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Abstract: Objectives: The aim of our study was to explore the functional connectivity between the insula and
other cortical regions, in human, using cortico-cortical evoked potentials (CCEPs) Experimental design: We
performed intra-cerebral electrical stimulation in eleven patients with refractory epilepsy investigated
with depth electrodes, including 39 targeting the insula. Electrical stimulation consisted of two series
of 20 pulses of 1-ms duration, 0.2-Hz frequency, and 1-mA intensity delivered at each of the 39 insular
bipoles. Rates of connectivity were reported whenever a noninsular cortical region was tested by at
least ten stimulating/recording electrode pairs in three or more patients Results: Significant CCEPs
were elicited in 193 of the 578 (33%) tested connections, with an average latency of 33 £5 ms. The
highest connectivity rates were observed with the nearby perisylvian structures (59%), followed by the
pericentral cortex (38%), the temporal neocortex (28%), the lateral parietal cortex (26%), the orbitofron-
tal cortex (25%), the mesial temporal structures (24%), the dorsolateral frontal cortex (15%), the tempo-
ral pole (14%), and the mesial parietal cortex (11%). No connectivity was detected in the mesial frontal
cortex or cingulate gyrus. The pattern of connectivity also differed between the five insular gyri, with
greater connectivity rate for the posterior short gyrus (49%), than for the middle short (29%), and two
long gyri (28 and 33%) Conclusion: The human insula is characterized by a rich and complex connec-
tivity that varies as a function of the insular gyrus and appears to partly differ from the efferences
described in nonhuman primates. Hum Brain Mapp 35:5279-5294, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Our knowledge of insular connectivity in primates pri-
marily derives from macaque tracer injection data and
human neuroimaging studies. In macaques, the insula has
reciprocal connections with nearby medial temporal, tem-
poropolar and orbitofrontal cortex, as well as with the
anterior cingulate gyrus and lateral prefrontal areas
[Mesulam and Mufson, 1982; Mufson and Mesulam, 1982].
Differences exist in the topographic distribution of projec-
tions from and into the sub regions of the macaque’s
insula, whereby its anterior aspect is extensively connected
with the amygdala, orbitofrontal cortex, anterior cingulate
gyrus, temporal pole, and entorhinal cortex, while its pos-
terior part is preferentially connected to the premotor cor-
tex, first and second somatosensory cortices, superior
temporal sulcus, and posterior cingulate gyrus [Augustine,
1986; Mesulam and Mufson, 1985]. This organization is
consistent with the anterior to posterior cytoarchitectonic
gradient of the insula, progressively shifting from agranu-
lar, to dysgranular and granular cortices [Mesulam and
Mufson, 1982].

Similarly, resting state functional connectivity measures
in human have identified an anterior and a posterior insu-
lar functional network [Cauda et al.,, 2011]. The former
links the anterior insula to the middle and inferior tempo-
ral cortex as well as to the anterior cingulate gyrus, and is
responsible for emotional salience and cognitive control.
The posterior network links the middle-posterior insula to
premotor, sensorimotor, supplementary motor and
middle-posterior cingulate cortices, and primarily supports
verbal, auditory, and motor processing. Probabilistic trac-
tography and structural connectivity mapping are also in
agreement with this bipartition of the human insula
[Cloutman et al., 2011] and rostrocaudal trajectory of con-
nectivity reflecting cytoarchitectony [Cerliani et al., 2011].

However, the above findings do not provide details
about the functionality and latency of the identified con-
nections. Such information can be obtained by generating
cortico-cortical evoked potentials (CCEPs) through low-
frequency electrical brain stimulation (EBS) in patients
undergoing intracerebral EEG investigation (icEEG) for
refractory partial epilepsy [Catenoix et al., 2005, 2011].
Investigating the insula is of particular interest in patients
with epilepsy, since this region might be the site of seizure
onset, mimicking temporal or frontal lobe epilepsy
through its propagation pathways [Ryvlin, 2006; Ryvlin
and Kahane, 2005; Ryvlin et al., 2006a]. So far, however,
EBS was primarily applied to the insula using high fre-
quency stimulation to trigger signs or symptoms inform-
ing on its functional role, but not on its connectivity [Afif
et al, 2010ab; Ostrowsky et al.,, 2000, 2002; Pugnaghi
et al., 2011; Stephani et al., 2011]. Recently, we have exam-
ined the intra-insular connectivity using low-frequency
EBS, and described reciprocal connections between most
of the five insular gyri [Almashaikhi et al., 2013]. In the

current study we used the same technique to examine the
functional efferences of the human insula.

MATERIALS AND METHODS
Patients

The study included eleven patients with drug-resistant
partial epilepsy undergoing icEEG as part of presurgical
assessment of their epilepsy, including the ten patients
previously reported in a CCEP study of intrainsular con-
nectivity [Almashaiki et al., in press]. All patients had a
morphologically normal insula on MRI. Extra insular corti-
cal lesions were observed in four patients, including a left
temporo-frontal cortical dysplasia, a right frontal cortical
dysplasia, a right parietal porencephalic cyst, and two
tubers (right temporal pole and left frontal) in a patient
with a minor form of tuberous sclerosis. Another four
patients demonstrated hippocampal atrophy or malrota-
tion, which were bilateral in half of them. All patients and
caregivers gave their informed consent to participate to
this study.

Stereotactic Implantation of Depth Electrodes

IcEEG was performed according to the technique
described by Talairach and Bancaud [1973], a procedure
used routinely in our department [Guenot et al., 2001].
The brain regions to be investigated were determined for
each patient, based on individual presurgical data, and
most likely origin of seizure onset. Electrodes were
implanted perpendicular to the mid-sagittal plane with the
patient’s head fixed in the Talairach’s stereotactic frame.
Eleven to sixteen semirigid intracerebral electrodes were
implanted per patient, including at least one which tar-
geted the insula ipsilateral to the putative ictal onset zone
in all patients. Two patients had bilateral implantation.
Each electrode was 0.8 mm in diameter and included 5,
12, or 15 contacts 2 mm in length, 1.5 mm apart (Dixi,
Besancon, France), depending on the target region.

