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Abstract
Functional neuroimaging studies suggest that the insular cortex—and more especially the anterior insula (aI)—is involved in 
attentional processes and plays a crucial role in the “salience network”. However, its specific role in attentional processing 
remains unclear, which is partly attributable to the low temporal resolution of non-invasive neuroimaging techniques. This 
study aims to examine the spatio-temporal dynamics of visual target processing using intracranial EEG recorded directly 
from the insula. Eight epileptic patients (four women, age 18–44 years) completed a three-stimulus visual oddball task dur-
ing the extraoperative invasive intracranial EEG (iEEG) monitoring of their drug-resistant seizures. Depth electrodes were 
implanted in ten insular lobes (5 left and 5 right) and provided a total of 59 recording contacts in the insula. Event-related 
potentials (ERPs) and high-gamma-band responses (GBRs) were processed offline. Permutation analyses were performed 
to compare ERP signals across conditions during the P300 (225–400) interval, and modulations of GBRs (70−150 Hz) 
were computed for separate 100 ms time windows (from 0 to 1000 ms post-stimulus) and compared across conditions using 
non-parametric Wilcoxon test. Target stimuli were associated with a P300 (250–338 ms) component for 39% of contacts 
implanted in the aI, most probably reflecting voluntary attentional processing. Amplitude was significantly greater for target 
than for standard stimuli for all of these contacts, and was greater than for novel stimuli for 72%. In the posterior insula (pI), 
16% of contacts showed preferential responses to target stimulus in the P300 interval. Increased GBRs in response to targets 
were observed in 53% of aI contacts (from ≈ 200 to 300 ms) and in 43% of pI contacts (from ≈ 400 to 500 ms). This study is 
the first to characterize the spatio-temporal dynamics of visual target processing in the insula using iEEG. Results suggest 
that visual targets elicit a P300 in the aI which corresponds in latency to the P3b component, suggesting that this region is 
involved in top–down processing of task-relevant information. GBRs to visual targets occur earlier in the aI than in the pI, 
further characterizing their respective roles in voluntary attentional processing.
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Introduction

The insula (Island of Reil) is considered as the fifth lobe of 
the brain. This paralimbic structure is localized deep in the 
Sylvian fissure, enclosed by the frontal, parietal, and tem-
poral opercula. It is divided into two portions by the cen-
tral insular sulcus: the anterior insula (aI) and the posterior 
insula (pI). The aI is composed of three short gyri (ante-
rior, middle, and posterior short gyri), and the pI is made 
of two long gyri (anterior and posterior long gyri) (Türe 
et al. 1999). The insula has been associated with a large 
variety of functions, including sensory (visceral, soma-
tosensory, auditory, gustatory, and olfactory), affective 
(emotions and empathy), and cognitive (language, atten-
tion, and decision-making) processing (Uddin et al. 2017). 
It has also been proposed to be involved in autonomic and 
vestibular functions (Mazzola et al. 2014; Oppenheimer 
et al. 1992) and might be crucial for interoception (Craig 
2003). However, its specific role(s) remain(s) enigmatic, 
which is partly attributable to its location which makes 
it difficult to access, and to the very rare prevalence of 
brain damage restricted to the insular cortex (Cereda et al. 
2002).

Functional neuroimaging studies have revealed a func-
tional differentiation within the insular lobe, with the aI 
being activated during cognitive and socio-emotional 
tasks, and the pI, by sensorimotor and chemosensory 
stimuli. More specifically, results from a meta-analysis of 
1768 neuroimaging studies suggest that the anterior–dor-
sal region of the insula is activated during tasks assessing 
attention and working memory (Kurth et al. 2010). Indeed, 
activation of the aI has been reported in response to mul-
timodal target detection and during goal-directed tasks 
(Clark et al. 2000; Downar et al. 2000; Kiehl et al. 2001; 
Linden et al. 1999; Nelson et al. 2010; Stevens et al. 2000). 
It has been suggested that the insular cortex is involved, 
along with other brain areas (e.g., supramarginal gyrus, 
frontal operculum, superior parietal lobule, and anterior 
cingulate cortex) in a “target detection network” which 
is used in the detection of visual target stimuli (Ardekani 
et al. 2002; Clark et al. 2000). More recently, the aI, along 
with the dorsal anterior cingulate cortex and subcortical 
and limbic structures, has been put in the core of the “sali-
ence network”, which enables the attentional focus on the 
most salient stimuli in the environment (Menon and Uddin 
2010; Uddin 2015). Currently, it remains unclear whether 
the aI participates in the voluntary (top–down) or auto-
matic (bottom–up) detection of salient information, or in 
both processes.

