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ABSTRACT

The insular cortex is renowned for its multitude of functions, intricate structural connectivity patterns, and complex cytoar-
chitecture, yet a unified multimodal concept remains elusive. Microstructural parcellations provide a promising mediator to
integrate connectome data into a combined structural-functional framework. While in the macaque insula, a clear relationship
between anatomical connections and cytoarchitecture is well established, such correlation in the human insula remains unclear.
By combining diffusion data from two large cohorts, including 914 and 204 subjects, respectively, as well as probabilistic trac-
tography and the microstructural JulichBrain Atlas, we uncover how microstructural diversity reflects structural connectivity
patterns in the human insula. Analyzing the connectivity of 16 cytoarchitectonic areas, we identified six clusters, two in the
posterior and four in the anterior insula. Posterior clusters exhibited strong connectivity with temporal, occipital, and parietal
areas encompassing auditory, visual, and somatosensory systems. Conversely, anterior clusters were specifically linked with
(orbito)frontal areas, such as Broca's area or frontal opercular areas. Together, our data demonstrate that structural connectivity
differences are reflected by fundamental principles of microstructural organization in the human insula. Additional whole-brain
connectivity analyses reveal that two distinct areas within the anterior (Id6) and posterior (Id3) human insula may serve as in-
tegrative hubs, mediating between higher-order cognitive and limbic systems, as well as across sensory modalities. All clusters
are openly available in MNI space to support future multimodal studies addressing the relations between cytoarchitecture, struc-
ture, functions, and pathologies in this complex region of the human neocortex.

1 | Introduction Lotze 2024) and salience detection (Uddin 2015). However, a ho-

listic multimodal conceptualization of this complex brain region
The human insula cortex is a multi-integrational hub region, is still missing, particularly in the context of its increasing sig-
intertwining a diverse cytoarchitectonic and structural orga- nificance as a neurobiological substrate in most psychiatric dis-
nization across a variety of functional systems, from pain and orders (Goodkind et al. 2015; Nord et al. 2021; Taylor et al. 2023).
interoceptive perception (Craig 2003; Hassanpour et al. 2018; In other brain regions such as the parietal lobe (Caspers and

Khalsa et al. 2018) to emotional processing (Zhang et al. 2019; Zilles 2018) or parietal operculum (Eickhoff et al. 2010),
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Summary

« Connectivity analysis of microstructural areas reveals
six distinct clusters within the human insula.

Connectivity patterns differ both between and within
the posterior clusters, which are linked to varying de-
grees to auditory, visual, and somatosensory systems,
and the anterior clusters, which are associated with
different higher cognitive and limbic target areas.

Results are validated across two cohorts.

Clusters are publicly available in MNI space and can
be used for further disentangling the structural-func-
tional relationship in the human insula.

Two areas of the human insula (Id6 and Id3) may serve
as integrative hubs within the whole-brain structural
connectome.

microstructural parcellations have proven effective as integrat-
ing mediators across various modalities (Caspers et al. 2013;
Bludau et al. 2018; Amunts et al. 2020). Recent stimulation and
imaging studies provide initial evidence that a microstructural
framework can also be utilized to integrate functional data of
the human insula (Mazzola et al. 2014; Grodzinsky et al. 2020;
Duong et al. 2023), while it remains unclear whether and how
the underlying structural connectivity could also be integrated
in such a framework.

In non-human primates, the anatomical connectivity and the
microstructural heterogeneity of the insula are closely related.
Tract tracing studies demonstrated widespread connections
between the insula and essential brain regions associated with
limbic functions, cognition, motor control, and all sensory mo-
dalities, extending across all lobes and most subcortical struc-
tures such as the amygdala, hippocampus, claustrum, basal
ganglia, and the thalamus (for review, see Mufson et al. (1981),
Mufson and Mesulam (1982), Mesulam and Marsel (1982),
Mufson and Mesulam (1984), Mesulam and Mufson (1985) and
J. R. Augustine (1985), R. Augustine (1996)). A most influential
microstructural model of the primate insula has been intro-
duced by Mesulam and Mufson (1985, 1982), dividing it into four
sectors based on the cell packing density in layer IV—the con-
cept of the granular shift. While the agranular and granular sec-
tors predominantly connect with regions of similar granularity,
the dysgranular sector is linked to areas regardless of their gran-
ularity (Mesulam and Mufson 1985). Each sector also presents
distinct connectivity with subcortical structures (Carmichael
and Price 1995; Chikama et al. 1997; Amaral and Price 1984).
Evrard et al. (2014) and Evrard (2019) have recently put forth a
finer parceled microstructural map of the macaque insula, fur-
ther dividing the granularity-based framework (Mesulam and
Mufson 1985) into four granular, four dysgranular, and seven
agranular areas, characterized by distinct connectivity patterns
and functional properties. Granular areas are proposed to pro-
cess information from interoceptive, auditory, and vestibular
pathways, while agranular areas are characterized by different
connectivity profiles, particularly with limbic, visceromotor,
and olfactory networks. Dysgranular areas are hypothesized to
differ in connectivity, especially with motor and somatosensory

systems, as well as subcortical and limbic structures. However,
cross-species comparisons with humans have been challenging,
primarily due to methodological disparities, such as the infeasi-
bility of employing tract-tracing techniques on human subjects.

