in accord with their physician in charge and having at least one
electrode contact in the posterior insula together with contacts in areas
belonging to at least two other networks (see below). To delineate the
extent of the cortical epileptogenic area and to plan a tailored surgical
treatment, depth EEG recording electrodes (diameter 0.8 mm; 5-15 re-
cording contacts 2 mm long, intercontact interval 1.5 mm) were
implanted according to the Talairach space (Guénot et al., 2001; Isnard et
al., 2018). The procedure aims at recording spontaneous seizures but also
includes the functional mapping of potentially eloquent cortical areas
using evoked potentials recordings and cortical electrical stimulation
(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, iEEG and
evoked potential recordings, and cortical stimulation procedures used to
localize the epileptogenic cortical areas, and gave their consent. The laser
stimulation paradigm was approved by the local and regional Ethics
Committee (CPP Sud Est IV no. 2006-A00572-49).

Spinothalamic-specific laser stimulations were performed during one
full night after a minimal delay of 5 d after electrode implantation; at
that time, any “first-night” effect had faded away, and antiepileptic drugs
had been stopped or tapered down with daily small doses (Table 1).

None of these patients reported pain symptoms before or after the re-
cording session.

Electrode implantation. Intracerebral electrodes were implanted using
the Talairach’s stereotactic frame (Talairach and Bancaud, 1973). A cerebral
angiography was performed in stereotactic conditions using an X-ray
source located 4.85 m away from the patient’s head. This eliminates
the linear enlargement because of X-ray divergence and allows a 1:1
scale so that films could be used for measurements without any cor-
rection. In a second step, the relevant targets were identified on the
patient’s MRI, previously enlarged to a scale of 1:1. As MR and angio-
graphic images were at the same scale, they could easily be superim-
posed, so as to avoid damage to blood vessels and minimize the risk
of hemorrhage during electrode implantation.

Anatomical localization of recording sites. The localization of record-
ing contacts was determined using two different procedures. In 7
patients implanted before the year 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 postimplantation
skull radiographs performed within the stereotactic frame were superim-
posed to the preimplantation scale 1:1 MRI slice corresponding to each
electrode track, thus permitting to plot each contact onto the appropriate
MRI slice of each patient to determine its coordinates (MRIcro software)
(Rorden and Brett, 2000). In the other 7 patients, the implanted electro-
des were MRI-compatible and cortical contacts could be directly visual-
ized on the postoperative 3D MRIs. In both cases, anatomic scans were
acquired on a 3-Tesla Siemens Avanto Scanner using a 3D MPRAGE
sequence with the following parameters: TI/TR/TE 1100/2040/2.95ms,
voxel size: 1� 1� 1 mm3, FOV=256� 256 mm2.

Intracortical electrode contacts were mapped to the standard stereotaxic
space (MNI) by processing MRI data with Statistical Parametric Mapping
(SPM12,Wellcome Department of Cognitive Neurology; http://www.fil.ion.
ucl.ac.uk/spm/). Anatomical T1-3D images before and after implantation
were coregistered and normalized to the MNI template brain image using a

Table 1. Individual clinical, MRI, and iEEG data

Patient no. Gender/age (yr) Treatment (mg/day before-after tapering) MRI Seizure onset No. of electrodes

P1 M/27 Lamotrigine 600-300
Carbamazepine 1600-600

R frontal dysplasia R frontal 12/R1 2/L

P2 M/19 Carbamazepine 1200-800 Valproate 1000-500 Clobazam 10-10 R fronto-orbital R fronto-orbital 11/R
P3 F/23 Levetiracetam 2000-1000

Lamotrigine 800-300
L hippocampal atrophy L mesial temporal 11/L

P4 F/18 Oxcarbazepine 600-0
Levetiracetam 3000-0

L temporal dysplasia L parietal 13/L

P5 F/37 Carbamazepine 1600-600
Pregabalin 300-75

Normal L mesial temporal 13/L

P6 F/51 Oxcarbazepine 600-200
Clobazam 20-10

Normal R temporal 12/R

P7 M/20 Valproate 1500-500
Carbamazepine 1200-600
Levetiracetam 2000-1000

L temporal atrophy L temporal 13/L

P8 M/26 Carbamazepine 1000-200
Lamotrigine 400-200 Pregabalin 300-75

L hippocampal atrophy L mesial temporal 12/L

P9 M/20 Levetiracetam 3000-0
Zonisamide 300-0

R hippocampal atrophy R mesial temporal 12/R

P10 M/21 Topiramate 300-200
Oxcarbazepine 900-400
Lamotrigine 400-100

R temporal dysplasia R temporal 11/R1 3/L

P11 M/39 Lamotrigine 400-200
Topiramate 300-200
Levetiracetam 3000-1000
Lacosamide 200-100

