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Abstract The insula is the fifth lobe of the brain and it is

the least known. Hidden under the temporal, frontal and

parietal opercula, as well as under dense arterial and

venous vessels, its accessibility is particularly restricted.

Functional data on this region in humans, therefore, are

scarce and the existing evidence makes conclusions on

its functional and somatotopic organization difficult.

5 patients with intractable epilepsy underwent an invasive

presurgical evaluation with implantation of diagnostic

invasive-depth electrodes, including insular electrodes that

were inserted using a mesiocaudodorsal to laterorostro-

ventral approach. Altogether 113 contacts were found to be

in the insula and were stimulated with alternating currents

during preoperative monitoring. Different viscerosensitive

and somatosensory phenomena were elicited by stimula-

tion of these electrodes. A relatively high density of elec-

trode contacts enabled us to delineate several functionally

distinct areas within the insula. We found somatosensory

symptoms to be restricted to the posterior insula and a

subgroup of warmth or painful sensations in the dorsal

posterior insula. Viscerosensory symptoms were elicited by

more anterior electrode contacts with a subgroup of gus-

tatory symptoms occurring after stimulation of electrode

contacts in the central part of the insula. The anterior insula

did not show reproducible responses to stimulation. In line

with previous studies, we found evidence for somato- and

viscerosensory cortex in the insula. In addition, our results

suggest that there is a predominantly posterior and central

distribution of these functions in the insular lobe.

Keywords Insula � Cortical maps � Somatosensory areas �
Viscerosensation � Intracranial recording

Introduction

First described by Johann Christian Reil in the eighteenth

century (1809), the insula has ‘‘long been a terra incognita

for anatomists’’ (Penfield and Rasmussen 1950). It is

completely covered by its neighboring cortical structures—

the frontal, the parietal and the temporal operculum.

Macroscopically, the central sulcus of the insula divides it

into an anterior and a posterior part (Fig. 4). The anterior

part includes three short gyri—the anterior, middle and

posterior short gyrus—as well as an additional accessory

gyrus on the ventral margin of the anterior part of the

insula. The posterior part has two long gyri—an anterior

and a posterior long gyrus (Türe et al. 1999). Two

(Brodmann 1909), three (von Economo and Koskinas

1925; Bailey and von Bonin 1951; Mesulam and Mufson

1985) or more (Vogt and Vogt 1919; Rose 1928; Kurth

et al. 2010a) cytoarchitectonically distinguishable cortical
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areas have been described in the insula, depending on the

pattern of lamination or myelination. Based on the degree

of granularity, a tripartition into an anterior agranular

cortex, an intermediate dysgranular and a posterior gran-

ular cortex is commonly referred to in modern descriptions

of the insula (Mesulam and Mufson 1982a). According to

studies in old world monkeys, the insula receives main

afferents from the amygdala, the dorsal thalamus and dif-

ferent cortical regions, particularly the sensory cortices and

the auditory cortex. Most of these afferents terminate in the

posterior granular part of the insula whereas the ventral

anterior agranular insula receives predominantly afferents

from limbic cortex, e.g. the entorhinal, perirhinal, posterior

orbitofrontal cortex and the cingulate gyrus. The efferents

of the ventral anterior insula reciprocate the afferents of the

anterior insula, which is not the case in the posterior insula

(Mesulam and Mufson 1982b; Mufson and Mesulam

1982).

Information concerning the function of the insular lobe

in humans is based—among other sources—on semiolog-

ical data of patients with insular epilepsy, results of stim-

ulation of intracerebral electrodes and neuroimaging

studies (Isnard et al. 2004; Penfield and Rasmussen 1950;

Kurth et al. 2010b).

A sequence of symptoms as characteristic of insular

epilepsy has been derived from studies in several patients

with drug-resistant epilepsy whose invasive electroen-

cephalography (EEG) revealed a seizure onset within the

insula (Isnard et al. 2004). Paresthesias of electricity or

warmth, feelings of pharyngo-laryngeal constriction and

dysphonic or dysarthric speech were described as typical

of seizures that started from the insular cortex. But von

Lehe et al. (2009) did not find such a typical semiological

pattern in the Video-EEG of 24 patients with epilepsy

and insular lesions on the magnetic resonance imaging

(MRI).

Intraoperative electrocortical stimulation in a group of 36

patients with positive results at 82 separate stimulated points

on the insula induced viscerosensitive or -motor and

somatosensory symptoms that occurred throughout most

parts of the insula, particularly in the more inferior anterior

parts underlying the temporal operculum. No clear somato-

topic distribution was found (Penfield and Faulk 1955). This

study was complemented recently when predominantly

somatosensory, viscerosensory or -motor and gustatory

responses were reported after extraoperative stimulation

from depth electrodes implanted radially in the insulae of 14

patients with epilepsy (Ostrowsky et al. 2000). Generally,

somatosensory responses were more often induced with

stimulation of the posterior insula and viscerosensory

responses more often in the anterior insula. Then, in an

expanded group of 50 patients, diverse somatosensory

(warmth sensation, electric current sensation, painful

paresthesias), viscerosensitive (pharyngolaryngeal con-

striction, abdominal heaviness, thoracic constriction, nau-

sea), auditory, dysarthric, olfactogustatory symptoms or

whole body sensations or sensations of unreality were

described but were widely distributed within the insula

(Isnard et al. 2004). In a similar recent series of ten patients

with intractable epilepsy, somatosensory responses pre-

vailed again, including sensations of numbness, tingling,

warmth, pain or electric current. In addition, viscerosen-

sation like nausea and ‘‘buzzing in the abdomen’’ was

recorded while motor association responses, auditory

responses, vestibular responses and language or speech

responses occurred less frequently (Nguyen et al. 2009).