Electroencephalography (EEG) studies have showed 
that the automatic and the voluntary/controlled processes 
involved in change detection can be distinguished both 

temporally and spatially. On scalp EEG, detection of an 
attended and unpredictable target stimulus is associated 
with an event-related potential (ERP) component peaking 
around 300–400 ms post-stimulus and maximal over the 
centro-parietal region. This positive-amplitude compo-
nent, referred to as the P3b, reflects deliberate attentional 
processing for a relevant and expected stimulus. By con-
trast, novel task-irrelevant stimuli are associated with the 
P3a, which occurs 225–300 ms post-stimulus and maximal 
in the frontal region (Ardekani et al. 2002; Polich 2007; 
Posner et al. 1980; Snyder and Hillyard 1976; Squires et al. 
1975). The P3b subcomponent occurs independently of the 
modality and tends to occur later in response to visual 
compared to auditory targets (Snyder et al. 1980). Both 
the P3a and the P3b components can be elicited during an 
oddball detection paradigm. Several electrophysiological 
studies using electrical sources localization by low-resolu-
tion electromagnetic tomography (LORETA) have helped 
characterizing the scalp topography and cortical sources of 
the P300 subcomponents. According to these studies, gen-
erators of the P3b include the insula, the temporal–parietal 
junction, the superior temporal gyrus, the dorsolateral pre-
frontal cortex (Mulert et al. 2004), the temporo-occipital 
regions, and the limbic as well as the anterior cingulate 
region (Volpe et al. 2007), whereas the generators of P3a 
are localized in cingulate region, frontal and right parietal 
areas (Volpe et al. 2007). A few studies using invasive 
intracranial EEG (iEEG) recordings with epileptic patients 
have showed P3a ERP responses to deviant stimuli located 
along the cingulate gyrus, the inferior frontal sulcus, the 
temporo-parietal cortex, the inferior temporal gyrus, and 
the posterior parahippocampus, and P3b ERP responses in 
the hippocampus, superior temporal sulcus, ventrolateral 
prefrontal cortex, and intraparietal sulcus (Baudena et al. 
1995; Halgren et al. 1995a, b, 1998). To our knowledge, 
no study has yet described P3a or P3b components in the 
insula, which may be attributed to rare and/or incomplete 
sampling of this region in these studies.

Beyond its higher localization value, one major advantage 
of intracranial over scalp-EEG recording is the ability to 
measure signals in high frequencies (Parvizi and Kastner 
2018). Several studies have showed that high-frequency 
(> 40 Hz) iEEG activity allows the investigation of task-
related neural processes with high anatomical, temporal, and 
functional specificity (e.g., Lachaux et al. 2012). Increased 
activity in the high-gamma-frequency range (60–150 Hz) 
has been observed during functional activities in a variety 
of sensory and cognitive functions including sensorimotor, 
auditory, visual, attentional processing, memory, learning, 
and language, in both sensory and non-sensory areas (Jensen 
et al. 2007; Lachaux et al. 2012; Ray et al. 2008; Ward 2003). 
More specifically, gamma-frequency modulation has been 
proposed to serve as a mechanism for active maintenance of 
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representations in working memory, underlying the neuronal 
substrate for directed attention (Jensen et al. 2007). A scalp-
EEG study has showed that gamma-band frequency differed 
between target and non-target-stimuli processing during an 
auditory oddball task. A late oscillatory activity peaking at 
37 Hz around 360 ms was observed only after target stimuli, 
suggesting gamma-band frequency involvement in voluntary 
attentional function (Gurtubay et al. 2001). In a subdural 
electrocorticography study in humans, high-gamma modula-
tion (80–150 Hz) was described from around 400 ms after 
stimulus onset in sensory and prefrontal cortices during a 
selective attentional task (Ray et al. 2008). More recently, 
intracranial electroencephalography recordings in epilep-
tic patients have showed a modulation of high-frequency 
activity (70–150 Hz) in response to affective information, 
linking high-gamma modulation to saliency information 
processing (Boucher et al. 2015). Currently, very few stud-
ies have reported a high-gamma modulation in the insular 
cortex linked to attentional processing (e.g., Müsch et al. 
2014). To our knowledge, no study has yet evaluated the 
spatio-temporal dynamics of attentional processing in the 
high-gamma-frequency range within the insular cortex.

In recent years, the insula has been recognized as a pos-
sible seizure focus in a non-negligible proportion of epileptic 
patients (Isnard et al. 2004; Nguyen et al. 2009; Obaid et al. 
2017). Because of the widespread connections that the insula 
shares with other brain areas (Ghaziri et al. 2017), insular 
seizures are difficult to diagnose as they can mimic other 
more common types of epilepsies such as mesial temporal 
lobe epilepsy and frontal lobe epilepsy. Therefore, invasive 
iEEG recordings are often required in patients undergoing 
epilepsy surgery for whom an insular focus is suspected 
(Surbeck et al. 2011). Intracranial EEG offers a unique 
opportunity to study the role of the insula in information 
processing, by combining the excellent temporal resolution 

of EEG with a spatial resolution comparable to that of func-
tional magnetic resonance imaging (fMRI) (Lachaux et al. 
2003). In the present study, we use iEEG to examine the 
spatio-temporal dynamics of information processing in the 
insular cortex. More especially, this study aims to determine 
whether the insula is involved in the controlled/voluntary 
detection of task-relevant information (top–down process-
ing), in the automatic detection of new information (bot-
tom–up processing), or both, and whether this differs across 
insular subregions.