L hippocampal atrophy L mesial temporal 11/L

P12 M/19 Carbamazepine 600-0 Normal R mesial temporal 11/R
P13 M/32 Levetiracetam 1500-1000

Oxcarbazepine 750-150
L hippocampal atrophy L basal temporal 13/L1 2/R

P14 M/37 Carbamazepine 800-400
Topiramate 400-200
Clobazam 10-5

Normal L perisylvian 13/L
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mutual information approach and the segmentation module of SPM12,
which segments, corrects bias, and spatially normalizes images with respect
to the MNI model. Then, the cortical localization of electrodes was per-
formed using a regional atlas (WFU Pickatlas version 3) in MRIcron®. In
the 7 patients with MRI-compatible electrodes, the cortical contacts could
be directly visualized on the postoperative normalized 3D MRIs. In the 7
patients without MRI-compatible electrodes, the coordinates of contacts
were determined on their own preoperative MRI according to the proce-
dure described above, thus permitting to plot each contact onto the appro-
priate MRI slice of each patient (MRIcron software) to determine its MNI
coordinates. Figure 1A illustrates the 91 cerebral contacts from which iEEG
signal was recorded and analyzed.

Nociceptive-specific laser stimulation. Radiant nociceptive heat
pulses of 5ms duration were delivered with a Nd:YAP-laser (Yttrium
Aluminum Perovskite; wavelength 1.34mm). The laser beam was trans-
mitted from the generator to the stimulating probe via an optical fiber of
10 m length (550mm diameter with sub-miniature version A-905 con-
nector). Perceptive and nociceptive thresholds were determined in each
patient immediately before the recording session. Nociceptive thresholds
to Ad stimuli were determined as the minimal laser energy producing a
pricking sensation, compared with pulling a hair or receiving a boiling
water drop in at least two of three stimuli. They were obtained in all sub-
jects with energy densities between 80 and 100 mJ/mm2, 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 pa-
rameters have been validated as being able to activate selectively the spi-
nothalamic system in humans (e.g., Garcia-Larrea et al., 2010; Perchet et
al., 2012; La Cesa et al., 2018), including during sleep, where they arouse
subjects in;30% of the cases (Bastuji et al., 2008; Mazza et al., 2012).

Data acquisition and recording procedure. In each patient, there
were two runs of 10-15 stimulations each. Interstimulus interval was
pseudo-randomly adjusted online and varied between 10 and 20 s.
Stimulus energy was set at the individual nociceptive threshold previ-
ously determined and applied to the skin in the superficial radial nerve
territory, on the dorsum of the hand contralateral to the hemispheric
side of electrode implantation. The heat spot was slightly shifted over the
skin surface between two successive stimuli to avoid both sensitization
and peripheral nociceptor fatigue. Eight patients were stimulated on the
right hand, and 6 on the left hand. Then the patients were allowed to
sleep at their own time, and no further laser stimulation was delivered
until a minimum of 20min of continuous sleep had been obtained. The
identification of the different sleep stages (N2, N3, and PS) was done
online by one of the investigators (H.B.) expert in sleep studies. If one
stimulus awoke the sleeper, the stimulation sequence was immediately
discontinued. A second investigator entered the room and delivered
nociceptive pulses transmitted through the optic fiber from the laser
stimulator. The 10 m optical fiber transited under the door separating
the recording and sleeping areas and allowed to stimulate conveniently
the dorsum of the hand despite movements of the subjects during the
night. Both the sleeping subject and the investigator wore eye protec-
tions. Runs of stimulations were delivered during the different sleep
stages up to 6:00 A.M. Recordings were performed during all night in
referential mode, the reference electrode being chosen for each patient
on an implanted contact located in the skull. The iEEG signal was
recorded continuously from 96 to 128 channels at a sampling frequency
of 256 or 512Hz, amplified and band pass filtered (0.33-128Hz; –3 dB,
12dB/octave) to be stored in hard disk for offline analysis (Micromed
SAS).