A total of 39 insular electrodes were placed in the eleven
patients, including ten in the right insula and 29 in the left
insula. The median number of insular electrodes per
patient was 3 (range 1-6). Three electrodes explored the
anterior short gyrus (ASG), four the middle short gyrus
(MSG), seven the posterior short gyrus (PSG), 11 the ante-
rior long gyrus (ALG), and 14 the posterior long gyrus
(PLG). Thanks to the orthogonal implantation, the two
deepest leads of each insular electrodes were always
located within the same insular gyrus. Apart from these 39
insular electrodes, 5-13 electrodes were implanted in each
patient (median = 10) (see Supporting Information Table I).
A single electrode could sample different structures along
its course in the cortex, while the same brain region could
be sampled by several electrodes in the same patient. The
investigated brain regions included the hippocampus
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TABLE I. Epileptogenic zone as determined by SEEG

Patient no. SOZ determined by SEEG No. of electrodes Lobes investigated

1 Right mesial temporal 13 Front. (M, L), Temp. (M,L), Occ.

2 Bilateral hippocampi 14 Front. (M, L), Pariet. (M,L), Temp. (M,L),
3 Left insula 11 Front. (M, L), Pariet. (M, L), Temp. (L),
4 Left third frontal gyrus 12 Front. (M, L), Pariet. (L), Temp. (M,L),

5 Left orbitofrontal 15 Front. (M, L), Temp. (M,L),

6 Right temporal pole 14 Front. (M, L), Pariet. (M,L), Temp. (M,L),
7 Left mesial temporal 11 Front. (M, L), Pariet. (L), Temp. (M,L),

8 Right lateral parietal 13 Front. (M, L), Pariet. (M,L), Temp. (L), Occ.
9 Left frontal mesial 16 Front. (M, L), Pariet. (M,L)

10 Right lateral temporal 12 Front. (M, L), Pariet. (L), Temp. (L),

11 Right post central gyrus 12 Front. (M, L), Pariet. (M,L)

(n =12 electrodes), the entorhinal cortex (n =3 electrodes),
the amygdala (n=3 electrodes), the parahippocampus
(n=2 electrodes), the temporal neocortex (n=>56 electro-
des), the orbitofrontal cortex (1 =8 electrodes), the mesial
frontal cortex (n=10 electrodes), the dorsolateral frontal
cortex (n =26 electrodes), the frontal operculum (n =20
electrodes), the parietal operculum (n =8 electrodes), the
parietal lobe (1=19 electrodes), and the occipital lobe
(n =3 electrodes).

The exact location of each electrode and recording lead
was evaluated on a postimplantation MRI. In all but one
patient (#7), we spatially normalized this MRI onto the
MNI template and calculated MNI coordinates of each
recording and stimulating leads (see Supporting Informa-
tion Table II).

Seizure Onset Zone

The seizure onset zone (SOZ) was defined by icEEG
recordings as the epileptogenic cortex which shows the
first clear ictal EEG change and needs to be resected to
produce seizure freedom (Table I). Areas of secondary
spread were also identified on icEEG recordings as the
cortical regions recruited during the course of the ictal dis-
charge but which were not involved at seizure onset.

TABLE Il. Divergence of insular efferences

No. of brain regions showing
CCEP per stimulated bipole

Insular ~ No. of stimulated

gyrus bipoles Median ~ Mean*=SD  Range
ASG 3 5 5%3 2-8
MSG 4 25 2.8+25 0-6
PSG 7 4 39+13 1-5
ALG 11 3 35*x18 1-6
PLG 14 3.5 35*17 1-6
Total 39 4 3.6*18 0-8

The insula was part of the SOZ in one patient (#3) and
included in the area of secondary spread in two others
(#2, #7). In patient #3, seizures originated within the left
insula (PSG, ALG, and PLG) and then spread to the ipsi-
lateral inferior frontal gyrus and superior temporal gyrus.
In patients #2 and #7, seizures initiated within the mesial
temporal structures and then spread to the ipsilateral
insula (PSG, ALG, and PLG for patient #2; PLG for patient
#7).

The SOZ of the eight other patients was frontal in three
(#4, #5, #9), parietal in two (#8, #11), and temporal in three
(one mesial temporal (#1), one temporo-polar (#6), and one
lateral temporal (#10)).

For further analysis, recorded contacts were divided
into those located in the epileptogenic zone (epileptic con-
tacts), and those located elsewhere (nonepileptic contacts).

Brain Stimulation and CCEP Recordings

EBS is routinely and systematically performed in our
patients undergoing icEEG as part of the clinical investiga-
tion to assess the epileptogenicity and functionality of the
implanted brain regions. Stimulations at 50 and 1 Hz aim
at triggering ictal signs, epileptic discharges, or full-blown
seizures [Kahane et al., 1993, 2004, Munari et al., 1993],
whereas 0.2 Hz are used to trigger abnormal cortical
evoked responses (i.e., delayed to more than 100 ms or
repetitive) suggestive of an underlying epileptogenic cor-
tex [Valentin et al.,, 2002, 2005a,b; van’t Klooster et al.,
2011]. In addition to their clinical utility, 0.2-Hz stimula-
tions also allow to measure physiological early responses,
referred to as cortico-cortical evoked potentials (CCEPs) in
this study, and reflecting brain connectivity [Brazier, 1964;
Buser and Bancaud, 1983; Buser et al., 1992; Catenoix
et al.,, 2005, 2011; Lacruz et al.,, 2007; Matsumoto et al.,
2004, 2007; Rosenberg et al., 2009; Rutecki et al., 1989; Wil-
son et al., 1990]. We performed 0.2-Hz stimulations at least
4 days following electrodes implantation, once the patient
has fully recovered from the surgical procedure.
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Figure I.
lllustration of a cortico-cortical evoked potential in response to insular stimulation. Negative
polarity is upward. The green and red color superimposed curves are the average of two con-
secutive 20-trials showing similar NI and N2 peaks. The purple curve represents the P statistic
which value is <0.001 threshold (i.e., significant response) when reaching the abscissa.