Numerous studies performing neuroimaging of the

insula do confirm and expand the previously introduced

evidence (Kurth et al. 2010b). Predominant activation of

insular cortex after tasks including somatosensory stimu-

lation (Ruben et al. 2001), thermosensory stimulation

(Brooks et al. 2005; Craig et al. 2000), viscerosensory

stimulation (Wang et al. 2008), autonomic stimulation

(Pollatos et al. 2007) and gustatory stimuli (Small et al.

2003) has been observed using functional magnetic reso-

nance imaging (fMRI) and positron emission tomography

(PET). Results of these and other studies and consider-

ations concerning the neuroanatomy of the insula have led

to a hypothesis regarding a central role of the insula for

higher cortical functions and processing of homeostatic

information (Singer et al. 2004; Craig 2009).

Using invasive electrocortical stimulation of the insula

in patients with refractory epilepsy, our study presents

further evidence for a distinct functional organization of

the human insula.

Methods

Subjects

Five patients (all female, median age 40.2 years) with

intractable epilepsy underwent invasive monitoring in the

presurgical evaluation for intractable epilepsy in our

Video-EEG monitoring unit between March and May

2009. These patients received implantations of hippocam-

pal, parahippocampal, orbitofrontal and insular depth

electrodes. The right insula was covered in two patients,

the left insula in two patients and bilateral insular elec-

trodes were placed in one patient. The decision for the

number and location of invasive electrodes was taken in an

interdisciplinary presurgical conference based on anam-

nestic, semiological, electroencephalographic and imaging

data.

During the course of the invasive recording, stimulation

of selected electrode contacts, including all contacts within
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the insula, was performed to delineate cortical function and

to determine whether seizure-like symptoms could be

induced by stimulation. At the time of stimulation, all

patients had been tapered off medication (Table 1).

Procedure

Electrodes were implanted stereotactically under general

anesthesia. Planning of the procedure included a simulation

of implantation trajectories with iplan-stereotaxy 2.6�

software (Brainlab, Munich, Germany) based on recent 3-T

MRI images of the brain. Insular electrodes were implanted

using a mediodorsal to lateroventral technique with inser-

tion at the superior lateral surfaces in the rolandic area.

Electrodes had 10–12 contacts each with a diameter of

1 mm and an interelectrode distance of 2.5 mm. The sur-

face of each electrode contact was 1.96 mm2. Three depth

electrodes were implanted in each insula to cover the

anterior, middle and posterior portion of the insula. X-Ray

and cranial computer tomography (CT) were performed

within 24 h postsurgically. Using iplan-stereotaxy 2.6�

software, postsurgical cranial CT and presurgical brain

MRI were superimposed for relatively precise localization

of single electrode contacts within the patient’s presurgical

MRI.

Stimulation

Electrical stimulation was applied with an Ojemann� cur-

rent stimulator. Stimulation paradigms included a stimu-

lation frequency of 50 Hz, pulse width of 0.5 ms, duration

of stimulation train between 3 and 5 s and stimulation

intensities of 1.5–14 mA. Stimulation was biphasic.

Therefore, we multiplied the stimulation intensity as shown

on the display of the stimulator by two, taking into account

the positive and the negative phase of the stimulus. Hence,

all stimulation intensities reported here are twice those of

the stimulation intensities displayed on the stimulator.

Starting with a stimulation intensity of 1.5 mA, we

increased the intensity in steps of 1–2 mA until 14 mA or

induction of a symptom. Stimulation was repeated several

times if the initial stimulation produced any symptoms.

Stimulation was not repeated when the first stimulation

produced no symptoms or signs. We did not screen for

negative motor symptoms or speech disturbance during

stimulation in this study. All contacts that elicited the same

or similar responses after stimulation at least twice were

considered as ‘‘positive’’ electrodes. Electrodes that

showed reproducible responses at least twice but not in

100% of all stimulations were also considered ‘‘positive’’

electrodes (Table 2).

In order to establish maps of insular function from single

patients, we produced a simple scheme of the insula

including main insular landmarks. Main landmarks like the

two posterior long gyri of the insula were clearly recog-

nizable in every patient as revealed by visual inspection of

the superimposition of the postsurgical CCT on the pre-

surgical cranial MRI. Based on the location of the ‘‘posi-

tive’’ electrode contacts relative to these landmarks, we

combined responses of the different patients in a single

scheme.

Statistics

To test for differences in stimulation intensities between

patients as well as between groups of responses, we applied

a univariate analysis of variance (a = 0.05) with stimula-

tion intensity being the dependent variable.