Figure 1. A, Localization of recording contacts used for analysis in each area represented on MNI brain templates. Left, Brain convexity with contacts in PPC (n= 9), dlPFC (n= 9). Middle,
Sagittal slice with contacts in posterior insula (n= 14), anterior insula (n= 9), hippocampus (n= 5), amygdala (n= 9). Right, Mid-sagittal slice with contacts in precuneus (n= 7), posterior
cingulate cortex (n= 8), mid cingulate cortex (n= 5), supplementary motor area (n= 5), ACC (n= 3), perigenual ACC (n= 2), orbitofrontal cortex (n= 6). B, Photography of a patient being
stimulated with the laser during sleep. C, Example of iEEG traces before and after a laser stimulus. D, Two iEEG signals obtained before and after the laser stimulus: one in the posterior insula
(magenta) and the other in the anterior insula (pink). On the MRI slice, magenta and pink circles represent the localization of these two contacts in the insula. E, Spectral powers of both iEEG
signals during the 5 s before the stimulus. F, Phase-coherence between the posterior insula signal and the one simultaneously recorded in the anterior insula.
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Sleep scoring and arousal reactions. Criteria of the American
Academy of Sleep Medicine adapted to intracerebral recordings
(Magnin et al., 2004; Bastuji et al., 2012; Claude et al., 2015) were used
for iEEG data. Hypnograms based on 30 s epochs allowed determining
the vigilance state during which stimuli were delivered. As already
observed in previous studies, laser stimuli delivered during sleep phase
N3 induced quite systematically a shift to N2 sleep stage (Bastuji et al.,
2008, 2012); therefore, only recordings from sleep stage N2 and PS are
presented here. Following the American Academy of Sleep Medicine

Table 2. MNI coordinates (x, y, z) of cerebral contacts

Contacts

Posterior

insula (n= 14)

DLPFC

(n= 9) PPC (n= 9)

Anterior insula

(n = 9)

ACC

(n= 3)

Mid-cingulate

cortex (n= 5)

Supplementary motor

area (n= 5)

Posterior cingulate

cortex n= 8)

Precuneus

(n= 7) pACC (n= 2)

Hippocampus

(n= 5)

Orbitofrontal

cortex (n= 6)

Amygdala

(n= 9)

Patients

P1 38,�6,4 52,32,19 43,�51,52 33,24,6 5,32,18 7,�7,38 5,3,70 5,�51,52 6,41,�13

P2 37,�20,5 52,�48,46 4,29,22 5,�48,18 5,�48,46 21,�3,�18

P3 37,�24,2 45,�55,41 3,�48,23 8,�55,41 20,�6,�23

P4 38,�2,�5 49,20,34 48,�60,38 34,�4,11 4,20,34 6,0,64 2,�30,33 8,�66,44 24,�1,�28

P5 35,�23,5 50,22,23 37,�53,45 33,6,12 4,22,28 3,8,57 4,�50,20 5,46,�14

P6 37,�1,�4 38,16,1 10,�45,25 22,�15,�25 15,�6,�20

P7 38,�16,17 38,41,6 39,�55,50 35,0,11 8,12,51 3,�57,49 6,53,�9 18,�3,�20

P8 33,�23,5 30,44,11 32,2,8 5,44,14 6,4,36 6,4,52

P9 35,�23,2 37,50,9 43,�58,49 33,11,9 12,�57,52 6,37,�19 16,�3,�22

P10 38,�23,9 43,�58,49 7,17,37 8,�57,25 29,�18,�16

P11 36,�25,1 39,�60,45 9,�52,26 14,�63,45 29,�31,�6 21,�9,�26

P12 35,�22,7 51,37,21 36,11,2 7,44,10 27,�16,�20 25,2,�22

P13 36,�12,�1 40,36,0 6,�42,31 4,54,1 17,0,�11

P14 37,�12,2 42,48,9 35,8,5 8,46,7 7,48,�11 24,�2,�21

Mean 36,�17,4 43,37,15 43,�55,46 34,8,7 5,35,18 6,11,35 6,5,59 6,�47,25 8,�57,47 7.5,45,8 26,�16,�19 6,47,�11 20,�3,�20

SD 2,9,6 8,11,10 5,4,4 1,2,2 1,8,4 2,12,4 2,5,8 3,8,5 4,6,4 1,1,2 3,11,9 1,7,7 3,3,4

Figure 2. Phase-coherence between posterior insula and the other areas, grouped in four networks. A, Bottom, Posterior insula. Top, Left to right, Central executive (dlPFC, PPC); salience
(anterior insula, mid cingulate, supplementary motor areas, anterior cingulate); integrative (posterior cingulate, precuneus, hippocampus, perigenual cingulate); emotional (amygdala, orbito-
frontal, perigenual cingulate) networks. B, Mean phase-coherence levels (6SEM) of iEEG frequency bands between posterior insula and the four networks calculated in the 5 s preceding noci-
ceptive stimuli for N2 sleep (left) and PS (right). Phase-coherence values in case of arousal (red) and nonarousal (blue). CE, Central executive; SA, salience; IN, integrative; EM, emotional.
Phase-coherence values are higher in case of arousal than in nonarousal conditions. pppp, 0.0001.