Experimental procedure

Participants

Eight epileptic patients (four female; mean age = 30.6, 
range = 18–44 years, all right-handed) with drug-resistant 
seizures, hospitalized for long-term extraoperative invasive 
iEEG monitoring to better delineate their epileptic focus, 
were recruited for the present study. Testing occurred at 
least 3 days after intracranial electrode implantation. All 
patients gave their informed written consent to participate 
to the experiment. The study was approved by the CHUM 
ethics committee, and was conducted in accordance with the 
ethical standards laid down in the Declaration of Helsinki. 
Table 1 summarizes characteristics of the study participants. 
A total of 59 electrode contacts were implanted in ten insu-
lae (5 left and 5 right).

Oddball task

A three-stimulus visual oddball detection paradigm was 
employed to study attentional processing in the insula. 
Patients were tested in their hospital room and seated 

Table 1   Descriptive characteristics of the study participants

R right, L left, F frontal, I insula, P parietal, O occipital, T temporal, C cingulate

Pt. # Gender Age (years) Age at first 
seizure 
(years)

Implanted regions Total no. of 
recording 
contacts

No. of 
contacts for 
analysis

No. of con-
tacts in the 
insula

Seizure focus

1 F 18 10 L (F, P, T, I) 116 113 6 L Anterior insula
2 M 22 10 L (P, T, I) 110 110 3 Not determined
3 M 23 11 L (F, T, I) and R (F, 

T, I)
113 101 11 Bitemporal (Hippocam-

pus)
4 M 34 20 R (F, P, T, I) 116 110 4 R Frontal
5 F 32 30 L (F, T, P, I, O) 116 111 11 L temporo-insular
6 F 37 23 L (C, F, P, I) and R (C, 

F, P, I)
101 95 19 R Cingular cortex

7 F 35 21 R (F, I, T) 84 82 2 R Operculo-orbito-insular
8 M 44 12 R (F, I, T) 94 92 3 R Middle and inferior 

frontal gyri junction
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approximately 57 cm from the computer screen. Participants 
were instructed to keep their gaze on a cross localized at 
the centre of the screen, and to press the space key on the 
keyboard as quickly as possible in response to the target 
stimulus (blue square, 8 × 8 cm, 15% probability), and not to 
press in response to the standard (red square, 8 × 8 cm, 70%) 
and novel (green square, 8 × 8 cm, 15%) stimuli. Each block 
contained 70 standard stimuli, 15 target stimuli, and 15 novel 
stimuli. The total task includes six blocks of 100 stimuli pre-
sented in a pseudorandomized order. Stimulus duration was 
50 ms and was presented centrally on a black background. 
Inter-stimuli interval was fixed at 2000 ms. Participants were 
offered a short pause between each block. Visual stimuli 
were presented on a 17 in. display monitor using Presenta-
tion software v. 14.5 (neurobehavioral systems: http://www.
neuro​bs.com).

iEEG recording and analyses

Intracranial EEG acquisition was performed at 2 kHz using 
a Stellate Harmonie audio–video-EEG monitoring system 
(Natus Medical, San Carlos, CA), by means of depth elec-
trodes, subdural strips, and grid electrodes (Ad-tech medical 
instruments, Racine, WI), with one mastoid used as refer-
ence and the other used as ground.

A 3D reconstruction with Stellate Gridview software 
was performed on postimplantation MRIs for localization 
of electrode contacts. Stellate Gridview coordinates were 
transformed to Talairach coordinates to allow an automatic 
localization of contacts according to the Talairach Daemon 
atlas (Lancaster et al. 2000), for visualization purposes. The 
distribution of the insular electrode contacts from the eight 
patients is illustrated in Fig. 1. A total of 59 contacts in the 
insula were analyzed in the present study.

EEG data were analyzed offline using Brain Vision Ana-
lyzer 2.0.1 software (Brain Products, Munich, Germany). 
All signals were down-sampled offline to 500 Hz. A visual 
inspection of raw data was applied. Channels with arte-
facts due to noise and epileptic activity on the whole sig-
nal were removed from further analyses (36/850, 4.2%, see 

Table 1). Automatic artefact rejection (± 300 µV), maximal 
allowed voltage step (30–60 µV/ms), and manual inspection 
of the data were performed to remove epochs containing 
noise and epileptic activity. We excluded on average 9.63% 
(between 3.39 and 18.86%) of data for each subject. Trials 
with errors and with responses occurring before 200 ms or 
after 2.000 ms following target-stimulus presentation were 
excluded.