Approval

The study protocol was designed according to the decla-

ration of Helsinki and has been approved by the local

Institutional Review Board (IRB) committee of the Case

Western Reserve University. Informed consent was

obtained from all patients included in this report.

Table 1 Patient characteristics and epilepsy classification

Patient Hdn Age Age of onset Epileptogenic zone Semiology

1 R 32 1 Multiregional (1) Gustatory Aura ? Hypermotor seizure (LOC)

(2) Abdominal Aura ? Automotor seizure

(3) Abdominal Aura

2 R 52 44 Right orbitofrontal lobe Automotor seizure (LOC) ? GTCS

3 R 58 32 Right temporal lobe Dialeptic seizure ? GTCS

4 R 38 36 Left posterior temporal lobe Abdominal Aura ? Dialeptic seizure ? GTCS

5 R 21 16 Multiregional? Dialeptic seizure ? GTCS

Hdn handedness, R right, LOC loss of consciousness, GTCS generalized tonic-clonic seizure
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Results

Stimulation of 62 out of 113 contacts (55%) located within

the insula produced responses. However, only 54 (48%) of

the 62 responses were reproducible at least once and only

29 (26%) were found to be convincingly reproducible

during a separate second stimulation. The mean stimulation

intensity necessary to induce a clinical response in these

53 electrode contacts was 9.15 (±2.2) mA and differed

significantly neither between the different categories of

responses (p = 0.072) nor the different patients (p =

0.797). 37 out of 54 contacts were clearly allocated in the

grey matter (Fig. 1), 9/54 contacts were located in the

grey–white matter transition (Fig. 2) whereas 8 out of 54

contacts were more likely to be located in the intragyral or

subinsular white matter (Fig. 3). These eight contacts were

included in our assessment since they were in functional

continuity with their surrounding electrode contacts in the

grey matter.

Even though the number of contacts within the right and

the left insula was similar (right insula = 61, left

insula = 52) reproducible responses were more frequently

elicited within the left insula (left insula = 39, right

insula = 15). There were also differences concerning the

responsiveness of different insular regions. We divided

the insula into three regions. A posterior insula caudal to

the postcentral sulcus of the insula, a middle insula

between the postcentral sulcus of the insula and the pre-

central sulcus of the insula and an anterior insula cranial

from the precentral sulcus of the insula (Fig. 4). The

likelihood of producing reproducible responses was highest

within the posterior insula (32/51 = 63%), decreased in the

middle part of the insula (22/52 = 42%) and was lowest

with the anterior insula electrodes (0/10 = 0%). Supple-

ment 1 and 2 (Online Resource) provide a graph and a list

of each patient’s responses to electrocortical stimulation.

Symptoms elicited by stimulation of the insula can be

divided into two main categories: visceral or internal sen-

sation on the one hand (n = 24) and somatosensation on

the other (n = 30). Almost without exception, electrode

contacts that produced visceral responses were located

Table 2 Statistics of responses to electrocortical stimulation

Electrode contacts AI MI PI All %

Electrode contacts within the insula 10 52 51 113 100

Responses within the insula 0 26 36 62 55

Responses confirmed at least twice in one

session

– 22 32 54 48

Responses confirmed in a second session – 16 13 29 26

AI anterior insula, MI middle insula, PI posterior insula

Fig. 1 Presurgical MRI and

postsurgical cranial CT were

superimposed using the

software Brainlab�. Then each

single electrode contact was

located and displayed on three

planes. One electrode contact is

indicated by an arrow
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anterior to somatosensory responses, which were found in

the most posterior part of the insula.

Within the group of visceral sensations, taste phenom-

ena represented a separable group of special viscerosen-

sation. Nine electrodes, exclusively located in the central

part of the insula, produced taste phenomena. Often these

were unpleasant phenomena described as ‘‘bad’’, ‘‘nasty’’,

‘‘nautious’’ taste (n = 7). In n = 3 electrodes, taste sen-

sation was qualified as ‘‘metallic’’ or ‘‘like aluminum’’.

Localization of taste sensation included the whole oral

cavity in the back of the mouth, the back of the tongue or

even in the back part of the nose. The taste sensation was

lateralized at seven electrodes and was always ipsilateral to

the side of stimulation [Fig. 5; supplement 1 and 2 (Online

Resource)].

Responses elicited at eight electrodes were classified as

general viscerosensation and were described as a feeling of

‘‘throwing up’’, having ‘‘something in the throat’’,

‘‘vibration in the stomach’’ or simply ‘‘abdominal sensa-

tion’’ [Fig 6; supplement 1 and 2 (Online Resource)]. In six

of these contacts, the patients made some comment sug-

gesting a visceral movement (‘‘feeling of throwing up’’,

‘‘throat feels like shaking’’, ‘‘vibration in the stomach’’) but

we were unable to observe any visceral movements.

Description of responses to stimulation from six elec-

trode contacts could not be assigned to one distinct cate-

gory of internal sensation. The feeling of a ‘‘dry sensation

in the nose’’ was reported at two contacts and represents a

more complex internal sensation that we could classify

neither as being clearly gustatory nor as viscerosensory. In

two other cases, the quality of the response changed even

though the location of the response did not (stimulation of

one electrode induced the feeling of ‘‘dropping of the

mouth’’ the first time and elicited a ‘‘bad taste’’ when

stimulated again; stimulation of another electrode produced

a sensation of ‘‘something in the throat’’ the first time and

of an unspecified ‘‘bad taste at the back of the throat’’ when

repeating the stimulus). These electrode contacts are shown

in a composite color code in Figs. 5 and 6.

