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Abstract

The insula is a complex structure involved in a wide range of functions. Tracing studies on nonhuman primates reveal a wide

array of cortical connections in the frontal (orbitofrontal and prefrontal cortices, cingulate areas and supplementary motor

area), parietal (primary and secondary somatosensory cortices) and temporal (temporal pole, auditory, prorhinal and

entorhinal cortices) lobes. However, recent human tractography studies have not observed connections between the insula and

the cingulate cortices, although these structures are thought to be functionally intimately connected. In this work, we try to

unravel the structural connectivity between these regions and other known functionally connected structures, benefiting from

a higher number of subjects and the latest state-of-the-art high angular resolution diffusion imaging (HARDI) tractography

algorithmswith anatomical priors. By performing anHARDI tractographyanalysis on 46 youngnormal adults, our study reveals

a wide array of connections between the insula and the frontal, temporal, parietal and occipital lobes as well as limbic regions,

with a rostro-caudal organization in linewith tracing studies inmacaques. Notably,we reveal for thefirst time inhumans a clear

structural connectivity between the insula and the cingulate, parahippocampal, supramarginal and angular gyri as well as the

precuneus and occipital regions.
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Introduction

Located in thedepthof the Sylvianfissure, the insula, a pyramidal-

shaped structure, is considered as the fifth lobe of the brain

(Stephani et al. 2011) and represents ∼1%–4% of the total cortical

surface (Semendeferi and Damasio 2000). Topographically, the

insula is covered laterally by the frontal, parietal and temporal
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opercula, while delimited medially by the extreme capsule, the

claustrum, the external capsule (harboring the arcuate fasciculus),

the lenticular nucleus and the internal capsule (Türe et al. 1999). It

is divided by the central insular sulcus into an anterior portion

comprising 3 to 4 short gyri, and a posterior portion composed

of 2 long gyri (anterior and posterior), which form a fan-like pat-

tern (Flynn 1999). It is also divided into 3 architectonic zones

based on its organization, shape, number and type of neurons: 1)

an agranular zone (Ia) located rostroventrally at the limen insulae;

2) a granular zone (Ig) positioned caudodorsally covering the dor-

sal posterior insula and in between; 3) a dysgranular transitional

(or intermediate) zone (Id) spanning from the anterior to the pos-

terior insula (Mesulam and Mufson 1985).

Cumulative work utilizing various techniques (electrophysi-

ology, functional neuroimaging, and positron emission tomog-

raphy) along with lesion studies in primates, including humans,

has established a role for the insula in a wide array of functions,

including autonomic functions, viscero-sensory and motor func-

tion,motorassociation, vestibular function, language, somatosen-

sation, chemosensation, central audition, emotions, pain, bodily

awareness, self-recognition, attention, empathy, time perception,

motivation, craving, and addiction (for an extensive review, see

Shelley and Trimble 2004; Kurth et al. 2010; Nieuwenhuys 2012).

These studies have also revealed different functional profiles

between the left versus the right insula and the anterior versus

the posterior insula.

Seminal work on nonhuman primates have demonstrated

widespread connections between the insula and the frontal, tem-

poral, and parietal cortices, and limbic areas (Mesulam and Muf-

son 1982a,b; Mufson and Mesulam 1982; Vogt and Pandya 1987),

consistentwith thewide variety of functions associatedwith this

structure (see Augustine 1996). In humans, however, the struc-

tural connectivity of the insula is less documented. Comparative

studies have shown that the insula has undergone a gradual in-

crease in the complexity of its organization and size in the course

of primate and hominid evolution (Semendeferi and Damasio

2000; Bauernfeind et al. 2013). The anatomical organization of in-

sular sulci in humans is different from that of nonhuman pri-

mates, and it has been suggested that the greater size of some

regions is correlated with newly emerged specialized functions

such as empathy and social awareness (Semendeferi and Dama-

sio 2000; Allen et al. 2002; Kaas 2013). Moreover, von Economo

neurons (VENs; for a review, see von Economo and Koskinas

1925; von Economo 1926; Cauda et al. 2014) have been reported

in humans, great apes, and more recently macaques (Evrard

et al. 2012). The implication of these neurons in its connectivity

map is still poorly known butmay play a role in a differential con-

nectivity pattern (Cauda et al. 2014). Cross-species comparisons

with humans have been challenging due to differences in inves-

tigative methods, such as tract-tracing that are not feasible on

humans. However, recent developments in MRI-based diffu-

sion-weighted imaging have made noninvasive study of struc-

tural connectivity possible in vivo with increasing precision and

reliability.