ERP analysis

Data were segmented (− 200 to 1000 ms post-stimulus 
onset) separately for target, standard, and novel stimuli, and 
a baseline correction was applied (− 200 ms). We used high- 
and low-pass filters at 0.1 and 30 Hz as usually applied for 
studying the P300 components (e.g., Demiralp et al. 2001; 
Guger et al. 2011; Lindín et al. 2004), with a 60 Hz notch 
filter to limit the influence of power-line noise present in 
North America. Automatic peak detection was used to meas-
ure P300 amplitude (most positive point between 225 and 
400 ms post-stimulus interval) and P300 latency (relative to 
stimulus onset). Only the components in the P300 latency 
range (i.e., 225–400 ms) were considered for future analysis. 
Visual inspection of the averaged ERP data did not reveal 
any other obvious amplitude difference in the 0–1000 ms 
post-stimulus interval. More than 75% of trials per condition 
were kept for analyses on average. However, only 21% of 
novel, 68% of standard, and 54% of target trials were con-
served for one patient (Pt. #6). To this fact, results for this 
participant have had to be interpreted with this limitation. 
This procedure was performed using Brain Vision Analyzer 
2.0.1 software.

GBR analysis

Data were segmented (− 500 to 1500 ms post-stimulus 
onset) separately for target, standard, and novel stimuli. 
Continuous time–frequency analysis over each trial was 
performed using complex Gaussian Morlet’s wavelet in the 
frequency range of 70–150 Hz, in eight separate 10 Hz linear 

Fig. 1   Distribution of insular 
electrode contacts in our study 
participants (N = 8) accord-
ing to the estimated Talairach 
coordinates, for the left (a) and 
right (b) hemispheres. Different 
colors were used to represent 
each patient: Pt. 1: green; Pt. 2: 
cyan; Pt. 3: yellow; Pt. 4: red; 
Pt. 5: brown; Pt. 6: blue; Pt. 7: 
dark green; Pt. 8: magenta

http://www.neurobs.com
http://www.neurobs.com
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steps. The Morlet parameter was set at seven. A baseline 
correction (− 200 to − 50) was applied. We decided to select 
this frequency band based on the previous works that used 
70–150 Hz band frequency to study intracranial gamma-
band responses (Boucher et al. 2015; Vidal et al. 2010). This 
procedure was performed using Brain Vision Analyzer 2.0.1 
software.

Due to epileptic focus in the insula and several seizures 
during the testing, we excluded one subject (Pt. # 5) from 
GBR analysis to avoid skewing our results with high-gamma 
activity originating from epileptic discharges. We kept on 
average 72% of trials for each subject, except for one (Pt. # 
6) for whom only 18% of novel, 26% of target, and 59% of 
standard trials were conserved. At this step, we decided to 
exclude these two subjects for GBR analyses.

A broadband 70–150 Hz gamma-band power was com-
puted, using a normalization method described earlier 
(Boucher et al. 2015) allowing for correction of the power 
decrease of the signal with increasing frequency due to the 
fact that event-related GBRs are broadband (Lachaux et al. 
2012). For the eight separate frequency bands (10 Hz each 
one, from 70–80 to 140–150 Hz), power value for a given 
time interval was divided by the median value, on the same 
frequency band, from all the prestimulus baseline epochs. 
Broadband activity was computed by calculating the average 
of those eight normalized frequency layers. Epochs with out-
liers value (> 3.29 SD from the mean) were excluded. This 
procedure was repeated for each time interval, including the 
baseline (− 200 to − 50 ms) and for every 100 ms intervals 
(from 0 to 1000 ms post-stimulus). These values obtained 
represent the mean broadband gamma power over a time 
interval of 100 ms duration, expressed as the percentage of 
power change relative to baseline level for each insular con-
tact. This procedure was performed using MatLab software 
(R2015a).

Statistical analysis

ERPs

Non-parametric permutation tests (Galán et  al. 1997) 
were performed (1000 permutations) using MatLab soft-
ware (R2015a). Electrode contacts showing a significant 
(p < 0.001) amplitude difference between the 225–400 ms 
interval at the baseline following target and/or novel stim-
uli were first identified. Then, for each of these contacts, 
permutation tests were performed to test for amplitude 
difference in the 225–400 ms interval between each pair 
of condition (i.e., target vs. standard; novel vs. standard; 
target vs. novel). At this step, a p < 0.05 criterion was used. 
Bonferroni correction was applied to avoid spurious posi-
tive results due to number of comparisons being performed 
for each electrode. We divided the alpha value criterion by 

the number of comparisons (i.e., target vs. standard; novel 
vs. standard; target vs. novel). Thus, a p < 0.017 criterion 
was used for each contact.