Within the group of somatosensory responses, we dis-

tinguished sensations of warmth or pain from general so-

matosensations. Ten electrode contacts exclusively located

in the posterior insular cortex elicited symptoms of warmth

or pain in different parts of the body. Responses of warmth

(n = 6 contacts in 2 patients) were located more ventrally

and painful phenomena more dorsally (n = 4 in 2 patients)

within the posterior insula after stimulation. The sensation

of warmth was described as a ‘‘warm’’ or ‘‘hot’’ feeling in

different parts of the body. There was no description of a

cold feeling induced by stimulation of the posterior insula.

Painful sensations could be described as ‘‘burning’’, ‘‘sting-

like’’ or simply ‘‘painful’’. Sensations of warmth or painful

sensation were always on the contralateral side of the body

[Fig. 7; supplement 1 and 2 (Online Resource)].

Fig. 2 Superimposition of a

postsurgical cranial CT on a

presurgical MRI using the

software Brainlab�. Example of

an electrode contact in the grey-

white matter transition

(indicated by an arrow)
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Four of these ten contacts elicited different responses

when stimulated repeatedly. In these contacts, the quali-

tative dimension of the response elicited by stimulation

changed, e.g. from ‘‘warm’’ to ‘‘numb’’, ‘‘painful’’ to

‘‘tingling’’ or ‘‘painful’’ to ‘‘pulling’’ sensation in a certain

body part. In two of the electrodes, the location of the

sensation also changed from leg to foot or arm to thigh.

These electrode contacts are shown in a composite color

code in Figs. 7 and 8.

General somatosensory responses (n = 20) were less

well defined. They were described as ‘‘tingling’’, ‘‘feeling

of pulsation’’, ‘‘feeling of vibration’’, or ‘‘feeling of

numbness’’ in different body parts contralateral to the side

of stimulation. Two electrode contacts in the most ventral

part of the posterior insula elicited whole body sensations.

All other somatosensory responses were lateralized to the

side contralateral to the stimulated hemisphere.

To conclude, specific and non-specific somatosensations

localized in the posterior-dorsal area of the insula—

immediately posterior to viscerosensory sensations and

gustatory responses—were elicited [Fig. 8; supplement 1

and 2 (Online Resource)]. Stimulation of the anterior insula

remained asymptomatic.

Discussion

This study of electrocortical stimulation shows four qualita-

tively and spatially distinct functional areas in the human

Fig. 3 Superimposition of a

postsurgical cranial CT on a

presurgical MRI using the

software Brainlab�. Example of

an electrode in the subinsular

white matter (indicated by an

arrow)

Fig. 4 Scheme of the insula. Included are the locations of all 113

contacts that were allocated in the insula after superimposing the

postsurgical cranial CT on the presurgical MRI. Anatomical land-

marks of the insula are indicated by numbers as follows: 1 posterior

long gyrus of the insula, 2 postcentral insular sulcus, 3 anterior long

gyrus of the insula, 4 central insular sulcus, 5 Posterior short gyrus of

the insula, 6 precentral insular sulcus, 7 middle short gyrus of the

insula, 8 short insular sulcus, 9 anterior short gyrus of the insula,

10 accessory gyrus of the insula

142 Brain Struct Funct (2011) 216:137–149

123



central and posterior insular lobe: phenomena of general so-

matosensation, thermal and pain perception, viscerosensation

and gustation were elicited repeatedly when stimulating

within the central and posterior insula. These results are

consistent with neuroanatomical and neurofunctional data

derived from animal as well as human studies and reveal

distinct functions represented in distinct parts of the insular

lobe. When Penfield and Faulk (1955) reported on their

results of intraoperative surface stimulation of the insula, the

most common responses were characterized as viscerosen-

sory (n = 32) or somatosensory (n = 30) symptoms. This

closely resembles the categorization of our results and their

ratios (viscerosensory responses n = 24, somatosensory

responses n = 30). Nevertheless, even if the stimulation

paradigms were comparable to those used in our study,

stimulation in Penfield and Faulk’s study was confined to

insular regions normally covered by the temporal opercu-

lum. Besides, Penfield and colleagues stimulated all elec-

trodes at constant stimulus intensity and did not control for

the occurrence of after-discharges. Still the degree of com-

parability between their results and more recent studies

based on intracranial extraoperative electrodes is very high,

suggesting that the possible bias due to spread of excitation

or after-discharges was minimal. Nevertheless, the symp-

toms elicited in their study were more widely distributed and

arose from stimulation of posterior, middle and anterior parts

of the accessible insula. Despite the fact that Ostrowsky et al.