To our knowledge, only 3 studies have investigated the struc-

tural connectivity of the human insula. Cloutman et al. (2012) re-

cruited 24 subjects, scanned themusing a 3TestlaMRI and used a

dedicated software package (PICo method) to run a probabilistic

tractography algorithm with 20000 streamlines per voxel based

on the Automated Anatomical Labeling atlas (Tzourio-Mazoyer

et al. 2002). Cerliani et al. (2012) scanned 10 subjects on a 3Tesla

MRI scan using FMRIB’s toolbox and a probabilistic tractography

algorithmwith 5000 seeds per voxel. Jakab et al. (2012) scanned 40

subjects on a 1.5Testla MRI scan using FMRIB’s toolbox and

probabilistic tractography algorithm with 1 seed per voxel.

Their results showed that the anterior insular cortex has connec-

tions with the orbitofrontal cortex, the inferior and superior tem-

poral gyri, the temporal pole, the thalamus, and the amygdala;

that the middle insular cortex has connections with the superior

and inferior frontal gyri, the precentral, postcentral, and supra-

marginal gyri, the inferior and superior temporal gyri, the orbito-

frontal and the parietal cortices, while the posterior insular

cortex has connections with the superior and inferior frontal

gyri, the precentral and postcentral gyri, the inferior and superior

temporal gyri, the parietal cortex, and the putamen (reviewed in

Ghaziri et al. 2014). Surprisingly, none of these studies reported

connections with the cingulate gyrus, although these have

been described in tracing studies in animals (Mesulam and

Mufson 1982b;Mufson andMesulam1982) and functional studies

in humans (Taylor et al. 2009; Cauda et al. 2011).

In light of these latter structural connectivity studies, which

are based on DTI probabilistic tractography, standard templates,

and a low number of subjects in some cases, our objective was

to further investigate the connectivity of the insular cortex in

humans. We put an emphasis on regions known to be related

with the insula in nonhuman primates’ studies as well as human

functional studies such as the cingulate, parahippocampal, supra-

marginal, and angular gyri among others, by using the latest state-

of-the-art tractographymethods. To do so, we based our study on

state-of-the-art HARDI deterministic tractographywith anatomic-

al priors similar to (Smith et al. 2012), recruited a significant num-

ber of subjects, while using random parcellation, in order to

overcome known methodological limitations such as crossing-

fibers, low resolution, and invalid connections as defined in Côté

et al. (2013).

Materials and Methods

Participants

Forty-six healthy right-handed subjects between the age of 19 and

39 (mean age ± SD: 24.5 ± 4.8; 18 men and 28 women), with no

history of neurological or psychiatric disorders, were recruited.

Informed written consent was obtained from all participants for

procedures approved by the Centre Hospitalier de l′Université de

Montréal (CHUM) ethics board, in accordance with the latest

revision of the declaration of Helsinki.

Data Acquisition

MRI data were acquired on a 3T Achieva scanner (Philips, the

Netherlands). The diffusion-weighted images were acquired

with a single-shot spin-echo echo-planar pulse sequence (TR =

7.96 ms; TE = 77 ms; flip angle = 90°; slices = 68; field of view = 230

mm; matrix = 128 × 128; voxel resolution = 1.8 × 1.8 × 1.8 mm;

readout bandwidth = 19.6 Hz/pixels; echo-planar imaging direc-

tion bandwidth = 1572.5 Hz; 8-channel head coil; SENSE acceler-

ation factor =2). One pure T2-weighted image (b = 0 s/mm2) and

60 images with noncollinear diffusion gradients (b = 1500 s/mm2)

were obtained. In addition, T1-weighted images were acquired

using 3D T1 gradient echo (scan time= 8.11 min; TR = 8.1ms; TE =

3.8 ms; flip angle = 8°; slices = 176; voxel size =1 × 1 × 1 mm, FOV

230 × 230 mm).

Analyses

Anatomical Images Preprocessing

Anatomical T1-weighted images were preprocessed with the

FMRIB’s software library (FSL; v.5.0.1, http://fsl.fmrib.ox.ac.uk/
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fsl/fslwiki/FSL, last accessed November 27, 2015) (Smith et al.

2004;Woolrich et al. 2009; Jenkinson et al. 2012). The brain extrac-

tion tool (BET) (Smith 2002) was used to remove nonbrain tissues,

after which images were segmented using FMRIB’s automated

segmentation tool (Zhang et al. 2001) resulting into probabilistic

maps of white matter (WM), gray matter (GM), and cerebrospinal

fluid (CSF) for each subject.

Template Creation

A template representing every subject in a unique referential space

had to be created in order to generate a normalized parcellation of

the cortex of each hemisphere. Advanced Normalization Tools

(ANTS) (v. 1.5, http://stnava.github.io/ANTs/, last accessed Novem-

ber 27, 2015; Avants and Gee 2004; Klein et al. 2009; Avants et al.