Table 3. Post hoc analyses of phase-coherence values with respect to the three
frequency bands in N2 sleep and PSa

Frequency band N2 sleep PS

d -u vs a-s t(91) = 3.22; p= 0.0018; d= 0.19 t(77) = 2.15; p= 0.035; d= 0.13
d -u vs b -g t(91) = 7.22; p, 0.0001; d= 0.50 t(77) = 5.44; p ,0.0001; d= 0.36
a-s vs b -g t(91) = 5.24; p, 0.0001; d= 0.30 t(77) = 4.23; p= 0.0001; d= 0.20
a t, p, and d values if significant.
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criteria adapted for intracerebral recordings (Bastuji et al., 2012), “corti-
cal arousals” were defined as bursts of waking cortical activity lasting at
least 3 s, and labeled “awakenings” if they persisted.15 s. These arousal
reactions (cortical arousal and awakening) were considered as stimulus-
related if they occurred within 10 s after noxious stimulus onset. Signals
obtained when stimuli were delivered during an arousal period were
rejected.

Interareal functional connectivity. The main steps of iEEG signal
processing are illustrated in Figure 1C–F. Using Brain Analyzer software,
FFT of the 5 s iEEG signals preceding the stimuli was applied in three
spectral bands: d -u (0.5-7.5Hz), a-s (8-15Hz), and b -g (16-40Hz),
which were labeled “low,” “intermediate,” and “high” frequency bands,
respectively. Higher g frequencies were not included, as they are less
involved in long-range coherence relative to lower frequencies (von
Stein and Sarnthein, 2000) and are often “nested” within slower oscilla-
tions (Lisman and Jensen, 2013). In each patient, iEEG spectral content
was computed for all the brain contacts explored, during both sleep N2
and PS, and stored separately according to the presence (A) or the ab-
sence (NA) of an arousal or an awakening reaction after the stimulus.
All contacts located within the epileptic network and/or in lesional tis-
sues were excluded from the analysis.

Functional connectivity was studied using iEEG phase-coherence
analysis, the sensory posterior insula acting as “seed region” with respect
to the rest of the cerebral areas analyzed, grouped in four networks
(MNI coordinates in Table 2). The posterior insula was chosen as the
reference area, since this region receives the most important sensory
projections from the spinothalamic system (Dum et al., 2009) and exhib-
its the earliest cortical nociceptive signals in humans (Frot and
Mauguière, 2003; Bastuji et al., 2016). Networks selected for phase-co-
herence analysis were extracted following consensual literature on func-
tional commonalities, and comprised the following: (1) a central
“executive” network, including dorsolateral PFC (dlPFC) and posterior
parietal cortex (PPC) areas; (2) a “salience” network, including the ante-
rior insula, ACC, mid-cingulate cortex, and supplementary motor areas;
(3) a “late-integrative network,” including the posterior cingulate-precu-
neus, the perigenual cingulate cortex, and hippocampus; and (4) an
“emotional” network joining orbitofrontal cortex, amygdala, and, again,
the perigenual cingulate cortex (Neugebauer et al., 2009; Doucet et al.,
2019). Phase-coherence was computed after FFT of the 5 s signal, in ref-
erential mode, for each spectral band power. The phase-coherence value
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, to transform the sampling dis-
tribution of coherence values so that it becomes normally distributed
(Nunez et al., 1997). Coherence values were computed by calculating the
cross-spectrum (a measure of the joint spectral properties of the two
channels) normalized by their auto-spectrum (the power spectrum of
each channel), as follows:

Cohðc1; c2Þðf Þ ¼ jCovðc1; c2Þðf Þj2
jCovðc1; c1Þðf ÞjjCovðc2; c2Þðf Þj

with

Cov c1; c2ð Þ fð Þ ¼ R c1;i fð Þ–moy c1 fð Þð Þð Þ c2;i fð Þ–moy c2 fð Þð Þð Þ

In the second formula, totaling is conducted using the segment num-
ber i. The average is obtained with reference to the segment with a fixed
frequency f and a fixed channel c.

Statistical analyses. During N2 sleep, individual phase-coherence
values between posterior insula and the different brain networks were
submitted to a three-way mixed design ANOVA with “arousal” (yes/no)
and “frequency band” (low, intermediate, high) as repeated measures
(“within” factors), and the four cerebral networks as between factor. A
similar ANOVA was performed with phase-coherence values obtained
during PS. Post hoc tests (Holm-Sidak test corrected for multiple com-
parisons) were applied in case of significant effects following ANOVAs.
The reported effect size measure was h2 in ANOVA and Cohen’s d in t
tests.

Spectral power was normalized by dividing each value by the average
of all spectrum values in a given patient, and this for each network and
sleep stage. Individual spectral power values obtained during N2 sleep
were submitted to a three-way mixed ANOVA with “arousal” and “fre-
quency band” as within factors and “cerebral network” as between fac-
tor. The latter factor included the four previous networks and the
posterior insula. A similar ANOVA was performed with power values
obtained during PS. Post hoc tests (Holm-Sidak test corrected for multi-
ple comparisons) were applied in case of significant effects following
ANOVAs. The reported effect size measure was h2

p for ANOVA and
Cohen’s d for t tests.