(2000) show a tendency to discriminate between somato-

sensory symptoms and viscerosensory symptoms between

more posterior and more anterior insular areas, respectively,

more widespread patterns were also described in other recent

studies (Ostrowsky et al. 2002; Isnard et al. 2004; Nguyen

et al. 2009), suggesting that spread of excitation—a possible

confounder in any study of electrocortical stimulation—may

have contaminated the results. Therefore, agreement on

functional representation in the insula does not translate to

agreement on functional localization within the insula so far.

Thermosensation and nociception

Ostrowsky et al. (2002) found the representation of 15

painful insular responses to electrocortical stimulation in

14 patients to be located in the upper posterior insular

cortex, predominantly in the right hemisphere. In addition,

they found somatosensory responses and especially sen-

sation of non-painful warmth to be more frequently located

in the lower posterior insula. And a somatotopic distribu-

tion of painful responses to electrocortical stimulation of

the posterior insula was demonstrated recently with

responses in the upper limbs being more dorsal compared

to those in the lower limbs and painful responses in the face

being more rostral to those in the limbs (Mazzola et al.

2009). The distribution of our limited number of six sen-

sations of warmth and four sensations of pain (each being

exclusively located in the posterior insula) confirm these

results. In our study, painful responses were elicited within

the right as well as the left insula. However, concerning

laterality and somatotopy, four responses is too small a

number on which to base a definite conclusion. Moreover,

our results are in good agreement with anatomical and

Figs. 5–8 The color-coded

pictograms of the insula include

the localizations of those

electrode contacts that evoked

clinical responses with

electrocortical stimulation. The

responses were grouped into

gustatory responses (Fig. 5),

viscerosensory responses

(Fig. 6), responses of warmth or

pain (Fig. 7) and into general

somatosensory responses

(Fig. 8). The following color

code is applied: blue gustation,

yellow viscerosensation, red
thermosensation, red with mark
pain, green somatosensation.

Composite color bars indicate

qualitatively inconsistent or

ambiguous symptoms after

stimulation
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histological studies in humans and animals. Fifty percent of

those peripheral nerve fibers that transmit stimuli of

warmth, pain and prick sensation have their first relay in

lamina I within the dorsal horn of the spinal cord. This

information, after crossing segmentally, is transmitted via

the spinothalamic tract to its second relay at a specific sub-

nucleus within the posterior ventromedian nucleus (Vmpo)

of the thalamus (Craig et al. 1994). The cortical projection

of this nucleus is thought to be within the posterior insula.

This is an important deviation of the main somatosensory

projections to the postcentral gyrus of the lateral hemi-

sphere and maintains the common systematic neuroana-

tomic differentiation of an epicritic and a protopathic

afferent somatosensory system as established on a spinal

level. Several studies using fMRI found evidence for a

somatotopic representation of pain in the dorsal posterior

insula as well (Brooks et al. 2005; Henderson et al. 2007,

2010). Evoked responses after painful stimuli of the skin

have been recorded with intracranial depth electrodes in the

suprasylvian operculum after 140–170 ms and in a deeper

insular area after 180–230 ms (Frot and Mauguière 2003).

Confirming studies with scalp electrodes (Valeriani et al.

2000) or subdural electrode grids (Lenz et al. 1998)

localized evoked responses after painful stimulation to the

Sylvian region. Furthermore, Frot et al. (2007) demon-

strated that peripheral thermal stimuli produced intensity-

related evoked potentials in the parietal operculum,

whereas painful thermal stimuli predominantly produced

evoked potentials in the posterior insula. Lesion studies

also provide evidence for the importance of the posterior

insula for pain processing (Biemond 1956; Birklein et al.

2005). In a study of six patients with heterogeneous para-

sylvian lesions on the MRI, elevated pain thresholds con-

tralateral to the lesion measured by contact heat and pin-

prick pain were found only in patients whose lesions

included the posterior insula and the parietal operculum. In

the context of their results, the authors highlighted the

significance of the parietal operculum and the insula for

pain perception (Greenspan et al. 1999). In contrast,

another study on patients with insular lesions found more

heterogeneous effects of pain and temperature perception

and argued for a modulatory role of the insula in connec-

tion with these qualities (Starr et al. 2009). However,

temperature sensation was represented in the insula in a

PET study, which showed activation of the middle/pos-

terior insula that correlated with graded cooling. In addi-

tion, the authors proposed that the central pain syndrome

after lesions including this anatomical region may be due to

a ‘‘loss of the normal inhibition of pain by cold’’ (Craig

et al. 2000). In our patients, the discrimination of painful

responses was not very definite, and included a ‘‘sting-

like’’ or a burning sensation. On the other hand, thermal

responses were clearly identified by the patients in our

study, providing convincing evidence for representation of

thermosensation in the posterior insula. Given the gradual

transition between non-painful and painful (thermo)sensa-

tion our results do not allow a more detailed delineation

between these sensations.