We used bipolar stimulation of adjacent contacts from the
same electrode, known to deliver current within 5 mm
around the stimulated bipole [Nathan et al., 1993]. Electrical
stimulation was delivered using a current-regulated neuro-
stimulator (Micromed, Treviso, Italy), with parameters
ensuring patient safety and effective generation of CCEPs
[Catenoix et al., 2005, 2011; Gordon et al., 1990]. We used
monophasic pulse of 1 ms width and 1-mA intensity result-
ing in an electrical charge of 1 nC. The latter was delivered
over a contact surface of 0.05 cm? (0.8 mm diameter X
2 mm length X ), resulting in a total charge density of 20
uC/cm?/phase, thus significantly lower than the maximum
safe value of 60 pC/cm?/ phase [Gordon et al., 1990]. Two
consecutive series of 20 pulses were delivered at each pair
of contacts. Intracerebral recordings were performed using
a video-EEG monitoring system (Micromed, Treviso, Italy)
that allowed to simultaneously recording 128 contacts at a
sampling rate of 1,024 Hz.

Data Analysis

EEG data were analyzed with the software package for
electrophysiological analysis (ELAN-pack) developed at
the DYCOG laboratory of Lyon Neuroscience Research
Centre (CRNL, Lyon, France) [Aguera et al., 2011]. We first
performed an automatic detection of the pulse artifact gen-
erated on the stimulated contacts, and systematically veri-
fied the accuracy of the generated marker. Thanks to the
very reproducible shape and amplitude of artifacts, as
well as the associated high signal to noise ratio, this proce-
dure did not suffer from false positive or negative detec-
tion. We used the stimulation marker for averaging
each block of 20 consecutive pulse stimulations, and then

calculated grand averages from the two blocks. Both visual
and statistical analyses were used to conclude on the pres-
ence of significant CCEPs over each recording contact.
CCEPs were first selected on the basis of visual analysis if
detected and found comparable in each of the two consec-
utive series. Statistical analysis of the selected CCEPs was
then performed using the non-parametric statistical func-
tion of ELAN-pack for single trails (Wilcoxon test), with
significance set at P < 0.001. In brief, this statistical analysis
used a sliding window of 5-ms duration to compare each
consecutive periods of the post-stimulation period to the
1,000 ms prestimulation baseline, providing a curve,
superimposed on the CCEP, illustrating the P value associ-
ated with each component of the CCEP. The first 10-ms
post-stimulation were not evaluated due to the presence of
residual stimulation-induced artifact. CCEPs were consid-
ered significant when they reached the statistical threshold
of P <0.001. Most CCEPs are characterized by two peaks
refered to as N1 and N2 (see Fig. 1), while a minority will
only display a single peak [Almashaikhi et al., 2013;
Matsumoto et al., 2004]. In accordance with previous stud-
ies in the field, we calculated the latency of the first peak
(N1) of each significant potential on the grand average of
the two series.

For each stimulated insular anatomical region, we ana-
lyzed the number of noninsular contacts showing signifi-
cant CCEPs, and the latency of the earliest detected peak.
This was done for epileptic and nonepileptic contacts sep-
arately. CCEPs were divided into short-distance connec-
tions, corresponding to those observed between the insula
and the overlying perisylvian cortex (i.e., frontal, temporal,
and parietal operculum), and long-distance connections for
all other insular connections. For each identified insular
efferent region, we searched for reciprocal connection by
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Insula

Figure 2.

Overall connectivity pattern of the insula: Upper left: Temporal
neocortex, dorso-lateral frontal cortex, fronto-parietal opercu-
lum, temporo-parietal junction; Upper right: Insula, temporal
pole, frontal pole and the fronto-orbital cortex; Lower left:
mesio-temporal structures; Lower right: medial frontal, parietal
and occipital cortices, cingulate gyrus. Thick plain black arrows:

analyzing insular CCEPs elicited by stimulating this effer-
ent region. These analyses were performed at the gyral
level, considering the three short (ASG, MSG, and PSG)
and two long gyri (ALG and PLG) as five distinct anatom-
ical regions. The reason for choosing this segmentation
were the following: (i) different functional parcellation of
the insula have been proposed, considering either two,
three of four distinct sub regions, making it difficult to
rely on an objective and uniform functional framework;
(ii) conversely, the division of the insula into its five gyri
allows avoiding any ambiguity and an easy reconstruction
of findings into the various functional parcellation previ-
ously identified; and (iii) gyral findings can be directly
used for better understanding the propagation of epileptic
discharges involving the insula, given that implantation of
depth electrodes in patients undergoing SEEG is currently
based on the identification of anatomical gyri, rather than
functional regions.

insular efferences with a connectivity rate >50%. Thin plain grey
arrows: insular efferences with a connectivity rate >25% and
<50%. Dashed black arrows: insular efferences with a connectiv-
ity rate <25%. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Once a nonepileptic noninsular contact showed signifi-
cant CCEPs after an insular stimulation in at least one
patient, it was considered that the two regions were con-
nected. Given the cortical sampling variability across
patients, we could not determine whether the absence of
visualized CCEP between a specific insular region and a
specific extrainsular cortical region reflected the absence of
functional connection or the limited sampling within the
insular cortex and/or the noninsular region. In this con-
text, connectivity was analyzed using the following empir-
ical rules: (i) when a connection between an insular gyrus
and a noninsular region was sampled by >10 stimulation/
recording electrode pairs in at least three different
patients: a rate of connectivity was calculated, the presence
of at least one significant CCEP in a nonepileptic noninsu-
lar region was considered as reflecting a functional con-
nectivity between the two tested structures, while the lack
of CCEP in all tested connections was considered as
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TABLE Ill. Connectivity pattern of the insula