2010) was used to create a template from our 46 anatomical

T1-weighted imagesusing abi-directional diffeomorphic algorithm,

generatingmatrices to pass from the template space to each native

subject space and vice versa. The probabilistic GMmaps of each sub-

jectwere then resampled to the template space using a linear inter-

polation. An average map of GM in the normalized space was then

created, binarized, and manually cleaned to: 1) remove nonbrain

tissue (segmentation, artifacts), 2) remove the cerebellum, 3) separ-

ate left and right hemisphere, and 4) delineate the insular cortex in

each hemisphere. Manual segmentation was performed using

ITK-SNAP software (v.2.4.0, http://www.itksnap.org, last accessed

November 27, 2015; Yushkevich et al. 2006) and was double-

checked by 2 different investigators.

Creation of the Regions of Interests

The binary cleaned cortexmap of each hemispherewas random-

ly parcellated into 200 regions using a k-mean algorithm (Figs 1a

and 2b). As for the insular cortex, each hemispherewasmanually

segmented by following a sulco-gyral division. Based on previous

studies (Türe et al. 1999; Naidich et al. 2004; Tanriover et al. 2004;

Afif et al. 2009; Afif and Mertens 2010; Cohen et al. 2010) and fol-

lowing the nomenclature of Türe et al. (1999), we first segmented

the insula using a sagittal view, starting from the limit of the dor-

sal anterior insular point through the anterior periinsular sulcus.

Ventro-laterally, we stopped at the level of the anterior trans-

verse insular gyrus to draw the anterior short gyrus; ventro-

medially, we stopped at the level of the junction between the

internal and external capsule. We continued from there ventro-

caudally toward the limen insula (at the limit of the temporal

operculum) and the inferior periinsular sulcus, stopping at the

posterior insular point caudally to draw the posterior long

gyrus. We then segmented dorso-caudally from there at the

limit of the superior periinsular to finish at the anterior insular

point closing the superior part of the insula. We then separated

the insula into an anterior and posterior region as delimited by

the insular central sulcus. From an axial view, we startedmedial-

ly at the inferior periinsular sulcus, caudally, to the short insular

sulcus, dorsally, passing at the junction of the external capsule

and stopping laterally at the limit of the CSF in the Sylvian fissure.

Finally, centroids were regularly placed within each gyri and

then simultaneously inflated, resulting in a parcellation into 19 re-

gions (Figs 2a and b). The same techniquewas used for both hemi-

spheres; the visible differences in each ROIs may be the result of

interhemispheric differences. The voronoï-partitioning algorithm

of the cortex and the number of insular ROIs was inspired from

previous studies (Hagmann et al. 2007, 2008; Zalesky et al. 2010).

HARDI data Preprocessing

The preprocessing steps described in this paragraph have been

done on each subject separately. We first applied eddy current

Figure 1. (a) Random parcellation of the left cortex into 200 regions (voronoï). (b)

Random parcellation of the right cortex into 200 regions (voronoï).

Figure 2. (a) Random parcellation of the left insula into 19 regions (voronoï). (b)

Random parcellation of the right insula into 19 regions (voronoï).
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correction from FSL Diffusion Toolbox (FDT) to adjust the diffu-

sion data for distortion and motion using affine registration to

the nonweighted diffusion volume (b = 0 s/mm2). We then ap-

plied a nonlocal means (NL-means) Rician denoising method

on all diffusion-weighted volumes to increase image quality

(Coupe et al. 2008). The resulting image was upsampled to a

1 mm resolution to better differentiate the insula, the claustrum,

and the extreme capsule, as done in other HARDI tractography

work (Raffelt et al. 2012; Smith et al. 2012; Girard et al. 2014).

We performed a quality assurance on the resulting images by

verifying the T1-weighted white-matter mask and the red-

green-blue (RGB) diffusion color map. Using BET from FSL on

the b = 0 image, we extracted the brain and created a binary

brain mask so the preprocessing on diffusion images is per-

formed only on the brain. Diffusion tensors (Basser et al. 1994)

and a fractional anisotropy (FA) map were created using MRtrix

package (J-D Tournier, Brain Research Institute, Melbourne, Aus-

tralia, http://www.brain.org.au/software/, last accessed Novem-

ber 27, 2015; Tournier et al. 2012). The FA map is used for

verification purposes (Tournier et al. 2007) as the data are visually

checked after each step. We use a white-matter probabilistic

map, obtained from anatomical T1-weighted image, in the track-

ing algorithm as it has been shown to produce richer and more

accurate streamlines than a thresholded FA map (Girard et al.