Somatosensation

Penfield and Faulk (1955) reported on the high similarity

between somatosensory responses to electrocortical stim-

ulation of the insula and those that could be elicited by

stimulation of the upper bank of the Sylvian fissure; this

group first proposed ‘‘neighbourhood activation’’ as one

potential explanation of these results (Penfield and Faulk

1955). However, subsequent studies repeatedly confirmed

somatosensory responses after stimulation of the insula,

supporting the hypothesis of an independent insular

somatosensory area (Penfield and Faulk 1955; Ostrowsky

et al. 2000; Isnard et al. 2004; Nguyen et al. 2009). Nev-

ertheless, the functional significance of general somato-

sensory representation in the insula remains unclear and the

concept of higher-order somatosensory areas may be rele-

vant in connection with these results. Recent cytoarchi-

tectonic studies argue against the somatosensory areas of

the insula being simply an elongation of the secondary

somatosensory cortex of the parietal lobe, especially, the

parietal operculum. Advanced definitions of secondary

somatosensory areas have been proposed by new cytoar-

chitectonic and neuroimaging studies in humans (Eickhoff

et al. 2006, 2007) as well as evoked potential studies in

non-human primates (Coq et al. 2004). Based on these

studies, four different somatosensory maps have been

delineated in the parietal operculum alone—each repre-

senting a complete body map. In this scheme, the second

somatosensory area may be analogue to a dorsal posterior

parietal opercular area (OP1), and a more anterior cytoar-

chitectonic area (OP4) may represent the somatosensory

parietal-ventral area (PV). Two more ventral parietal

opercular areas named OP2 (ventral posterior parietal

operculum) and OP3 (ventral anterior parietal operculum)

may be the neuroanatomical correlates of two ventral

somatosensory areas of the parietal operculum as defined in

the New World titi monkey that were termed rostral ventral

somatosensory area and caudal ventral somatosensory area

(Coq et al. 2004). Whereas previous cytoarchitectonic

maps of the insula were mainly derived from non-human

primates or based on single human individuals (Mesulam

and Mufson 1982a; Brodmann 1909), in a recent study

analyzing the cytoarchitecture of 10 post-mortem brains

with an observer-independent method, three distinct cyt-

oarchitectonic areas in the posterior insula were defined

(Kurth et al. 2010a). Two granular cortical areas in the

dorsal posterior insula named Ig1 and Ig2 and one
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dysgranular cortical area in the ventral posterior insula

named Idg1 were delineated and may correlate to a variety

of somatosensory responses to electrocortical stimulation

of the insula in our as well as previous studies. Granularity

in cytoarchitectonic classifications is typical of cortex with

predominant afferents like the primary somatosensory

cortex of the lateral surface of the brain. Indeed, the

locations of Ig1 and Ig2 correspond clearly to those areas

where general somatosensory and thermosensory/nocicep-

tive responses were found in our study. Whereas an exact

correlation cannot be derived from our study, Ig1 most

closely corresponds to the responses of warmth or painful

responses. General somatosensory responses were found

within areas corresponding to Ig1 and Ig2. Interestingly, it

was demonstrated by use of retrograde and anterograde

axonal transport methods in macaque monkeys that the

secondary sensory area (S2) in the lateral sulcus of the

brain, which itself receives mechanoreceptive somatosen-

sory input from the primary sensory areas, is reciprocally

connected to granular and dysgranular insular areas

(Friedman et al. 1986). Moreover, projections of the

granular and dysgranular insula to limbic areas like the

amygdaloid complex and the entorhinal cortex suggest that

these insular areas may be an important corticolimbic relay

within a hierarchical network subserving tactile learning

and memory. At least the aforementioned projections may

explain the mechanoreceptive responses after stimulation

of the posterior insula. Therefore, it may well be that the

granular insular cortices represent secondary or tertiary

general somatosensory areas whose functions have yet to

be named (Kurth et al. 2010a). However, concerning

thermosensation and nociception, the posterior insula may

be part of the primary cortical representation of these

functions given current functional neuroanatomic findings

(Craig et al. 2000).

Viscerosensation

Viscerosensory symptoms represent the second major

group of symptoms that were produced by stimulation of

the insular cortices, very like previous studies with elec-

trocortical stimulation (Penfield and Faulk 1955; Ostrowsky

et al. 2000; Isnard et al. 2004; Nguyen et al. 2009). In fact,

in an early report on electrocortical stimulation of the

insula, one-third of all responses were related to the

‘‘abdominal cavity’’ (Penfield and Faulk 1955). The same

authors proposed that the insula may be part of an oroali-

mentary cortex extending from the ventral precentral gyrus

to the ventral insular cortex. In addition to reporting vis-

cerosensory responses, they also recorded changes of gas-

tric motor activity after stimulation of electrode contacts in

a subgroup of four patients who agreed to intraoperative

gastrographic recordings. Recorded gastric motor activity

upon stimulation then was or was not accompanied by a

feeling of gastric movements. Consequently, some of the

viscerosensory responses of our patients during insular

stimulation suggesting gastric or visceral movements may

in fact have represented visceromotor responses. Changes

of gastric motility after electrocortical stimulation of the

insula have also been recorded invasively in macaque

monkeys (Hoffman and Rasmussen 1953). In this study,

unspecific gastrointestinal responses to cortical stimulation

could be excluded by stimulation of the lateral hemisphere,

which did not produce changes in gastrointestinal motility.