Tnsular gyri Entire Reci-
insula procity
ASG MSG PSG ALG PLG
Amygdala 0/1 0/1 1/2;28 ms 2/3;25+3ms 1/4;30 ms 4/11 (36%)  100%
28 £3 ms
Hippoc. Ant 2/2;34+22 ms 0/2 0/4 1/6;40*+5ms 1/9; 37 ms 4/23 (17%)  100%
37*+3 ms
Post 1/1; 32 ms 1/2; 29 ms 1/4; 45 ms 1/5; 35 ms 4/12 (33%)  100%
35*+7 ms
Entorhinal cortex 0/1 1/3; 32 ms 1/4;37 ms 2/8;35*+4 ms 100%
Temporal pole 1/2; 49 ms 1/2; 36 ms 0/3 0/6 1/9; 32 ms 3/22 (14%)  100%
39*+9 ms
Parahippoc. gyrus 0/1 0/1 0/2 0/4
Fusiform. gyrus 0/2 0/2 0/4
Inf tempor. gyrus 1/1; 41 ms 1/2; 30 ms 3/7,35+13 1/10 (10%) 31 6/20 (30%)  83%
ms ms 344 ms
Mid tempor. gyrus 2/5; 30 =2 ms 0/5 4/9;39*2ms 3/16 (19%) 50 8/22 (36%)  17/57 (30%)  94%
ms 25+ 2 ms 36*+1ms
Sup tempor. Ant 1/3;37ms 4/5,32*7ms 8/12 (67%) 3/11 (27%)  14/17 (82%)  30/48 (63%)  87%
gyrus (Tem- 26 =6 ms 35*+5 ms 25*+2 ms 31*=5 ms
poral Post 1/2; 30 ms 1/3;20ms  4/6;33+14  4/10 (40%)  10/15 (67%) 20/36 (56%) 95%
operculum) ms 26 +3 ms 28 +3 ms 27 +5 ms
Orbito-frontal 3/3;33 =5 ms 0/3 1/3; 40 ms 1/7; 40 ms 1/8; 65 ms 6/24 (25%)  100%
44 + 14 ms
Frontal pole 0/1 0/2 0/2 0/1 0/6
Inf frontal gyrus 4/7;28+8ms 8/12; (67%) 10/14 (71%) 11/19 (58%)  8/23 (35%)  41/75 (55%)  85%
(front. operculum) 29 +4 ms 29 +4 ms 35+5ms 26 3 ms 29 +3 ms
Mid frontal gyrus 2/4;35*=3 ms 0/6 2/2;30*=1 ms 0/8 0/5 4/25 (16%)  100%
323 ms
Sup frontal gyrus 0/3 0/3 1/3; 35 ms 1/5; 28 ms 1/2; 30 ms 3/16 (19%) 100%
31*+4 ms
Pre-SMA and SMA 0/1 0/2 0/4 0/6 0/4 0/17
Cingulate Ant 0/1 0/2 0/1 0/3 0/3 0/10
gyrus Mid 0/1 0/1 0/2 0/4
Post 0/1 0/1 0/1 0/3 0/3 0/9
Precentral gyrus 0/3 1/4; 24 ms 3/5; 33 ms 6/10 (60%) 1/7;24*=3ms 11/29 (38%) 83%
307 ms 27 =5 ms
Postcentral gyrus 2/6;23*+2ms 2/4;25+*3 ms 4/10 (40%) 100%
24 +1ms
Parietal operculum 0/3 2/3;36*+11 5/6;27*3ms 6/8;27*+2ms 7/9;26+5ms 20/29 (69%) 95%
ms 43 £27 ms
Lateral parietal (sup and inf lobule) 0/2 0/3 2/8;38*2ms 3/14 (21%) 6/16 (38%)  11/43 (26%)  92%
28 =7 ms 27 =3 ms 30*+1ms
Mesial parietal 0/1 0/1 1/13;22ms 2/13;24 +2 3/28 (11%) 67%
ms 23+ 1 ms
Occipital lobe 0/3 0/5 0/8
Total opercular regions 6/15 (40%) 15/23 (65%)  27/38 (71%)  24/48 (50%) 39/64 (61%) 111/188 (59%) 91%
Total other regions 12/33 (36%) 4/43 (9%) 14/46 (30%) 25/130 (21%) 27/138 (20%) 82/390 (21%) 94%
Total 18/48 (38%)  19/66 (29%)  41/84 (49%) 49/178 (28%) 66/202 (33%) 193/578 (33%) 93%

Reciprocity

100%

89% 95%

88%

89%

335 ms

For each tested connection, numerator corresponds to the number of significant CCEPs and denominator the number of connections
tested for that region. Corresponding % are provided in brackets only for sites where at least ten connections were tested in three
patients or more. Bottom number is the mean latency in ms + SD (if >2 CCEPs recorded). Empty cells correspond to regions where no
connection was tested. ASG, MSG and PSG (anterior, middle and posterior short gyri), ALG and PLG (anterior and posterior long gyri).
CCEP: Cortico-cortical evoked potential, ASG, MSG and PSG (anterior, middle, and posterior short gyri), ALG and PLG (anterior and

posterior long gyri).

* 5284 ¢



¢ Human Insular Efferent Connections ¢

reflecting the lack of functional connectivity between the
two structures; (ii) when a connection between an insular
gyrus and a noninsular region was sampled by <10 stimu-
lation/recording electrode pairs or in less than three dif-
ferent patients: rate of connectivity was not calculated, the
presence of at least one significant CCEP in a nonepileptic
non insular region was still considered as reflecting a func-
tional connectivity between the two tested structures, but
no conclusion was drawn from the lack of CCEP in all
tested connections.

The global connectivity rates of the five insular gyri
were compared to each other using y* statistic.

RESULTS

An overview of insular connectivity is shown in Figures
2-7 while detailed characteristics of CCEPs (presence, rate,
latency, reciprocity) are provided in Table III.

A total of 578 electrode pairs were tested. Significant
CCEPs were elicited in 193 of these 578 tested connections
(TC) (33%). Recorded CCEPs typically corresponded to
biphasic early responses, with a first negative peak (N1)
occurring at an average * SD latency of 33 £5 ms (range
24-44 ms), usually followed by a second negative peak
(N2) (Fig. 1). Short-distance connections with the opercular
regions had similar latencies to long-distance connections
with other brain regions (33 =7 ms vs. 33 £ 6 ms). About
179 of these 193 connections were reciprocal (93%). Only
one of the 32 interhemispheric TC in two patients (#2, #6)
elicited a significant CCEP, specifically by stimulating the
left MSG and recording from the right parietal operculum.