2014). The coregistration between the T1-weighted image and

the resampled to 1-mm diffusion images was performed using

ANTS affine registration (Avants et al. 2011). The ROIs of the cor-

tex and the insula were then resampled to every single-subject

diffusion space. To check the validity of the registration from

the template to individual diffusion space, wemanually segmen-

ted 5 random subjects following the boundaries previously de-

scribed and used 2 overlap agreement measures described in

Klein et al. (2009) to compare the templates segmentation with

these 5 subjects. We obtained an overlap of 82% and 86% for the

“target overlap” and the “dice coefficient,” respectively (Dice 1945).

Constrained spherical deconvolution (CSD) (Tournier et al.

2007; Descoteaux et al. 2009) computation was performed using

MRtrix (Tournier et al. 2012) to resolve crossing-fibers more ef-

fectively while supporting more effectively noise effects (Tour-

nier et al. 2008). Thereby, streamline tracking was launched on

resulted fiber orientation distribution functions (fODF) (Tournier

et al. 2007; Descoteaux et al. 2009) using a deterministic tractogra-

phy algorithm (Girard et al. 2014) with a threshold of 150 seeds

per voxel from all 19 ROIs of the insula and 200 ROIs of the cortex

in both hemispheres. Because tractography cannot determine

the orientation of a fiber, whether it is afferent or efferent, and

Table 1 Connectivity between the ROIs of the left insula and the left ROIs of the cortex with a threshold of 150 fibers per voxel

Regions L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19

Frontal lobe

Superior frontal gyrus X X X X X X X X X X X X X

Middle frontal gyrus X X X X X X X X X

Inferior frontal gyrus X X X X

Orbital frontal cortex X X X X X X X X X X X X X X X

Pars triangularis X X X X X X X X X X

Pars opercularis X X X X X X

Precentral gyrus X X X X X X X X X X X

Frontal opercula X X X X X X X X X X

Frontal pole X X X X X X X X X X X X

Parietal lobe

Superior parietal lobule X X X X X X

Postcentral gyrus X X X X X X X X

Supramarginal gyrus X X X X X X X X X

Angular gyrus X X X

Parietal opercula X X X X X X X X X X

Precuneus X X X

Temporal lobe

Superior temporal gyrus X X X X X X X X X X X X X

Planum temporale X X X X X X X X X X

Planum polare X X X X X X X X X X X X X X

Heschl’s gyrus X X X X X X X X X X X

Middle temporal gyrus X X X X X X X X X X X

Inferior temporal gyrus X X X X X X X

Temporal fusiform gyrus X X X X X X

Temporal pole X X X X X X X X X X X X X X X X

Occipital lobe

Lateral occipital cortex X X X X

Cuneus X

Lingual X X

Occipital fusiform gyrus

Occipital pole X X

Limbic regions

Anterior parahippocampal gyrus X X X X X X X X X

Posterior parahippocampal gyrus X X X X X

Anterior cingulate gyrus X X X X X X X X X X X X X X X X

Posterior cingulate gyrus X X X
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because the path and angle of the tracts will differ depending on

its starting point, we launched the tractography algorithm from

both the insula and the cortex. After running the tractography al-

gorithm on 5 random subjects with different thresholds ranging

from 1 to 10 000 seeds per voxel, we observed a plateau of ∼6000

streamlines with 300–400 seeds per voxels. Taking into consider-

ation the computational power and time required for analysis,

we elected to choose a threshold of 150 seeds per voxel which

provided us with at least 5000 streamlines for every ROIs (very

close to the plateau of 6000 streamlines). We used the probabilis-

tic subject’s GMmap as an inclusion parameter, and the CSF and

nonbrain voxels as an exclusion parameter; the step size was

0.5 mm; as described in Girard et al. (2014).

Normalization

To account for the difference in size of the ROIs, we normalized

connectivity values relatively to the biggest ROI. Then, because

tractography algorithm is not bijective, we summed each connec-

tionwith its inverse for a better estimation of the real connectivity

between each pair of ROIs.

Visualization

The template representing the 46 T1-weighted images, the 19 in-

sula ROIs of each hemisphere, and the cortex ROIs were affine-

aligned to theMontreal Neurological Institute (MNI) 152 standard

space. The regionswere identified using the following FSLview in-

tegrated atlases: Harvard-Oxford cortical structural atlas (Frazier

et al. 2005; Desikan et al. 2006; Makris et al. 2006; Goldstein et al.

2007), the MNI structural atlas (Collins et al. 1995; Mazziotta

et al. 2001), and an atlas based on functional correlations (Tamraz

et al. 2004).

Results

Connectivity Profile of the Insula

Bijective cortical connections of the 19 insular ROIs, with a

threshold of 150 streamlines per voxel, are reported in Table 1

(for the left hemisphere) and Table 2 (for the right hemisphere).