Importantly, these effects were abolished after sectioning

both vagal nerves. Indeed, ascending projections of the

visceral organs terminate in the granular and dysgranular

parts of the insula via the parvocellular nuclei of the lateral

and medial ventroposterior thalami as demonstrated by

evoked potential and neuronal labeling studies in rats

(Cechetto and Saper 1987; Allen et al. 1991). Functional

neuroimaging studies, e.g. after gastric distension in heal-

thy volunteers, repeatedly also revealed that the subsequent

metabolic or vascular activation predominates within or at

least includes insular cortex (Vandenbergh et al. 2005;

Ladabaum et al. 2007). The role of the insula for visceral

motility may be further substantiated by reports of cir-

cumscribed insular lesions that produced isolated dyspha-

gia—a common symptom after ischemic strokes (Stickler

et al. 2003; Riecker et al. 2009). This may be considered

evidence for the hypothesis of the insula being the central

cortical projection of the nucleus of the solitary tract

(NST), one important relay of afferent vagal nerve fibers

(Saper 1982).

Gustation

The neuroanatomical pathway of taste processing has been

well studied in animals. From taste buds gustatory infor-

mation is transferred to the nucleus of the solitary tract

(NST) via the chorda tympani and the greater superior

petrosal branches of the facial (VIIth), the lingual branch of

the glossopharyngeal (IXth) and the superior laryngeal

branch of the vagal (Xth) nerve. These nerve fibers are

arranged topographically from rostral to caudal with the

facial nerve endings being in the rostral parts of the NST

and the vagal nerve fibers ending in its caudal part. After

the first relay of the taste neurons, gustatory information

travels to the hypothalamus and the parvocellular ventro-

median nucleus (VPMpc) of the thalamus in primates (Van

Buren and Borke 1972). In rodents, gustatory information

is processed via an additional relay in the brain stem called

the pontine parabrachial nucleus, which then has a bipartite

projection to subcortical nuclei as well as cortical areas

(Small 2010). Whereas these pathways of the taste system

are well established, the location of the primary gustatory
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cortex is less precisely defined (Kaas 2005; Small 2010). It

is generally accepted that gustatory representation is not

part of the primary somatosensory representation of the

tongue as confirmed by extensive records of intraoperative

electrical stimulation (Penfield and Rasmussen 1950; van

Buren 1983). Our results indicate representation of taste

information in the middle or central parts of the insula.

This is consistent with the evidence that primary afferents

from the VPMpc proceed to insula as well as frontal and

parietal operculum (Pritchard et al. 1986). And even

though the primary gustatory cortex in non-human prima-

tes has been assigned to the anterior insula, recent evidence

from neuroimaging studies suggests that gustatory infor-

mation may be represented ‘‘further caudally in the human

compared to the monkey insular cortex’’ (Small 2010).

Usually, taste phenomena were described as unpleasant or

very unpleasant sensations. This strong affective compo-

nent is in line with data from stimulation as well as

description of seizures with gustatory phenomena (Penfield

and Faulk 1955; Hausser-Hauw and Bancaud 1987). In

addition, the facial expression of disgust was shown to

particularly activate insular cortex in a neuroimaging study

(Phillips et al. 1997). In our study, in 7 out of 14 contacts

taste phenomena were found to be ipsilateral to the side of

stimulation. Benjamin and Burton (1968), who stimulated

the chorda tympani and the lingual-tonsillar branch of the

glossopharyngeal nerve of the squirrel monkey, produced

ipsilaterally but not contralaterally evoked potentials in the

anterior opercular-insular cortex. Deficits in the qualitative

and quantitative discrimination of gustatory stimuli were

found on the side of the tongue ipsilateral to insular lesions

(Pritchard et al. 1999). In addition, a bilateral deficit in

taste recognition was reported in patients with left insular

lesions in this study. Our results strongly support the pre-

dominantly ipsilateral cortical representation of taste in

humans. This supports the hypothesis that the central rep-

resentation of the solitary tract nucleus lies in the insula as

described above.

Further considerations

Some comment is required regarding the discrepancies

between this study and previous reports on insula stimu-

lation. In clear contradiction to previous stimulation stud-

ies, stimulation of the anterior insula did not lead to any

responses in our study. Still, even though 10 electrode

contacts in the rostral part of the anterior insula were

stimulated, the central part of the anterior insula was not

covered with depth electrodes in this study. It is not clear if

the anterior insula should be defined based on cytoarchi-

tectonic characteristics or macroscopic divisions. It is of

note that the central sulcus of the insula as a macroscopic

border may not coincide with any microscopic parceling of

the insula and hence may not be sufficient for functional

segregation (Zilles and Amunts 2010). The anterior

agranular insula shares characteristics with and is highly

connected to limbic and paralimbic cortex based on studies

in Old World monkeys (Mesulam and Mufson 1982b).

The proposed homologue cortical areas in humans are

often less responsive to electrocortical stimulation which

may explain the lack of symptoms after stimulation of the

anterior insula in our study. On the other hand, a partici-

pation of the insula in the perception and processing of

subjective feelings, emotion and self-awareness has been

proposed (Craig 2002) and it may be speculated that, given

the close representations of taste, visceral perception,

thermosensation, nociception and somatosensation in our

study, the anterior parts of the insula may well be involved

in more integrative functions relevant for homeostasis or

emotional processing (Dupont et al. 2003; Naqvi et al.

2007; Craig 2009). It is possible that these functions may

not be readily evoked by electrocortical stimulation.