A logistic regression model was used to investigate to what extent a
combination of explanatory variables would classify iEEG prestimulus
periods as predicting arousal versus nonarousal. The default variables
introduced in the model were those having shown a significant individ-
ual association with the two outcomes in ANOVA, on the condition that
there were not themselves mutually correlated.

Statistical analyses were performed with GraphPad Prism 8 and
StatView softwares.

Results
The prestimulus iEEG signals of the 14 patients with refractory
partial epilepsy were obtained from 107 arousal and 185 nonar-
ousal prestimulus segments during N2 sleep, and from 104
arousal and 215 nonarousal prestimulus segments during para-
doxical sleep. The mean latency of arousals triggered by the stim-
ulus was 1.196 0.07 s in sleep N2 and 0.956 0.06 s in PS. The
mean interstimulus interval was 29.46 10.7 s, and the N-1 to N

Table 4. Post hoc analyses of phase-coherence values with respect to the significant interaction between arousal and frequency bands in N2 sleep and PSa

Frequency band N2 arousal N2 nonarousal PS arousal PS nonarousal

d -u vs a-s t(45) = 1.46; p 0.152 t(45) = 3.28; p 0.004; d= 0.27 t(38) = 0.07; p= 0.944 t(38) = 2.52; p= 0.0318; d= 0.35
d -u vs b -g t(45) = 5.31; p ,0.0001; d= 0.60 t(45) = 5.15; p ,0.0001; d= 0.43 t(38) = 3.62; p= 0.0017; d= 0.26 t(38) = 4.13; p= 0.0006; d= 0.62
a-s vs b -g t(45) = 5.69; p ,0.0001; d= 0.46 t(45) = 1.81; p 0.077 t(38) = 4.02;p= 0.0008; d= 0.25 t(38) = 2.04; p= 0.0484; d= 0.21
a t, p, and d values if significant.

Table 5. Post hoc analyses of the frequency bands with respect to spectral
power in N2 sleep and PSa

Frequency band N2 PS

d -u vs a-s t(177) = 33.39; p, 0.0001; d= 4.03 t(183) = 45.02; p, 0.0001; d= 5.32
d -u vs b -g t(177) = 41.83; p, 0.0001; d= 4.62 t(183) = 43.68; p, 0.0001; d= 5.39
a-s vs b -g t(177) = 8.48; p, 0.0001; d= 0.74 t(183) = 3.25; p= 0.0014; d= 0.21
a t, p, and d values if significant.

Table 6. Post hoc analyses of spectral power values with respect to the signifi-
cant interaction between arousal and frequency bands in N2 sleep and PSa

Frequency band N2 A vs NA PS A vs NA

d -u t(89) = 3.27; p= 0.0046; d= 0.61 t(91) = 3.00; p= 0.0091; d= 0.26
a-s t(89) = 2.43; p= 0.051 t(91) = 0.34; p= 0.93; not significant
b -g t(89) = 1.34; p= 0.45 t(91) = 0.13; p= 0.93
a t, p, and d values if significant.
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interval was the same whether the N stimulus gave rise or not to
an arousal (296 11.6 vs 28.96 10.7; t=0.04; p=0.96).

To investigate whether arousal induced by one stimulus influ-
enced the response to the following stimulus, we compared the
probability of arousal to a stimulus N as a function of the
response to the previous stimulation (N-1). In sleep N2, arousals
triggered by a stimulus N represented 53% of the cases occurring
after a preceding arousal-inducing stimulus, versus 47% after a
nonarousing stimulus (diff 6 CI 95% = 0.066 0.19, not signifi-
cant). In PS, these proportions were 48% versus 52%, respectively
(diff1 CI 95% = 0.046 0.14, not significant).

Phase-coherence
During N2 sleep, phase-coherence levels between sensory
posterior insula and the four networks were significantly
enhanced when preceding an arousal reaction, in contrast to
no arousal (0.406 0.01 vs 0.326 0.01; F(1,42) = 19.99;
p, 0.0001; h 2

p = 0.31). There was also a significant effect of
frequency band (F(2,42) = 28.21; p, 0.0001; h 2

p = 0.40), but
not of cerebral network (F(3,42) = 2.42; p = 0.08). Figure 2
summarizes phase-coherence values for the different fre-
quency bands in each condition and network. On post hoc

testing, internetwork phase-coherence preceding arousal was
significantly higher for low frequencies (d -u ) compared with
intermediate and high frequencies (a-s ; b -g ), and also
higher for a-s compared with b -g (Table 3). There was a
small significant interaction between arousal and frequency
band (F(6,84) = 3.30; p = 0.042; h 2