GBRs

Electrode contacts showing a significant response 
(p < 0.001) in the high-gamma band associated with 
presentation of target and/or novel stimuli were identi-
fied using Wilcoxon signed-rank tests comparing gamma-
band power during each post-stimulus time interval to that 
of the prestimulus baseline epoch (− 200 to − 50 ms) on 
the same trial. Then, for each significant GBR identified 
for target and/or novel condition (i.e., each post-stimulus 
100 ms time interval different from its baseline at the 
same contact), Mann–Whitney non-parametric tests were 
conducted to compare this GBR with each pair of condi-
tion (i.e., target vs. standard; novel vs. standard; target vs. 
novel). At this step, a p < 0.05 criterion was used. As pre-
viously, Bonferroni correction was applied for each con-
tact (p < 0.017). All analyses were conducted in Matlab 
software (R2015a).

Results

Behavioral results

Performance on the visual oddball task is summarized in 
Table 2. The task was well executed by all patients, as all 
of them responded to more than 75% of targets and to ≤ 1% 
of non-targets. Mean reaction time differed strongly across 
participants. Patients who had slower hit reaction times 
(i.e., Pts. # 6 and 7) were also those with the lower hit 
detection rates.

Table 2   Behavioral results on the visual oddball task

Pt. # No. blocks 
completed (/6)

% hits % false alarms Mean ± SD 
hit RT (ms)

1 5 100.0 0.0 448 ± 66
2 6 98.9 0.0 412 ± 57
3 6 98.9 1.1 444 ± 78
4 6 100.0 0.0 395 ± 40
5 6 100.0 0.0 297 ± 34
6 4 76.7 0.0 537 ± 128
7 4 83.3 0.0 553 ± 141
8 6 95.6 0.0 434 ± 67
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iEEG results

ERPs

Target stimuli elicited a P300 response for 11/28 of aI con-
tacts (39%) (i.e., 4/6 patients with aI contacts) (Pt. # 1, 3 
contacts; Pt. # 3, 3 contacts; Pt. # 4, 3 contacts; and Pt. # 6, 
2 contacts, see Table 3). Amplitude was significantly greater 
for targets than for standard stimuli for all of these contacts 
(100%), and was significantly greater than for novel stimuli 
for 8/11 contacts (72%) (Pt. # 1, 3 contacts; Pt. # 3, 2 con-
tacts; and Pt. # 4, 3 contacts). Significant responses to target 
stimuli were observed at left (6/18, 33%) and at right (5/10, 
50%) anterior insular electrode contacts. In patients with 
bilateral insular coverage, P300 latency was comparable for 
left and right aI contacts.

By contrast to aI responses, target stimuli elicited signifi-
cant P300 responses in only 5/31 of pI contacts (16%) (Pt. # 
2, 3 contacts; Pt. # 4, 1 contact; Pt. # 6, 1 contact). Ampli-
tude was significantly greater for targets than for standard 
stimuli for 3/5 contacts (60%) (Pt. # 2, 2 contacts and Pt. # 
6, 1 contact), and was significantly greater than for novel 
stimuli for 3/5 contacts (60%) (Pt. # 2, 3 contacts). All of 
these contacts were localized in the left hemisphere. The 
distribution of significant insular electrode contacts from 
the eight patients is illustrated in Fig. 2, and examples of 
P300 component recorded in the aI, and the grand average 
ERP for all aI contacts showing a significant P300 effect in 
response to target stimuli in the aI, are illustrated in Fig. 3.

Unlike target stimuli, novel (non-deviant target) stimuli 
did not elicit a significant P300 response in the insular cortex 
(see Table 4).

GBRs

In total, 8/15 aI contacts (53%) showed GBRs to target 
stimulus (Table 5). An early- and long-lasting (≈ 200–300 
to 700 ms) target-dependent modulation of GBR was first 
observed for 7/15 of aI contacts (47%) (i.e., 4/4 patients 
with aI contacts) (Pt. # 1, 1 contact; Pt. # 3, 1 contacts; Pt. 
# 4, 3 contacts; and Pt. # 8, 2 contacts). More specifically, 
target-stimulus presentation was associated with increased 
GBRs in comparison to both standard and novel stimuli for 
all of these contacts (100%). A late- and short-lasting (from 
600 to 700 ms) target-dependent modulation of GBRs was 
also recorded in one aI contact (1/15, Pt. # 8). Significant 
responses to target stimuli were observed at left (2/8, 25%) 
and at right (6/7, 86%) anterior insular contacts.