In addition, it was surprising that in this study stimula-

tion of the insula elicited no representation of autonomic

signs. Significant changes in heart rate were neither

detected after stimulation of the right nor left insula. This

may be a consequence of the duration of our stimulation,

which did not exceed 5 s and lasted 3 s on average. Still,

minor changes in heart rate may have escaped our atten-

tion. Following previous reports of connections between

the nucleus of the solitary tract and the insula, an

involvement of the insula in cortical representation of

cardiovascular function is suggested and has been reported

in human and animal studies (Hoffman and Rasmussen

1953; Zhang et al. 1998; Abboud et al. 2006). It is possible

that these functions may have their cortical representation

within the anterior insula, which was less well covered by

electrode contacts in this study.

Another difference to previous stimulation studies was

that we could not elicit motor phenomena. All motor

responses we saw after stimulation of the insula were

thought to occur secondarily to sensory phenomena, such

as a disgusted facial expression in response to an

unpleasant taste phenomenon or touching parts of the body

after sensory phenomena in that region. In addition,

patients did not report involuntary movements during

stimulation of insular electrodes.

None of the symptoms produced by electrocortical

stimulation in our study was classified as being a vestibular

phenomenon, despite the fact that prominent thalamo-

insular afferents arise from the ventral posterior inferior

and superior nucleus of the thalamus and progress to the

parietoinsular vestibular cortex in the posterior-dorsal

insula adjacent to the pain-receptive area (Kahane et al.

2003). Finally, our data are in good agreement with a

similar study of invasive electrocortical stimulation in
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patients with epilepsy (Ostrowsky et al. 2000). In this

study, symptoms of viscerosensation, somatosensation,

nociception and gustation were reported after stimulation

of insular electrodes which matched our categories of

symptoms. Importantly, viscerosensory and gustatory

responses were clearly more often located anterior to

painful and non-painful somatosensory symptoms that

were found primarily in the posterior insula. Our study

reproduces this pattern. Moreover, due to an increased

number of electrode contacts implanted by a different

technique, we could refine the aforementioned functional

categories to more circumscribed insular areas. In contrast

to this previous report, we did not find evidence that these

functions do extent to the anterior insula; on the contrary,

responses were limited to posterior and central insular

regions (Ostrowsky et al. 2000). This highlights the pos-

sibility that only the granular and dysgranular cortical areas

within the human insula encompass cerebral function

capable of being excited by electrocortical stimulation.

Therefore, our data are in accordance with the heteroge-

neous cytoarchitecture of the insula.

Limitations

There are limitations to our study. First, the location of

electrodes was determined by superimposition of postop-

erative CT on preoperative MRI. Hence, there may be a

systematic error due to intraoperative shift of the brain

prior to obtaining the localizing CT. Nevertheless, in one

patient who already had been implanted with insular

electrodes, we decided on implantation of additional depth

electrodes for diagnostic reasons. We found the position of

insular electrodes after both operations to be highly con-

sistent. Second, due to gyration of the insular cortex, a

minority of the electrode contacts that were inserted tan-

gential to the insular cortex were in the transitional zone

between the grey matter of the insula and the extreme

capsule beneath it. Theoretically, responses of such elec-

trodes therefore may not represent insular function but the

result of stimulation of fibers of the extreme capsule or

fibers of passage. Still the degree of reproducibility of

symptoms in our study and the functional continuity to

adjacent electrode contacts in the grey matter supports the

assumption that the structures stimulated represent func-

tional units. Third, the stimulation intensities used in our

study surpass those of similar previous studies using depth

electrodes in the insula (Ostrowsky et al. 2000; Isnard et al.

2004). Hence, we cannot exclude that some of the descri-

bed responses were due to activation of distant cortical

areas. Nonetheless, each response reported in our study

represents the first symptom that occurred at a single

electrode contact, with minimum stimulation intensity,

therefore, being a threshold response. In addition, there was

no significant difference in stimulation intensities between

patients or categories of response, indicating that we did

indeed stimulate a common brain structure. The absence of

after-discharges at the implanted electrodes and the

agreement with previous literature on insular function are

further arguments for a primary insular origin of the

reported responses. Fourth, since all stimulation was car-

ried out in epileptic patients, results may not be transfer-

able to healthy individuals. The same limitation, however,

applies to any previous study of cortical stimulation.

Moreover, except of one patient, there was no interictal

epileptic activity recorded in any of the insula electrodes.

Fifth, the number of patients studied is still very small and

individual functional anatomy may have influenced the

results disproportionately. On the other hand, the compa-

rably high number of electrode contacts in each insula still

allowed a good spatial correlation of evoked symptoms in

this study.

Conclusion

We distinguish four qualitatively and topographically dis-

tinct functional areas in the insular cortex. Somatosensory

representation in the most posterior part of the insula, a

subgroup of thermo- and nociception in the posterior

superior insula, viscerosensory responses anterior to the

somatosensory area and a subgroup of gustatory responses

in the central part of the insula. No responses were detected

after stimulation of the anterior insula. These data confirm

results from studies in non-human-primates and rodents

and refine the functional neuroanatomy of the insula in

humans.
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