These results are also illustrated in Figure 3a (left hemisphere)

and b (right hemisphere) and a general tractography illustration

on one random subject is shown in Figure 4 for schematic

Table 2 Connectivity between the ROIs of the right insula and the right ROIs of the cortex with a threshold of 150 fibers per voxel

Regions R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19

Frontal lobe

Superior frontal gyrus X X X X X X X X X X X

Middle frontal gyrus X X X X X X X X

Inferior frontal gyrus X X X X X X X X X X

Orbital frontal cortex X X X X X X X X X X X X X X X X

Pars triangularis X X X X X X X

Pars opercularis X X X X X X X

Precentral gyrus X X X X X X X X X X X

Frontal opercula X X X X X X

Frontal pole X X X X X X X X X X X X X X X

Parietal lobe

Superior parietal lobule X X X X X

Postcentral gyrus X X X X X X X X X

Supramarginal gyrus X X X X X X X X

Angular gyrus X X X X X X X X

Parietal opercula X X X X X X X X X X X

Precuneus X X

Temporal lobe

Superior temporal gyrus X X X X X X X X X X X

Planum temporale X X X X X X X X X X X

Planum polare X X X X X X X X X X

Heschl’s gyrus X X X X X X X X X X X X

Middle temporal gyrus X X X X X X X X X

Inferior temporal gyrus X X X X X

Temporal fusiform gyrus X X X X

Temporal pole X X X X X X X X X

Occipital lobe

Lateral occipital cortex X X X X X X

Cuneus X

Lingual X X

Occipital fusiform gyrus X X X

Occipital pole X X X X

Limbic regions

Anterior parahippocampal

gyrus

X X X X

Posterior parahippocampal

gyrus

Anterior cingulate gyrus X X X X X X X X X X X X X X

Posterior cingulate gyrus X X X X
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purposes. Furthermore, in order to obtain a broadband connect-

ivity map of the insula, we created a supplementary figure re-

flecting the connections ranging from 50 to 500 streamlines per

voxel (Fig. 5a for the left hemisphere and b for the right hemi-

sphere). As can be seen, the insula shows connections with the

frontal, parietal, temporal, and occipital lobes, and limbic areas.

Widespread connections are observed between the insula and

the frontal lobe. Insular ROIs from both hemispheres are con-

nected with the inferior, including pars triangularis and orbitalis

(Broca’s area),middle, and superior frontal gyri, orbitofrontal cor-

tex, precentral gyrus, frontal operculum, and subcallosal gyrus.

With regards to the temporal lobe, the insula has connections

with the superior temporal gyrus including Heschl’s gyrus (audi-

tory cortex), the planum temporale (Wernicke’s area and

associative auditory cortex), the planum polare, the temporal

fusiform gyrus, and the temporal operculum.Within the parietal

lobe, the insula has connections with the supramarginal and an-

gular gyri, the precuneus and the superior parietal lobule, as well

as the postcentral gyrus (somatosensory cortex; BA 1, 2, 3) and

the parietal operculum. Within the occipital lobe, the insula

has connections with the cuneus and lingual gyri, occipital fusi-

form gyrus, while including the lateral occipital cortex. Within

limbic areas, the insula has connections with the parahippocam-

pal gyrus, including the uncus, perirhinal and entorhinal corti-

ces, and the anterior and posterior cingulate gyrus. More

precisely, we report fibers connecting the anterior regions of

the insula with the anterior cingulate cortex (BA 24), the anterior

midcingulate cortex (BA 24, 32, 33), the subgenual subregion

Figure 3. (a) Connectivity between the left insula and cortical ROIswith a threshold of 150 tracts per voxel. (b) Connectivity between the right insula and cortical ROIswith a

threshold of 150 tracts per voxel.
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(BA 25), and the perigenual anterior cingulate cortex (BA 24, 32),

while posterior regions of the insula are connected with the dor-

sal posterior cingulate cortex (BA 31) and the posterior midcingu-

late cortex (BA24, 33). We also found connections between the

insula and the parahippocampal gyrus (anterior and posterior re-

gions) including the entorhinal (BA28, 34) and perirhinal cortices

(BA 35, 36), as well as the Uncus (BA 28).

Most of the reported regions with a threshold of 150 stream-

lines per voxels are still present with a higher threshold (up to

500, in yellow) (Fig. 4a and b). Indeed, many key regions are still

connected in both hemispheres, including the superior and infer-

ior temporal gyri, the anterior and posterior cingulate gyri, the

precentral, postcentral, supramarginal, and angular gyri, the

orbitofrontal as well as the occipital cortices.

We also observe a rostro-caudal like connectivity pattern as

rostro-dorsal anterior ROIs are mainly connected to frontal and

temporal lobeswhile ventro-caudal posterior like ROIs aremostly

connected to temporal, parietal and occipital lobes (see Table 3).