The morphology and latency of CCEPs triggered at each
insular contact were comparable for the two stimulated
bipoles part of the epileptogenic zone in patient #3 and for
the 37 other stimulated bipoles, leading to pool all data for
further results.

The highest occurrence of CCEPs was observed in the
opercular regions (59%, n =188 TC), with comparable rates
for the temporal (60%, n =84 TC), frontal (55%, n =75
TC), and parietal operculum (69%, n =29 TC) (Fig. 2). The
overall insular connectivity was lower with the other brain
regions (21%, n =390 TC), including the pericentral cortex
(pre- and postcentral gyri, 38%, n =39 TC), nonopercular
temporal neocortex (middle and inferior temporal gyri and
fusiform gyrus, 28%, n=281 TC), lateral parietal cortex
(superior and inferior lobules, 26%, n =43 TC), orbitofron-
tal cortex (25% n =24 TC), mesial temporal structures
(amygdala, hippocampus, entorhinal cortex, and parahip-
pocampal gyrus, 24%, n=>58 TC), nonopercular lateral
frontal cortex sSuperior and middle frontal gyri and fron-
tal pole, 15%, n =47 TC), temporal pole (14%, n =22), and
mesial parietal cortex (11%, n =28 TC) (Fig. 2). Further-
more, no CCEP could be elicited in the mesial frontal cor-
tex (n =31 tested connections), including the SMA, pre-
SMA, anterior and mid cingulate gyrus.

The connectivity rates of the five insular gyri showed sig-
nificantly greater rate for the PSG (49%, n = 84 TC), than for
the MSG (29%, n =66 TC, P < 0.025), the ALG (28%, n =178,
P <0.01), and the PLG (33%, n =202, P <0.025), but not than
for the ASG (38%, n =48 TC). No other significant difference
was observed between ASG, MSG, ALG, and PLG. As
detailed below, connectivity patterns varied across the five
insular gyri, though this was not statistically tested due to
too low sample size in many regions and unbalanced num-
ber of TC between insular gyri, and to avoid performing a
meaningless number of statistical comparisons.

The number of distinct extra-insular brain regions show-
ing CCEP in response to the stimulation of each individual
insular bipole varied from 0 to 8, with a median of 4 and
a mean = SD of 3.6 = 1.8 (see Table II and Fig. 3 for illus-
tration). A single insular bipole located in the MSG was
not associated with any detectable CCEP, while four other
sites from the PSG, ALG, and PLG demonstrated CCEP in
a single brain region. All other 34 insular bipoles gener-
ated CCEPs in at least two distinct brain regions. The rate
of divergent connections was comparable between all five
insular gyri (see Table II).

Anterior Short Gyrus (ASG)

A total of 48 connections were tested between the ASG
and noninsular regions (Fig. 4, Table III). Functional connec-
tivity was observed between the ASG and the hippocampus
(all 3 TC) and orbitofrontal cortex (all 3 TC). CCEPs were
also observed in the frontal operculum, temporal pole, tem-
poral operculum, lateral temporal neocortex and dorsolat-
eral frontal cortex. All connections were reciprocal.

Middle Short Gyrus (MSG)

A total of 66 connections were tested between the MSG
and non-insular regions (Fig. 5, Table III). High rate con-
nectivity was observed with the frontal operculum (67%,
n =12 TC). CCEPs were also recorded in the temporal and
parietal operculum, as well with the hippocampus, the
temporal pole and the primary motor cortex. Stimulation
of the MSG did not elicit any CCEP in the dorsolateral
frontal cortex (n =11 TC), nor in the orbitofrontal cortex
(n =3 TC). Most connections were reciprocal (89%).

Posterior Short Gyrus (PSG)

A total of 84 connections were tested between the PSG and
noninsular regions (Fig. 6, Table IIlI). PSG was connected
with the frontal (71%, n =14 TC), and temporal operculum
(67%, n =18 TC). Connectivity was also observed with the
parietal operculum, lateral temporal, frontal dorsolateral and
lateral parietal cortex, precentral region, orbitofrontal cortex
and amygdala, but not with the other temporolimbic regions
(n=8TC). 95% of connections were reciprocal.
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Figure 3.

lllustration of divergent and reciprocal cortico-cortical evoked
potentials (CCEPs). The upper row shows CCEPs elicited by
the stimulation of the posterior long gyrus (PLG) over five dis-
tinct brain regions. The lower row shows CCEPs generated in
the PLG by stimulating the corresponding extra-insular brain

Anterior Long Gyrus (ALG)

A total of 178 connections were tested between the ALG
and non-insular regions (Fig. 7, Table III). Connections
were again observed within the perisylvian region, but
with a gradient showing higher rate of connectivity with
the parietal (6 out of 8 TC) and frontal operculum (58%,
n=19 TC), than with the 1st temporal gyrus (33%, n =21
TC). CCEPs were also elicited in the precentral gyrus
(60%, n=10 TC), lateral temporal neocortex (24%, n =25
TC), lateral parietal cortex (21%, n =14 TC), hippocampus
(20%, n=10 TC), as well as in the orbitofrontal cortex,
superior frontal gyrus, postcentral gyrus, mesial parietal
cortex, amygdala, and entorhinal cortex. No connection
was observed with the temporal pole (1 =6 TC) and cin-
gulate gyrus (n=8 TC). 88% of connections were
reciprocal.

Posterior Long Gyrus (PLG)

A total of 202 connections were tested between the PLG
and noninsular regions (Fig. 8, Table III). PLG was con-
nected to the perisylvian region, with higher connectivity
rate with the temporal (75%, n =32 TC) and parietal
operculum (7 out of 9 TC), than with the frontal opercu-
lum (35%, n =23 TC). CCEPs were also observed in the
lateral parietal cortex (38%, n=16 TC), lateral temporal
cortex (26%, n =234 TC), and hippocampus (14%, n =14
TC), as well as in the temporal pole, amygdala, entorhinal
cortex, orbitofrontal cortex, dorsolateral frontal cortex, pre-
and postcentral gyri, and mesial parietal cortex. No

region. Note that reciprocal connections are observed for the
amygdala, entorhinal cortex, postcentral gyrus and lateral
parietal cortex, but not for the frontal operculum. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

connection was observed with the cingulate gyrus (n=26
TC). 89% of connections were reciprocal.