p = 0.07) (Table 4).
During PS, ANOVA showed a similar set of significant

effects: phase-coherence between posterior insula and all other
networks was higher before arousal compared with no arousal
(0.3746 0.015 vs 0.2246 0.010; F(1,35) = 15.63; p= 0.0004; h 2

p =
0.31). There was also a significant effect of frequency band
(F(2,35) = 11.18; p, 0.0001; h 2

p = 0.24), without differences
among cerebral networks (F(3,35) = 1.11; p=0.36). Figure 2 sum-
marizes phase-coherence values for the different frequency bands
in each condition and network. Phase-coherence was signifi-
cantly higher for low (d -u ) compared with intermediate and
high frequencies (a-s and b -g ), and also higher for a-s rela-
tive to b -g (Table 3). There was a significant interaction
between arousal and frequency band (F(2,70) = 4.31; p=0.0172;
h 2

p = 0.11), explained by phase-coherence differences between
low and intermediate bands being nonsignificant in the arousal
condition (Table 4).

Figure 3. A, Grand averages of prestimulus time-frequency signals of all cerebral areas in sleep N2 and PS according to the absence (top) or presence (bottom) of an arousal after the stimu-
lus. B, Mean spectral powers (6SEM) of the three frequency bands in the two sleep stages according to the presence (red) or absence (blue) of an arousal. In N2 sleep, d -u power was signif-
icantly decreased in case of arousal, while it was significantly increased in PS. ppp, 0.001, ns, not significant.
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Spectral power
Spectral power during N2 sleep was significantly lower preceding
an arousal reaction (F(1,84) = 12.69; p= 0.0006; h 2

p = 0.13), with-
out significant variation across the different cerebral networks
(F(4,84) = 0.15; p. 0.999). The spectral power also differed
according to frequency bands (F(2,84) = 1575; p, 0.0001; h 2

p =
0.94), being significantly higher for d -u compared with a-s and
b -g and for a-s compared with b -g (p, 0.0001) (Table 5). A
single significant interaction was found between arousal and fre-
quency band (F(2,168) = 8.40; p = 0.0003; h 2

p = 0.09) (Table 6).
Figure 3 shows that spectral power in slow waves was signifi-
cantly lower when preceding arousal compared with nonarousal.

During PS, ANOVA on prestimulus spectral power did
not show significant differences with respect to arousal
(F(1,87) = 1.52; p = 0.22) or cerebral network (F(4,87) = 0.211;
p. 0.999). However, there was a significant effect of fre-
quency band (F(2,87) = 1715; p, 0.0001; h 2

p = 0.95), and a
significant interaction between arousal and frequency band
(F(2,174) = 3.40; p = 0.0355; h 2

p = 0.04), explained by the fact
that d -u power was significantly higher preceding arousal
(Fig. 3) (for details, see Tables 5-7).

Logistic regression
Variables significantly associated with the arousal/nonarousal
factor in ANOVAwere introduced in a logistic regression model,
to investigate whether a combination of explanatory variables
would best classify iEEG prestimulus periods preceding arousal.
When several putative regressors showed significant intercorrela-
tion, their values were averaged and collapsed into a single vari-
able. This was the case for the phase-coherence levels of the three
frequency bands in both N2 sleep and PS. The final variables
introduced in the model were spectral phase-coherence between
the posterior insula and other networks (averaged across fre-
quencies) and the d -u spectral power. In N2 sleep, the model
yielded a correlation coefficient of R=0.421 and significant odds
ratios for both spectral power (OR = 0.929; x 2: 11.63; 95% CI:
0.890-0.969; p= 0.0007) and phase-coherence levels (OR = 1.063;
x 2: 9.22; 95% CI: 1.022-1.106; p=0.0024). In PS, the logistic
model yielded a similar correlation coefficient of R= 0.443 but
retained only one significant predictor of arousal, namely, a pres-
timulus enhanced phase-coherence level (OR=1.071; x 2: 134.75;
CI: 1.033-1.111; p=0.0002).

Discussion
Prestimulus functional connectivity between the sensory poste-
rior insula and higher-order networks was a significant predictor
of arousal to nociceptive stimuli during sleep, both in N2 stage
and in PS. In addition, prestimulus attenuation of slow-wave ac-
tivity was also, and independently, associated with arousal, but
only in N2 sleep. Two characteristics of iEEG activity appear
therefore to influence the ability of a noxious stimulus to pro-
voke an arousal: one being the variation of a global level of acti-
vation, indexed by the spectral power; and the other being the
functional interaction between sensory and high-order cerebral
structures, indexed by their phase-coherence. The influence of
these two parameters on arousal appeared largely independent
from each other, as suggested by the lack of mutual correlation.
All in all, the present results suggest that during sleep, as during
wakefulness, the prestimulus activation and information
exchange among brain areas are instrumental in determining the
level of processing of a noxious event (Boly et al., 2007; Ploner et

al., 2010; Wiech et al., 2010), which in this study was reflected by
transient sleep disruption and arousal.