A later (≈ 400–500) modulation of gamma-band activity 
was observed in the pI in response to target stimulus for 5/14 
contacts (36%) (i.e., 2/4 patients with pI contacts) (Pt. # 2, 3 
contacts and Pt. # 3, 2 contacts). Target stimulus was asso-
ciated with increased high-gamma activity in comparison Ta
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to both standard and novel stimuli for all of these contacts 
(100%) exclusively located in the left hemisphere. An early- 
and long-lasting (from 200 to 900 ms) target-dependent 
modulation of GBRs was recorded in one pI contact (1/14, 
Pt. # 4). In total, 6/14 pI contacts (43%) showed GBRs to 
target stimulus (Table 5).

Three aI contacts out of fifteen (20%) showed a novel-
dependent modulation of GBRs (i.e., 2/4 patients with aI 
contacts) (Pt. # 4, 2 contacts and Pt. # 8, 1 contact). For 
each of these contacts, high-gamma power was stronger 
for novel than standard stimuli (see Table 6). Significant 
responses to novel stimuli were exclusively located in the 
right hemisphere.

Figure 4 depicts the distribution of insular contacts show-
ing significant stimulus-dependent gamma-band modula-
tions (A), along with the examples of GBRs recorded in the 
aI (B) and pI (C).

Discussion

This study examined the contribution of the human insula 
to visual target-stimulus detection, using iEEG recordings 
in epileptic patients. A significant proportion (39%) of aI 
contacts showed a significant ERP response following tar-
get stimuli occurring around 300 ms post-stimulus, most 
of which showed significantly greater response to targets 
than to both standard and novel stimuli, presumably reflect-
ing a voluntary and controlled attention (i.e., top-down) 
effect. The results highlight the participation of the aI in the 

genesis of the P3b subcomponent, and also support an aI 
involvement in target detection as previously suggested by 
fMRI (Ardekani et al. 2002; Nelson et al. 2010) and scalp-
EEG studies (Linden et al. 1999; Milner et al. 2014; Mulert 
et al. 2004). By contrast, a weak proportion (16%) of pI 
contacts responded preferentially to visual target stimuli, a 
result which is congruent with the functional differentiation 
within the insula as revealed by the previous studies (e.g., 
Kurth et al. 2010). A high proportion of aI contacts (53%) 
also showed early modulations of high-frequency signal in 
response to target stimuli, which highlights a top–down pro-
cessing as previously suggested by an iEEG study (Müsch 
et al. 2014). Contrarily to our expectations, a significant 
proportion (43%) of pI contacts also showed GBRs to tar-
get stimulus starting around 400 ms. To our knowledge, our 
study is the first to characterize the P300 component and 
associated high-gamma modulations in the human insula 
using iEEG.

Brázdil et al. (2005) recorded intracerebral ERPs dur-
ing a two-stimulus auditory oddball task in eight epileptic 
patients. Among the 606 intracerebral electrode sites inves-
tigated, only one was located in the insula, and although a 
“positive observation” was reported by the authors, there 
was no further information on the specific timing and loca-
tion of this response. Clarke et al. (1999) reported a late, 
post-response, negative-going slow-wave component at 
insular/opercular electrode sites following rare targets in six 
patients, but no P3-like component during a visual oddball 
procedure. However, insular contacts in their study appeared 
to be located exclusively in the pI. Boucher et al. (2015) did 
not find GBRs in the insular cortex to saliency information 
processing. However, their patients with insular contacts 
had the seizure focus localized in the insula. A recent iEEG 
study has reported gamma-band oscillations (40–90 Hz) in 
the insula following thermo-nociceptive stimuli presentation 
(Liberati et al. 2017). The authors reported the role of the 
insula in the perceptual processing. However, no distinc-
tion between aI and pI in deeper attentional processing was 
investigated in the high-gamma frequency.

We observed P300 responses in both the left and the right 
insulae, with no obvious difference in latency and amplitude, 
as described in some neuroimaging studies (e.g., Linden 
et al. 1999). Other authors have previously showed a pre-
dominance of the right side for visual target-stimuli detec-
tion (e.g., Downar et al. 2000). Uddin (2015) proposed that 
an anomalous interaction between the right dorsal aI and 
other large-scale brain networks (i.e., the default-mode net-
work and central executive network) could result in altered 
attentional processes, suggesting a key role of the right dor-
sal aI in salience processing. Our ERP results do not sup-
port such precedence for the right over the left insula in 
the attentional processes under study. Nevertheless, we can-
not exclude the possibility that laterality-dependent effects 

Fig. 2   Distribution of the insular electrode contacts showing a sig-
nificant increase in P300 amplitude in response to target vs. standard 
and/or novel stimuli (both hemispheres combined). Different colors 
were used to represent each patient: Pt. 1: green; Pt. 2: cyan; Pt. 3: 
yellow; Pt. 4: red; Pt. 6: blue. White color: non significant insular 
electrode contacts
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would be observed in response to affective stimuli. Indeed, 
several lesion studies have highlighted the crucial participa-
tion of the right aI in the emotional processing (Phillips et al. 
1997; Terasawa et al. 2015), and Paulus et al. (2003) have 
also showed a specific activation of the right aI following 
aversive stimuli presentation.