Discussion

Our work reveals a wide array of connections between the insula

and the frontal, temporal, and parietal lobes, and limbic areas, in

agreement with tracing studies in macaques (Pandya et al. 1981;

Mesulam and Mufson 1982a,b; Mufson and Mesulam 1982; Vogt

and Pandya 1987; Vogt et al. 1987), structural (Cerliani et al.

2012; Cloutman et al. 2012; Jakab et al. 2012), and resting-state

functional magnetic resonance imaging (rsfMRI) (Mutschler

et al. 2009; Taylor et al. 2009; Van Den Heuvel et al. 2009; Cauda

et al. 2011; Deen et al. 2011) studies in humans. Notably, the in-

sula showed connections with the orbitofrontal cortex, supple-

mentary motor area, frontal operculum, the primary motor and

the somatosensory cortices, the parietal operculum, the auditory

cortex, the prorhinal and entorhinal cortices (part of the anterior

parahippocampal gyrus). This connectivity profile remains rela-

tively stable by moving the standard threshold of 150 seeds per

voxel to a more robust threshold of 500. A clear differential con-

nectivity pattern, moving from a ventral anterior to a dorsal pos-

terior organization, was observed. Remarkably, wewere also able

to reveal for the first time in humans clear structural connectivity

between the insular cortex and cingulate cortex as well as the

parahippocampal, angular, supramarginal, precuneus, cuneus,

lingual and the fusiform gyri by overcoming known methodo-

logical limitations such as crossing-fibers (i.e., corona radiata)

(Dougherty et al. 2005), and invalid connections (i.e., DTI-based

probabilistic approach) (Yo et al. 2009). We suggest that we over-

came, to some degree, crossing-fibers limitations by using high

resolution data (1 mm) and HARDI with fODF compared with

standard DTI tractography (2 mm) (Descoteaux et al. 2009; Jones

et al. 2013; Kuhnt et al. 2013). Indeed, using anatomical priors re-

sults in having more valid connections and less invalid connec-

tions that end prematurely in the WM or stop in ventricles and

does not connect cortical or subcortical areas. The particle filter-

ing tractography algorithm also allows better propagation in nar-

row and tight white-matter band, which can be important in the

complex areas surrounding the insula (Girard et al. 2014). Be-

cause of these methodological steps to minimize stray stream-

lines and artifacts, we surmise that obtained images represent

actual connections. The fact that observed connections (e.g., cin-

gulate, angular, supramarginal, lingual and parahippocampal

gyri as well as precuneus and occipital cortex) are very much in

linewith cumulative data from tract-tracing studies inmacaques

(Mesulam and Mufson 1982b; Mufson and Mesulam 1982), func-

tional studies in humans (Mutschler et al. 2009; Taylor et al. 2009;

Van Den Heuvel et al. 2009; Cauda et al. 2011; Deen et al. 2011),

and the limited number of tractography studies of the human in-

sula (Cerliani et al. 2012; Cloutman et al. 2012; Jakab et al. 2012) is

reassuring. As for the parahippocampal gyrus, its structural con-

nectivity is poorly known and only a few studies have reported

connections with the insula in rhesus monkeys and rats (Room

and Groenewegen 1986; Insausti et al. 1987; Blatt et al. 2003;

Kerr et al. 2007). One can speculate that the failure to observe

the connectivity between the insula and the parahippocampal

gyrus may be a result of the same limitations that apply for the

cingulate cortex considering that it is part of a subcortical region

encompassing amultitude of white-matter tracts (i.e., cingulum)

(Catani and Thiebaut de Schotten 2008).

Cingulate Cortex

Although prior structural studies in humans have not revealed

connections between the insula and cingulate cortex, a wide

range of functional studies using rsfMRI have reported simultan-

eous activation of these 2 regions (Taylor et al. 2009; Van Den

Heuvel et al. 2009; Cauda et al. 2011; Deen et al. 2011; Chang

et al. 2013). Here, we show that there is indeed a direct connection

between the insula and the cingulate cortex and that their func-

tional co-activation, previously reported by rsfMRI, is a reflection

of this direct link. In addition, the revealing of the antero-poster-

ior pattern of structural connectivity between both structures is

also in line with functional connectivity patterns reported in

earlier rsfMRI studies: While the anterior insula is mainly con-

nected with the anterior cingulate cortex, the posterior insula is

preferentially connected with the posterior cingulate cortex

(Cauda et al. 2011; Cerliani et al. 2012; Cloutman et al. 2012;

Jakab et al. 2012). This strong link between both structures is fur-

ther supported by the fact that their shared organization type

(Vogt et al. 1995; Eickhoff et al. 2010), their neurons, such as

VENs (Nimchinsky et al. 1995; Allman et al. 2011; Butti et al.