Overall ASG showed the lowest connectivity rate with
the perisylvian region (40%, n=15 TC), but the highest
rate with non opercular regions (36%, n =233 TC), espe-
cially with the orbitofrontal cortex and the mesial temporal
structures. MSG was characterized by very low connectiv-
ity rate with non opercular regions (9%, n =43 TC). PSG
had among the higher connectivity rates with both opercu-
lar (71%, n=38 TC) and non opercular regions (30%,
n=46 TC), primarily with frontal and temporal lateral
neocortex. ALG showed intermediate connectivity with
both opercular (50%, n =48 TC) and nonopercular regions
(21%, n =117 TC), with the latter concentrating on the
mesial temporal structures, the precentral cortex, and to a
lower extent, the parietal lobe. PLG also demonstrated
intermediate connectivity rate with the perisylvian region
(61%, n=64 TC) and other brain regions (20%, n =138
TC), in particular with lateral, and to a lesser degree
mesial, parietal regions.

DISCUSSION

Tracer injections in macaques have delineated a complex
and rich pattern of connectivity of the insula, which has
been largely confirmed by human neuroimaging studies
[Cauda et al., 2011; Cerliani et al., 2011; Cloutman et al.,
2011; Deen et al., 2011; Mesulam and Mufson, 1982; Muf-
son and Mesulam, 1982]. However, details about the func-
tionality, reciprocity and latency of the identified
connections in human remain largely unknown. Our study
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Figure 4.

ASG connectivity pattern: Upper left: Temporal neocortex,
dorso-lateral ~ frontal cortex, fronto-parietal operculum,
temporo-parietal junction; Upper right: Insula, temporal pole,
frontal pole and the fronto-orbital cortex; Lower left: mesio-
temporal structures; Lower right: medial frontal, parietal, and

provides the first electrophysiological data on the efferent
functional connectivity of the human Insula.

Using electrical brain stimulation and CCEP recordings,
we observed dense functional efferent connectivity which
main characteristics can be summarized as follows: (i) the
highest connectivity rate (59%) was with the nearby peri-
sylvian cortex (frontal, parietal, and temporal operculum),
(ii) the highest long distance connectivity rates were with
the pericentral region (41%), followed by the amygdala
(36%), posterior hippocampus (33%), and lateral temporal
neocortex (30%), (iii) most other testable connections asso-
ciated with CCEPs had connectivity rates between 14 and
26%, and included the dorsolateral and orbital frontal
cortex, the temporal pole, entorhinal cortex and anterior
hippocampus, and the mesial and lateral parietal cortex,
(iv) no connection was demonstrated with the cingulate
gyrus (23 TC), mesial premotor cortex (17 TC), and fusi-
form and parahippocampal gyri apart from the entorhinal
cortex (8 TC), occipital lobe (8 TC), and frontal pole
(6 TC), v) most connections were reciprocal (93%),

occipital cortices, cingulate gyrus. Blue lines in the lower right
figure indicate CA-CP axis and the orthogonal VCA and VCP
axis. Yellow dots: connections demonstrating significant CCEPs;
Black dots: connections without significant CCEP; Orange dots:
ASG electrodes.

irrespective of the brain regions connected, (vi) the poste-
rior short gyrus of the insula showed higher connectivity
rate than most other insular gyri (except the anterior
short) (vii) possible differences in the pattern of connec-
tivity of the five insular gyri were also noted, but could
not be statistically tested according to the sampling issue
discussed below.

Indeed, several limitations of CCEPs interpretation
deserve attention. Such studies are necessarily performed
in patients with epilepsy, in whom the impact of seiz-
ures and interictal EEG discharges on brain connectivity
remains a matter of debate [Meador and Hermann,
2010]. However, no difference between the early latency
EPs (<100 ms) recorded from contacts included in the
epileptic network and those recorded from nonepileptic
tissue was observed in previous CCEP studies [Alma-
shaikhi et al., 2013; Lacruz et al.,, 2007; Wilson et al.,
1990], nor in this series. In addition, the insula was not
part of the epileptogenic zone in 10 out of 11 patients,
and was affected by the epileptic discharge during its
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Figure 5.

MSG connectivity pattern: Upper left: Temporal neocortex,
dorso-lateral  frontal cortex, fronto-parietal operculum,
temporo-parietal junction; Upper right: Insula, temporal pole,
frontal pole and the fronto-orbital cortex; Lower left: mesio-
temporal structures; Lower right: medial frontal, parietal and

propagation in only two other patients. Similarly, the
majority of tested connections were not included within
the epileptic network. Overall, we believe that our main
findings are likely to apply to healthy individuals,
though this cannot be firmly demonstrated. At least, the
reported data are relevant to the understanding of prop-
agation pathways of epileptic discharge originating in
the insula. Other limitations are the small number of
patients studied and the limited spatial sampling of
intracerebral EEG investigations, both of which hamper
any firm conclusion regarding lack of connection
between the insula or one of its gyri and extra-insular
cortical region. Indeed, the absence of visualized CCEP
could either reflect the true absence of functional con-
nection or lack of recording contact in the appropriate
efferent target. Our criteria of testing a connection by at
least ten electrode pairs in three or more patients to
conclude on the presence or absence of functional con-
nectivity might be too liberal, even though we did not
observe one instance where a functional connection

occipital cortices, cingulate gyrus. Blue lines in the lower right
figure indicate CA-CP axis and the orthogonal VCA and VCP
axis. Yellow dots: connections demonstrating significant CCEPs;
Black dots: connections without significant CCEP; Blue dots:
MSG electrodes.

would be present in less than 10% of TC. A greater con-
cern is the selective sampling of one or several sub
regions within some of the cortical structures investi-
gated, reflecting both the clinical practice and vascular
constraint of SEEG. For instance, electrodes are not
being placed in the anterior and inferior part of the
insula, due to the vicinity of sylvian vessels. Another
example is the anterior cingulate gyrus which pregenual
aspect was the only portion targeted by depth electro-
des, a limitation that might account for the lack of
observed connectivity between the insula and this gyrus.
In addition, the set of TC varied between each insular
gyrus, which could account for part of the differences
observed in connectivity rates. Finally, visual detection
of CCEPs, hitherto used as the standard method to
detect such potentials [Brazier, 1964; Buser and Bancaud,
1983; Buser et al., 1992; Catenoix et al.,, 2005, 2011;
Lacruz et al., 2007; Rosenberg et al., 2009; Rutecki et al.,
1989; Wilson et al., 1990], remains subjective and associ-
ated with an unknown rate of false positive or negative
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Figure 6.