Out of six patients with electrode contacts in the aI, two 
(Pt’s #5 and #8) did not show a significant P300 response. 
For one of them (Pt. #5), a left insular dysplasia was found 
on the MRI, and a left temporo-insular epileptic focus was 
identified, which might explain the lack of effect observed. 
This same patient was excluded from GBR analyses due 
to noise associated with inter-ictal high-frequency activ-
ity. The other patient (Pt. #8) had a right frontal cortical 
dysplasia (type II) and, although the insula was not found 
to be involved in the epileptic seizure genesis, we cannot 
exclude some cortical reorganization affecting the insula due 
to the dysplasia (Burneo et al. 2004; Gondo et al. 2000). 
By contrast to ERP analyses, we recorded GBRs in all aI 
contacts during target detection for these patients (Pt. #8). 
These seemingly contradictory findings illustrate how ERP 

and GBR analyses may offer complementary information. 
Indeed, P300 ERP responses mostly reflect theta and delta 
frequency activities (Bernat et al. 2007; Kolev et al. 1997).

In one patient (Pt. #6), the P3b recorded in the three aI 
contacts for target stimuli differed from the standard stim-
uli, but did not differ significantly from the novel stimuli. 
This may be attributable to the low number of novel tri-
als for these three contacts (21%) kept for analysis after 
artefact rejection compared to target stimuli (53%) in this 
subject (significant statistical comparison (t (3) = − 11.58, 
p = 0.007), thereby affecting statistical power for target vs. 
novel stimuli in this patient. We did not find aI contacts with 
P300 activity in response to novel stimuli in comparison to 
standard stimuli, and only 3/15 aI contacts showed GBRs 
for this comparison. Thus, the aI does not seem to respond 
preferentially to rare stimuli, but rather to task-relevant 
stimuli, suggesting a top-down effect related to attentional 
control (Clark et al. 2000; Nelson et al. 2010). The aI plays 
a major role in affective processing including emotional 
evaluation, social cognition, empathy, and consciousness 
emotional (e.g., Berntson et al. 2011). Furthermore, Menon 

Fig. 3   Examples of P300 component recorded in the aI. a = Pt. 1, 
b = Pt. 3, c = Pt. 4, d = Pt. 6, and e = Grand average ERP for all aI con-
tacts showing a significant P300 effect for target vs. standard stimuli. 
All significant contacts for a given participant were averaged prior to 

perform the grand average analysis, so that each participant has the 
same weight in the resulting ERP (blue: target, red: novel, and dark: 
standard)
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and Uddin (2010) have proposed that the aI would help to 
integrate bottom–up salient information in initiating atten-
tional control signal. As the stimuli involved in our task were 
emotionally neutral, we cannot exclude the possibility that 
the aI is involved in bottom–up detection of task irrelevant, 
but emotionally relevant novel stimuli (Britton et al. 2006; 
Phan et al. 2004; Zhang et al. 2018).

One patient (Pt. #2) showed significant P300 responses in 
the pI for target-stimuli detection around 326 ms post-stim-
uli, which was not seen in the other participants. Although 
these inter-individual differences may be attributable to dif-
ferences in the specific locations of the insular contacts or 
to the fact that contacts may not have all been implanted in 
the same cortical layer, this may also reflect inter-individual 
differences in anatomo-functional organization of the insular 
cortex, possibly due to plasticity (Scharfman 2002). This 
patient also showed GBRs in the pI for target stimuli in com-
parison to novel and standard stimuli around 400–600 ms 
post-stimuli.

Together, ERP and GBRs results for the aI contacts 
showed that this insular subportion is involved in top-down 
attentional processing. Contrary to our expectations, several 
pI contacts showed a later target-dependent modulation of 
GBRs in comparison to novel and standard stimuli presenta-
tion. Rather than indexing attentional processing, this activ-
ity may reflect somatosensory or motor responses associated 
with target responding, which would be congruent with the 
role of the pI in sensorimotor processing (Cauda et al. 2011; 
Kishima et al. 2007; Nguyen et al. 2009). This hypothesis 
is supported by the fact that pI contacts showing these rela-
tively late GBRs were all localized in the left hemisphere, 
while all participants pressed the response button using the 
right hand. Future studies using similar paradigms should 
use non-motor responses (e.g., counting the targets) to rule 
out the possibility that the recorded pI activity is attributable 
to such processes.