The mechanisms involved in this processing may differ in
sleep and wakefulness. During waking state, prestimulus changes
influencing perception have been related to attention, anticipa-
tion, and/or anxiety (Boly et al., 2007; Ploner et al., 2010; Wiech
et al., 2010), factors that can hardly be invoked during sleep. In
addition, metabolic studies suggested that perceiving stimuli as
subjectively painful may depend on the regional activation in an-
terior insula and anterior/mid cingulate (Boly et al., 2007; Ploner
et al., 2010; Wiech et al., 2010), and/or prestimulus EEG phase-
coherence between parasylvian and anterior cingulate regions
(Ohara et al., 2008). During sleep, however, we did not find any
specific network to be precisely associated to the occurrence of
an arousal reaction; instead, our results suggest a global phenom-
enon of increased functional connectivity between sensory and
different high-level processing areas, including salience, cogni-
tive, and limbic networks. The phenomenon observed in this
study suggests that arousal tends to occur when sensory receiving
areas are in a state of activity favorable to send information to
other networks involved in stimulus processing, and/or when
such networks (including executive, integrative, and emotion-
related areas) are in a favorable state of receptiveness to process
input from sensory cortices (Bastuji et al., 2016; Garcia-Larrea
and Bastuji, 2018).

During slow-wave sleep, electrophysiological activity fluctu-
ates because of the intrinsic tendency of cortical neurons to
fall into a so-called “down-state” after transient activation

Table 7. Post hoc analyses of spectral power values with respect to the
significant interaction between cerebral networks and frequency bands in PS
(F(8,174) = 6.13; p, 0.0001)a

Areas PS

d -u senso vs ce: t(33) = 4.23; p= 0.0016; d= 0.98
senso vs sa: t(35) = 1.06; p= 0.65
senso vs in: t(35) = 1.94; p= 0.35
senso vs em: t(33) = 0.23; p= 0.82
ce vs sa: t(33) = 3.16; p= 0.0268; d= 0.66
ce vs in: t(33) = 1.70; p= 0.40
ce vs em: t(33) = 4.33; p= 0.0013; d= 0.98
sa vs in: t(35) = 0.80; p= 0.68
sa vs em: t(33) = 1.44; p= 0.40
in vs em: t(33) = 1.85; p= 0.37

a-s senso vs ce: t(33) = 5.12; p= 0.0001; d= 1.08
senso vs sa: t(35) = 1.84; p= 0.26
senso vs in: t(35) = 2.87; p= 0.04; d= 0.66
senso vs em: t(33) = 1.55; p= 0.35
ce vs sa: t(33) = 2.77; p= 0.045; d= 0.59
ce vs in: t(33) = 0.77; p= 0.44
ce vs em: t(33) = 5.99; p, 0.0001; d= 1.46
sa vs in: t(35) = 1.20; p= 0.42
sa vs em: t(33) = 3.21; p= 0.02; d= 0.79
in vs em: t(33) = 4.07; p= 0.002; d= 0.91

b -g senso vs ce: t(33) = 5.11; p= 0.0001; d= 1.18
senso vs sa: t(35) = 1.48; p= 0.52
senso vs in: t(35) = 2.43; p= 0.12
senso vs em: t(33) = 0.46; p= 0.68
ce vs sa: t(33) = 4.24; p= 0.0014; d= 0.99
ce vs in: t(33) = 3.99; p= 0.0025; d= 0.83
ce vs em: t(33) = 4.35; p= 0.0011; d= 1.16
sa vs in: t(35) = 1.07; p= 0.64
sa vs em: t(33) = 0.79; p= 0.68
in vs em: t(33) = 1.53; p= 0.52

a senso, Sensory; ce, central executive; sa, salience; in, integrative; em, emotional. t, p, and d values if
significant.
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(Massimini et al., 2012; Pigorini et al., 2015). Such “down,” or
hypoactive, states are associated with an increasing density of
slow waves, and in accordance our results showed a lower proba-
bility of arousal from external stimuli when N2 sleep iEEG exhib-
its such slow-wave-laden periods. This is consistent with the
increased arousal thresholds associated with enhanced density of
d activity during N2 sleep (Neckelmann and Ursin, 1993), and
with the inverse relationship between higher slow-wave density
and lower reactivity to external stimuli during general anesthesia
(Mhuircheartaigh et al., 2010, 2013).