2013), and their shared functions (Torta and Cauda 2011).

Occipital Lobe

In accordance with previous structural (Cloutman et al. 2012;

Jakab et al. 2012) and functional studies (Menon and Uddin

2010; Uddin et al. 2010; Cauda et al. 2011), we also report connec-

tions with the occipital lobe. An occipital connection might be

plausible in pair with the claustrum due to their proximity (for

a review, see Mathur 2014) along the external capsule, the

Figure 4. Streamlines from the insula to the cortex on a random subject with a

threshold of 150 streamlines per voxel for illustrative purposes. Colors: Red:

left-right; green: back-front; blue: up-down.
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uncinate fascicles, the corona radiata (Nieuwenhuys et al. 1988;

Fernández-Miranda et al. 2008), or the inferior fronto-occipital

fasciculus (IFOF) (Martino et al. 2010). Indeed, the claustrum

and the parieto-occipital regions have been reported to have dir-

ect connections in animals (Mesulam and Mufson 1982b; Shipp

et al. 1998; Tanné-Gariépy et al. 2002; Crick and Koch 2005) and

humans (Schmahmann and Pandya n.d.; Schmahmann et al.

2007; Catani and Thiebaut de Schotten 2008). In addition, the

IFOF, which is reported to be located underneath the insula and

may be involved in the semantic system, has been shown to

have connections with the temporal, parietal, and occipital

lobes (Martino et al. 2010).

Related Insular Functions

Thewidespread connections found between the insula and other

cortical regions are consistent with the wide range of brain func-

tions associatedwith this structure andwith the variety of neuro-

psychological impairments reported in patients with isolated

insular damage. Insular connections with the frontal lobe are

congruent, among others, with an insular involvement in lan-

guage processes including speech initiation and complex articu-

lation (Dronkers 1996; Bates et al. 2003; Boucher et al. 2015), and

with high-order executive processes involving an affective com-

ponent, such as risky decision-making (Clark et al. 2008; Weller

et al. 2009). Connections with auditory areas in the temporal

Figure 5. (a) Connectivity between the left insula and cortical ROIs with a threshold ranging from 50 (red), 150 (orange) to 500 (yellow) tracts per voxel. (b) Connectivity

between the right insula and cortical ROIs with a threshold ranging from 50 (red), 150 (orange) to 500 (yellow) tracts per voxel.
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lobe might explain the variety of central auditory deficits

observed in patients with isolated insular damage (Bamiou

et al. 2006), whereas thosewith parietal areasmay be responsible

for the hemispatial neglect and impaired body scheme represen-

tation described in some patients (Manes et al. 1999; Karnath

et al. 2005; Golay et al. 2008). The insula and cingulate cortex

have also been associated with similar neuropsychological func-

tions, including self-awareness and representation of time and

space, empathy, pain, and social behavior (Torta and Cauda

2011; Cauda et al. 2013, 2014), as well as being part of a salience

or frontoparietal network (Seeley et al. 2007; Vincent et al. 2008;

Menon and Uddin 2010). Similarly, the precuneus (Cavanna and

Trimble 2006; Cabanis et al. 2013) and the supramarginal gyrus

have been reported to be implicated in empathy and self-aware-

ness. Finally, insular-occipital connections (cuneus and lingual

gyrus), although somewhat less consistent with the literature,

might be consistent with the impairment in facial emotional ex-

pression recognition following insular damage (Dal Monte et al.

2013) andmayalso be supported by functional studies on illusory

own-body perception and self-perception, as well as word

recognition among others (Karnath and Baier 2010; Craig 2011;

Chiarello et al. 2013; Heydrich and Blanke 2013).

The insula seems to be part of the salience network (SN),

which is formed by the dorsal anterior cingulate cortex (dACC)

and the insular cortex with robust connectivity to subcortical

and limbic structures (Seeley et al. 2007; Cauda et al. 2012; Ham

et al. 2013). It has also been suggested that the 2 insular cortices

have different patterns of functional connectivity. The anterior

part of the SN is right sided and has stronger connections with

the right AIC, right ACC, and many subcortical structures such

as the brainstem, pons, and thalamus. The posterior part,

which is the visuomotor integration network, has mild right

sided connections with the superior temporal cortex and the

occipital cortex (Cauda et al. 2011).