PSG connectivity pattern: Upper left: Temporal neocortex,
dorso-lateral  frontal cortex, fronto-parietal operculum,
temporo-parietal junction; Upper right: Insula, temporal pole,
frontal pole and the fronto-orbital cortex; Lower left: mesio-
temporal structures; Lower right: medial frontal, parietal and

findings. We could reduce the risk of false positives by
performing objective statistical tests, using an empirical
threshold set at P <0.001 without correction for multiple
comparisons. Indeed, the high dependence between val-
ues recorded at each consecutive time points make
standard bonferroni correction inappropriate in this
setting.

Tracer injection studies in macaques as well as human
neuroimaging studies have enabled to develop a frame-
work whereby the connectivity between the insula and
other brain regions has been divided into two complemen-
tary networks, one involving the anterior insula which
plays a role in emotional aspects through connections with
the amygdala, entorhinal cortex, orbitofrontal cortex, and
anterior cingulate cortex, and another involving the poste-
rior insula which is primarily involved in sensorimotor
integration with predominant connections with the premo-
tor cortex, first and second somatosensory cortices, supe-
rior temporal sulcus, and posterior cingulate gyrus [Cauda
et al., 2011; Cerliani et al.,, 2011; Cloutman et al., 2011;

occipital cortices, cingulate gyrus. Blue lines in the lower right
figure indicate CA-CP axis and the orthogonal VCA and VCP
axis. Yellow dots: connections demonstrating significant CCEPs;
Black dots: connections without significant CCEP; Green dots:
PSG electrodes.

Deen et al., 2011; Mesulam and Mufson, 1982; Mufson and
Mesulam, 1982]. A parcellation of the human insula into
three functionally distinct regions has also been proposed
by several authors, based on cytoarchitectonic, DTI and
functional MRI studies [Deen et al., 2011; Gallay et al.,
2011; Jakab et al., 2011], while an activation-likelihood-
estimation meta-analysis of 1,768 functional neuroimaging
experiments concluded on the presence of four function-
ally distinct regions, mapping to the social-emotional, the
sensorimotor, the olfacto-gustatory, and the cognitive net-
work of the brain [Kurth et al., 2010].

According to the above studies, the anterior insula usu-
ally includes the first or first two short gyri of the insula,
with or without the most anterior aspect of the long gyri.
In monkeys, the anterior insula shows dense connections
to limbic areas, including the amygdala, entorhinal cortex,
temporal pole, orbitofrontal cortex, and anterior cingulate
gyrus [Mesulam and Mufson, 1982, 1985, Mufson and
Mesulam, 1982]. Functional imaging studies in human
showed that the anterior insula is most strongly correlated
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Figure 7.

ALG connectivity pattern: Upper left: Temporal neocortex,
dorso-lateral ~ frontal cortex, fronto-parietal operculum,
temporo-parietal junction; Upper right: Insula, temporal pole,
frontal pole and the fronto-orbital cortex; Lower left: mesio-
temporal structures; Lower right: medial frontal, parietal and

with the regions responsible for emotional processing and
cognitive control [Deen et al., 2011]. This view is sup-
ported by structural imaging studies which indicate that
the cortical regions receiving most of the projections from
the anterior insula constitute a ventrally based network
including the orbitofrontal cortex, the frontal operculum,
the temporal pole, and the amygdala [Cerliani et al., 2011],
and forming part of a key emotional salience and cognitive
control network associated with the implementation of
goal-directed behavior [Cloutman et al., 2011]. For reasons
explained above, our own findings regarding the anterior
insula are limited to its dorsal and dysgranular part.
Nevertheless, we could confirm ASG connectivity with the
anterior fronto-temporal brain regions, including the tem-
poral pole and orbitofrontal cortex, as well as with the
hippocampus, in line with a previous CCEPs study of hip-
pocampal connectivity performed by our group on a dif-
ferent set of patients [Catenoix et al., 2011]. However, this
pattern was partly different for the MSG which had the
lowest connectivity rate with nonopercular brain regions

occipital cortices, cingulate gyrus. Blue lines in the lower right
figure indicate CA-CP axis and the orthogonal VCA and VCP
axis. Yellow dots: connections demonstrating significant CCEPs;
Black dots: connections without significant CCEP; White dots:
ALG electrodes.

(i.e., 9% as compared to 36% for the ASG) and was not
connected to the orbitofrontal cortex. Conversely we
observed a few connections between the MSG and both
the precentral cortex and the parietal operculum, not pre-
viously identified as efferent targets of the anterior insula.
Furthermore, ASG showed the lowest connectivity rate
with the perisylvian region (40%), as compared to all four
other insular gyri (66%), in line with its lower rate of
intra-insular connectivity [Almashaikhi et al., 2013]. Thus,
all above findings are in favor of a subdivision of the dor-
sal anterior insula into two distinct functional components
centered around the ASG and MSG, respectively. We
failed to identify CCEPs in the anterior cingulate cortex, in
contrast with the classic view that the anterior insula is
connected with this structure with which it shares special-
ized neurons (von Economo neurons) thought to play a
role in social awareness [Allman et al., 2005, 2010]. As pre-
viously mentioned, this might reflect our restricted sam-
pling of the pregenual aspect of the anterior cingulate. It
might also points to truly different insula to cingulate
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Figure 8.