Of notice, while both d power and phase-coherence were sig-
nificant predictors of arousal in N2 sleep, only phase-coherence
reached significance in paradoxical sleep. Since slow-wave activ-
ity is notoriously low during PS, the absence of predictive value
might be due in part to a poor estimation of d power in this sleep
stage. Conversely, prestimulus phase-coherence between sensory
and high-order cerebral areas remained a significant predictor of
nociceptive-related arousal during PS, as it was in N2 sleep. To
the best of our knowledge, changes in preactivation and func-
tional connectivity preceding external stimuli have never been
systematically investigated in sleep. One single-case study, how-
ever, reported that noxious stimuli during PS induced behavioral
responses (a distal limb motor action) only if stimuli were
applied during a state of preactivation in a vast array of struc-
tures, including premotor, prefrontal, cingulate, and pre-supple-
mentary motor area cortices, as well as hippocampus (Mazza et
al., 2014). Notwithstanding the differences with the present
study, these results concur in underscoring the importance of the
state of the brain at the moment of stimulus reception in deter-
mining the stimulus capacity to trigger an arousal reaction, per-
mit an oriented response, and, eventually, gain access to
consciousness. According to some models of conscious percep-
tion (e.g., Damasio, 1998), a “core consciousness” is incessantly
generated relative to any object with which an organism inter-
acts. This transient sense of knowing (or “core self”) rapidly van-
ishes unless a higher level of encoding is engendered which
allows conscious recollection and requires conventional memory.
The arousal reactions induced in the present study were in gen-
eral short-lasting, rarely recalled on awakening next day, and
hence unlikely to entail a level of full consciousness. Yet, they
represent a model that helps understanding the functional deter-
minants allowing, or blocking, the processing of intruding stim-
uli during sleep, including in pathologic conditions, such as
chronic pain, where such stimuli tend to interrupt sleep continu-
ity (Bjurstrom and Irwin, 2016; Gandhi et al., 2020).

Limitations and perspectives
Our results were obtained in epileptic patients, that is, subjects
with putatively abnormal episodic brain function, which may
represent a bias. All these patients, however, had nociceptive
thresholds in the normal range, and their intracranial responses
were similar to those obtained on surface recordings with source
reconstruction in control subjects (Bradley et al., 2017). In ac-
cordance, the spectral content of sleep iEEG activity in these
patients was not different from that obtained on surface EEG in
healthy volunteers (Weiss et al., 2011). Other limitations derive
from the fact that functional links determined through phase-co-
herence analysis do not prove direct causal influences of one
structure on another, and we cannot exclude that they may result
from functional connections through intermediary regions not
recorded here (Liu et al., 2011). The data we present, although
extensive, could not provide a full view of all cortical regions
responding to noxious input; in particular, areas of the temporal

lobe were lacking because of their frequent involvement in the
epileptic process.

N2 and PS are not homogeneous states but have phasic and
tonic components, which might affect differentially stimulus
processing and were not discriminated in this study. We did not
perform specific comparisons between substages to reduce the
number of repeated tests and keep statistical power.
Furthermore, we have previously shown that phasic N2 periods
(i.e., containing spindles) have no differential effects on nocicep-
tive arousal relative to tonic periods (Claude et al., 2015), and
that responses in paradoxical sleep do not change between tonic
and phasic periods (Bastuji et al., 2008).

We did not extend our coherence analysis to high-g ranges
since phase synchronization of high-g activity appears restricted
to small interareal distances and declines dramatically for longer
ranges, whereas coherence in d , u , and a bands remains signifi-
cant (e.g., von Stein and Sarnthein, 2000). Since our coherence
analysis focused on widely spaced networks, we opted to concen-
trate on frequency ranges more likely to convey distant informa-
tion (Lisman and Jensen, 2013).

Finally, although our study was focused on the nociceptive
system (and hence used the posterior insula as a seed), one can
suppose that the state of preactivation can determine, at least
partially, the brain reactivity to other types of sensory stimuli as
well, the main determinant of arousal being the functional rela-
tion between sensory and high-order networks, whatever the
sensory system involved. Thus, in the case of auditory stimuli,
arousal might be determined preferentially by coherence involv-
ing auditory sensory areas, rather than the posterior insula.
Investigating this question may prove difficult, since auditory
stimuli have in general little arousing effects unless they are of
high intensity (Bastuji and Lavigne, 2016), which would make
them potentially nociceptive and hence nonspecific. Using audi-
tory stimuli with intrinsic significance for the sleeper might be a
possible solution.

In conclusion, the results of the present study indicate that
the level of brain interareal communication immediately before a
noxious stimulus may determine the behavioral responsiveness
to the incoming input, by facilitating or preventing the transfer
of information from sensory to multiple higher-level cortical
networks.
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