Limitations

Themajor limitation in our study is of technical nature, related to

the diffusion-weighted imaging (DWI) tractography itself. While

problems ensuing from false-negatives and crossing-fibers are

reduced when using HARDI and CSD, we cannot completely ex-

clude that some of the connecting fibers identified were cross-

ing-fibers unrelated to the insula. As shown in Côté et al. (2013),

probabilistic tracking with a large number of seeds produces a lot

more invalid connections than corresponding HARDI determin-

istic tracking. Since the insula is a complex structure with a

large number of crossing-fibers, we preferred to stay more con-

servative and use a deterministic tracking algorithm. In addition,

typical DWI limitations persist in our study. These include the

lack of standard criterion (i.e., threshold value and streamlines

number) (for a review, see Dell’Acqua and Catani 2012), and a

persistent low spatial resolution (even at 1 × 1 × 1 mm) of the

claustrum, as well as the distance effect (Morris et al. 2008). Fur-

thermore, it cannot distinguish between afferent and efferent

projections unlike tract-tracing injection (Johansen-Berg and

Behrens 2006), posing a significant challenge to finding intracon-

nections of the insula. Moreover, diffusion tractography analysis

cannot be run on the template image; therefore, any registration

method from the template to the subject’s space has its own

methodological limitation. For example, the b0 to T1 registration

can result in slightmislocation of anatomy due to distortions. In-

deed, because of MRI resolution limitations, it is possible that a

few voxels of ventro-posterior ROIs of the insula include parts

of the claustrum and that a few voxels of ventro-rostral anterior

ROIs of the insula include parts of the orbitofrontal cortex.

Lastly, the atlases used to extract the connected regions

are limited by their lack of standardized nomenclature and the

omission of some regions.

Conclusion

Contrary to the current tractography-based connectivity of the

insula literature, our work is based on a larger sample (n = 46)

and uses the latest state-of-the-art HARDI tractography based

on anatomical priors as described in the methodology. Our re-

sults show novel and clear connections between the insula and

the cingulate, fusiform, parahippocampal, angular and supra-

marginal gyri as well as the precuneus and to a lesser extent

with the cuneus and lingual gyrus. Hence, our results provide a

structural basis to fundamental functions such as pain, empathy,

Table 3 Rostro-caudal connectivity pattern of the left and right hemispheres

ROIs Directionality Lobes ROIs Directionality Lobes

L1 Dorsal posterior Frontal, temporal, and parietal R1 Dorsal posterior Frontal, temporal, and parietal

L2 Dorsal posterior Frontal and temporal R2 Dorsal posterior Frontal, temporal, and parietal

L3 Dorsal posterior Temporal, parietal, and occipital R3 Dorsal posterior Frontal, temporal, parietal, and occipital

L4 Dorsal posterior Temporal and parietal R4 Dorsal posterior Frontal, temporal, parietal, and occipital

L5 Dorsal anterior Frontal R5 Dorsal anterior Frontal, temporal ,and parietal

L6 Dorsal anterior Frontal and temporal R6 Dorsal anterior Frontal, temporal, and parietal

L7 Dorsal anterior Frontal and temporal R7 Dorsal anterior Frontal, temporal, parietal, and occipital

L8 Dorsal posterior Frontal, temporal, parietal, and occipital R8 Dorsal posterior Frontal, temporal, parietal, and occipital

L9 Dorsal posterior Frontal and temporal R9 Dorsal posterior Frontal, temporal, parietal, and occipital

L10 Dorsal anterior Frontal and parietal R10 Dorsal anterior Frontal, temporal, and parietal

L11 Dorsal anterior Frontal R11 Dorsal anterior Frontal

L12 Dorsal anterior Frontal R12 Dorsal anterior Frontal

L13 Dorsal anterior Frontal and temporal R13 Dorsal anterior Frontal, temporal, and parietal

L14 Ventral posterior Frontal, temporal, parietal, and occipital R14 Ventral posterior Frontal, temporal, parietal, and occipital

L15 Ventral anterior Frontal and temporal R15 Ventral anterior Frontal

L16 Ventral anterior Frontal and temporal R16 Ventral anterior Frontal and temporal

L17 Ventral anterior Frontal and temporal R17 Ventral anterior Frontal, temporal, and occipital

L18 Ventral posterior Frontal and temporal R18 Ventral posterior Frontal, temporal, and occipital

L19 Ventral anterior Frontal and temporal R19 Ventral anterior Frontal and temporal
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emotion, face recognition, interoception, language, social behav-

ior, etc. Considering the brain is organized like a “small-world”

network (Bianchi et al. 2012), these results help to further the un-

derstanding of the functional role the insula plays as a multi-

modal structure. Moreover, the continuous improvements of

tractography techniquesmayhelp further investigate subcortical

regions such as the hippocampus, the amygdala, the thalamus,

and the striatum, providing the opportunity to compare struc-

tural interhemispheric connectivity. Consequently, a compara-

tive study with clinical patients might also be beneficial.
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