This study is limited by factors that are inherent to iEEG 
studies with epileptic patients. These include the incomplete 
coverage of the insular cortex by intracranial electrodes, the 
limitation of generalization of our results due to the pos-
sible influence of epilepsy (especially in the three patients 
for whom the epileptic focus involved in insula) and cortical 
dysplasia on the functional organization of the insula, and 
the influence of medication on neural activity. Despite these 
limitations, our results are congruent across patients as well 
as with prior studies with healthy participants.

This study examined attentional processes in the insu-
lar cortex through direct intracranial EEG recordings by 
exploring ERP subcomponents and GBRs obtained during a 
three-stimulus visual oddball task. Our findings suggest that 
visual target detection is associated with a P300 response 
in the aI which seems to correspond to the P3b component 
seen in scalp-EEG studies, underlying voluntary attentional Ta
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processing. This P300 response appeared to be independent 
from the hemisphere where recordings were obtained, and 
was not consistently observed in the pI. GBRs were also 
recorded in response to target stimuli, occurring earlier in 
the aI (from ≈ 200 to 300 ms) and then in the pI (from ≈ 400 

to 500 ms). This temporal separation might reflect contri-
bution of the aI to voluntary attentional processing, and the 
role of the pI in sensorimotor processing.

Table 5   High-gamma modulations (70–150 Hz) in response to visual target recorded in the insular cortex

All significant contacts showed a p value < 0.01
T = Target; S = Standard; N = Novel; as = anterior short insular gyrus; aps = anterior peri-insular sulcus; al = anterior long insular gyrus; 
ms = middle short insular gyrus; ps = posterior short insular gyrus; pl = posterior long insular gyrus; ia = insular apex; pcs = post-central sulcus; 
sis = short insular sulcus; cs = central sulcus of the insula; li = limen insulae

Pt. # Anterior insula Posterior insula

Contact Hemisphere Gyrus Comparison Timing (ms) Contact Hemisphere Gyrus Comparison Timing (ms)

1 u11 Left as-aps – –
u12 Left as – –
u13 Left as – –
u31 Left as – –
u32 Left as – –
u52 Left as T>S; T>N 400–600

2 u32 Left al T>S; T>N 600–700
u33 Left al T>S; T>N 400–700
u34 Left al T>S; T>N 400–700

3 u11 Left as-ia T>S; T>N 200–300 u31 Left pcs – –
u12 Left as – – u32 Left pcs – –
u21 Right as-ms – – u33 Left al T>S; T>N 600–800

u34 Left al T>S; T>N 500–1000
u41 Right al – –
u42 Right al – –
u43 Right al – –
u44 Right al – –

4 u22 Right as T>S; T>N 200–800 u42 Right pl T>S; T>N 200–900
u23 Right as T>S; T>N 200–500
u24 Right as T>S; T>N 200–500

7 u41 Right al – –
u42 Right al – –

8 u22 Right as T>S; T>N 400–800
u23 Right as T>S; T>N 300–900
u24 Right as T>S; T>N 600–700
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Table 6   High-gamma modulations (70–150 Hz) in response to novel stimuli in the insular cortex

All significant contacts showed a p value < 0.01
T = Target; S = Standard; N = Novel; as = anterior short insular gyrus; aps = anterior peri-insular sulcus; al = anterior long insular gyrus; 
ms = middle short insular gyrus; ps = posterior short insular gyrus; pl = posterior long insular gyrus; ia = insular apex; pcs = post-central sulcus; 
sis = short insular sulcus; cs = central sulcus of the insula; li = limen insulae

Pt. # Anterior insula Posterior insula

Contact Hemisphere Gyrus Comparison Timing (ms) Contact Hemisphere Gyrus Comparison Timing (ms)

1 u11 Left as-aps – –
u12 Left as – –
u13 Left as – –
u31 Left as – –
u32 Left as – –
u52 Left as – –

2 u32 Left al – –
u33 Left al – –
u34 Left al – –

3 u11 Left as-ia – – u31 Left pcs – –
u12 Left as – – u32 Left pcs – –
u21 Right as-ms – – u33 Left al – –

u34 Left al – –
u41 Right al – –
u42 Right al – –
u43 Right al – –
u44 Right al – –

4 u22 Right as N > S 200–500 u42 Right pl – –
u23 Right as N > S 300–500
u24 Right as – –

7 u41 Right al – –
u42 Right al – –

8 u22 Right as – –
u23 Right as N > S 400–500
u24 Right as – –

Fig. 4   Distribution of insular 
contacts showing significant 
high-gamma modulation in 
response to target stimuli (yel-
low: aI and blue: pI) (a) and the 
average of significant contacts 
showing high-gamma activity, 
relative to baseline, in the aI 
(b) and pI (c), across conditions 
(blue: target, red: novel, and 
dark: standard)
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