PLG connectivity pattern: Upper left: Temporal neocortex,
dorso-lateral  frontal cortex, fronto-parietal operculum,
temporo-parietal junction; Upper right: Insula, temporal pole,
frontal pole and the fronto-orbital cortex; Lower left: mesio-
temporal structures; Lower right: medial frontal, parietal and

connectivity between macaque and human since several
tractography studies also failed to detect connections
between the ASG and the anterior cingulate cortex [Cer-
liani et al., 2011; Cloutman et al., 2011]. We also failed to
detect connection between the anterior insula and both the
amygdala and entorhinal cortex, but this finding remains
unreliable according to the very small number of tested
connections (n = 3).

The posterior insula, which usually includes the poste-
rior short gyrus and dorsal aspect of the two long gyri, is
connected with the orbitofrontal, mid and posterior cingu-
late, mesial and lateral premotor and somatosensory corti-
ces, as well as with the temporal operculum and the
amygdala in macaque [Mesulam and Mufson, 1982; Muf-
son and Mesulam, 1982; Mufson et al., 1981]. In human,
the posterior insula was found to be functionally con-
nected to primary and secondary motor and somatosen-
sory cortices supporting its role in processing
somatosensory stimuli with affective or motivational sig-
nificance [Deen et al.,, 2011]. Tractography samples from

occipital cortices, cingulate gyrus. Blue lines in the lower right
figure indicate CA-CP axis and the orthogonal VCA and VCP
axis. Yellow dots: connections demonstrating significant CCEPs;
Black dots: connections without significant CCEP; Red dots:
PLG electrodes.

the posterior dorsal insula reached the parietal lobe, the
posterior part of temporal operculum, and extrastriate
regions of the occipital cortex [Cerliani et al., 2011; Clout-
man et al., 2011]. CCEPs obtained in our study partly con-
firmed these findings, by showing consistent connectivity
of the posterior insula with the motor and sensory cortex,
the parietal lobe (including the parietal operculum), and
the temporal operculum, but also to a lesser degree with
the frontal dorsolateral, orbitofrontal, lateral temporal and
entorhinal cortices, the temporal pole and the hippocam-
pus. Conversely, no connection was observed with the
occipital lobe, mesial frontal cortex or mid and posterior
cingulate gyri, a finding hampered by the small number of
tested connections with each of these regions. Further-
more, some differences were observed between the differ-
ent gyri constitutive of the posterior insula, with the PSG
and PLG showing greater connectivity with the temporal
operculum than the ALG (72% vs. 33%), while the PSG
and ALG showed higher connectivity rates with the pre-
central cortex than the PLG (60% vs. 14%). Connectivity
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rates with the frontal operculum also decreased from the
PSG (71%) to the ALG (58%) and PLG (35%). The greater
overall connectivity of the PSG is consistent with its higher
rate of intra-insular connectivity [Almashaikhi et al., 2013],
as well as its proposed role of a transitional and integra-
tive area [Craig, 2010]. The reciprocity of CCEPs in the
current study is slightly higher compared to other CCEP
series performed on the motor system [Matsumoto et al.,
2007], but consistent with anatomical data from rhesus
monkeys where most of the insular connections were
found to be reciprocal [Aggleton et al., 1980]. Insular effer-
ences also demonstrated high degree of divergence with a
median of four distinct brain regions showing CCEPs in
response to individual insular stimulation, and 87% of
insular bipoles being connected with at least two other
brain structures. Such divergence has been described in
other anatomical systems using CCEPs in human, in par-
ticular in the parietofrontal network [Matsumoto et al.,
2012]. Both the high degree of reciprocity and divergence
of the insular cortex connectivity appear in line with its
complex integrative role in many sensory, cognitive and
emotional functions [Kurth et al., 2010].

The morphology of CCEPs recorded in this series is
comparable to that previously reported by our group
and others in different brain regions [Catenoix et al.,
2005, 2011; Lacruz et al.,, 2007, Matsumoto et al., 2004,
2007; Rosenberg et al., 2009]. Latencies of the first
detectable peak were also consistent with the mean val-
ues found in previous studies, typically ranging between
20 and 30 ms [Matsumoto et al.,, 2004, 2007; Yamao
et al., 2014]. However, we failed to demonstrate an asso-
ciation between the distance of the connections tested
and their latency; in contrast with other series which
have used subdural stimulation and recordings to study
parieto-frontal networks for example [Matsumoto et al.,
2012]. Reason for this discrepancy is unclear but might
partially reflect differences in the intracranial electrodes
used in both studies and related bias in the cortical
structures sampled [i.e.,, unlike the depth electrodes
used in our study, subdural grids as used in Matsumoto
et al, 2012 will primarily sample the most superficial
aspect of the cortical ribbon], and anatomical systems
under study (i.e., insular efferences to any other lobe
versus parieto-frontal network). This issue also points to
the difficulties raised by the interpretation of CCEPs
which latency, typically >20 ms, suggest polysynaptic
responses [Catenoix et al., 2005].

We found limited connectivity between the insula
and contralateral brain regions, specifically with the
parietal operculum. This paucity of contralateral connec-
tions is in line with our previous observation of lack of
inter-insular CCEPs in two patients who underwent
bilateral implantation of the insula (patients #2 and 6
of this series) [Almashaikhi et al., 2013]. The interhemi-
spheric connection observed in the present study might
play a role in the sensorimotor function of the insula

and also account for contralateral propagation of insular
seizures.

Overall, electrically induced corticocortical EPs demon-
strate that the human insula is characterized by rich recip-
rocal connections with several brain regions, most of
which are in line with previously identified functional net-
works in macaques and neuroimaging studies in human.
However, although differences were observed in the pat-
tern of connectivity of the different subdivisions of the
insula, a larger than previously reported redundancy was
noted, consistent with the rich intra-insular connectivity
recently reported [Almashaikhi et al., 2013]. From an epi-
lepsy point of view, this suggests that propagation of insu-
lar seizures might be more diverse and complex than what
has been suggested on the basis of a few observations
[Ryvlin, 2006; Ryvlin et al., 2006b]. The main unexpected
finding was the lack of detected connection between the
insula and the cingulate gyrus as well as with the SMA
and pre-SMA. This negative finding might just reflect the
sample limitations of our series, justifying further studies
in larger population.
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