MRI-based tractography has provided a systematic approach
to explore the anatomical connectivity of the human insula.
For instance, Cerliani et al. (2012) reported widespread con-
nections similar to those in macaque brains, with a gradual
transition of connectivity patterns from the posterior to ante-
rior direction. Other studies suggest distinct connectivity dif-
ferences between (i) macroscopically defined segments such
as the anterior and posterior insula (Cloutman et al. 2012;
Jakab et al. 2012; Denis et al. 2016) and (ii) functionally de-
fined subregions in the posterior, dorsal anterior, and ventral
anterior insula (Nomi et al. 2018; Klugah-Brown et al. 2023).
Ghaziri et al. (2017) and Ghaziri et al. (2018) employed a fine-
grained subdivision into 19 parcels to unveil topographically
dependent connectivity disparities of the insula across cortical
and subcortical targets. The region-specific fiber tract archi-
tecture within the insula also shows significant alterations in
conditions such as epilepsy (Obaid et al. 2021), stroke (Klepzig
et al. 2023), and depression (Fu et al. 2021), emphasizing the
clinical importance of insula-related fiber bundles as possible
mediators of functional deficits and the need for connectivity
analysis of biologically pertinent subunits within this brain
region.

In parallel to tractography studies, recent developments in mi-
crostructural brain mapping reported that the human insula can
be divided into 16 distinct areas (Kurth, Eickhoff, et al. 2010;
Grodzinsky et al. 2020; Quabs et al. 2022; Hein, n.d.). Similar
to the macaque brain, the granular shift represents an import-
ant cytoarchitectonic organizational principle of the human
insula. However, both the macaque insula (Evrard et al. 2014;
Evrard 2019) and the human insula also show a remarkable mi-
crostructural diversity beyond the properties of Layer IV (Quabs
et al. 2022). Implemented within the JulichBrain Atlas (Amunts
et al. 2020), these new maps serve as an anatomical framework
in standard reference space, allowing, for example, the use of
microstructural areas as seed regions in structural connectivity
analysis.

Among the few studies that have explored tractography of the
human insula, only Cerliani et al. (2012) investigated the connec-
tivity between the insula and microstructural target areas, propos-
ing a potential link between cytoarchitecture, connectivity, and
functional organization similar to the macaque brain. Yet, con-
nectivity patterns of distinct cytoarchitectonic areas of the human
insula itself have not been investigated in detail. The present study
was designed to address this important unknown by combining
tractography with microstructurally defined areas of the human
insula across two large cohorts, one serving as a discovery and one
as a replication sample. We here seek to unravel the functionally
relevant network integration of different insular areas by means
of their structural connectivity, further disentangling the potential
role of microstructure as an integrating mediator across different
modalities and pathologies of the human insular cortex. We fur-
ther aim at clarifying the insula’s role as an integrative hub region
by assessing insular microstructural connectome data within a
framework of whole-brain cytoarchitectonic connectivity.
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2 | Materials and Methods

In this study, we employed a standard tractography framework
across two large cohorts, as illustrated in Figure 1 and in detail
explained in the subsequent sections.

2.1 | Subject Data
2.1.1 | 1000BRAINS Study

The participants in the subsequent analyses were taken from
the 1000BRAINS study (Caspers et al. 2014), designed to investi-
gate the structural and functional variability in the aging brain.
Recruitment was sourced from the Heinz Nixdorf Recall (HNR)
Study (Schmermund et al. 2002; Erbel et al. 2012) and the HNR
MultiGenerationStudy, utilizing a population-based sample ran-
domly selected from German citizen registries in Essen, Bochum,
and Miilheim. To obtain age-specific characteristics at the gen-
eral generation level, all participants who were eligible for MRI
measurements were included. Of the available 1315 subjects, 401
were excluded from the present study because of missing diffu-
sion data. A final sample of 914 participants (431 female, 483 male,

M, .. =59.9years, SDage=13.66) was used for further analyses,
whereby this sample served as the discovery sample for the cur-
rent study. The study protocol of 1000BRAINS was approved by
the Ethics Committee of the University of Essen, Germany, and all

subjects provided written consent prior to inclusion.

2.1.2 | Human Connectome Project Data Set

All results were cross-validated and replicated using a second
independent data set, that is, analyzing 204 preprocessed adult
subjects (102 female, 102 male, between 22 and 35years) from
the Human Connectome Project (Van Essen et al. 2013)—re-
lease version s900.

2.2 | Image Acquisition and Processing
2.21 | Imaging 1000 BRAINS Study
Magnetic resonance imaging was performed using a 3T Siemens

TimTRIO MR scanner with a 32-channel head coil (Erlangen,
Germany). Different sequence images were included in the current

FIGURE1 | Calculating connectivity strength of microstructural areas of the human insula. High angular resolution diffusion images were used

from 914 subjects from the population-based 1000BRAINS cohort and 204 subjects from the Human Connectome Project (1, 2). Constrained spheri-
cal deconvolution was employed as local diffusion model using MRtrix3.0 (3). White matter fiber paths were reconstructed through probabilistic, an-
atomically constrained streamline tractography (4). Each streamline was assigned a weight to align the total streamlines’ density with the diffusion
model fiber density estimate for each fixel (5). Next, the microstructural Julich Brain Atlas was overlaid onto the T1 image of each subject, generating
a mask for connectome matrix reconstruction (6-8). The connectivity strength between insular areas and all other regions of the Julich Brain Atlas
was computed as fiber bundle capacity (FBC) in a connectivity matrix (9).
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https://www.sciencedirect.com/topics/medicine-and-dentistry/connectome

study for investigating the structural connectivity (see Caspers
et al. (2014) for a detailed description of the 1000BRAINS study
protocol): (i) For surface reconstruction, a three-dimensional
high-resolution T1-weighted magnetization-prepared rapid acqui-
sition gradient-echo (MPRAGE) anatomical scan was acquired
(176 slices, slice thickness 1 mm, repetition time [TR]=2250ms,
echo time [TE]=3.03ms, field of view [FoV]=256,256 mm?, flip
angle =9°, voxel resolution 1 x 1 X 1 mm?). (ii) For structural con-
nectivity analyses, high-angular resolution diffusion imaging
(HARDI) data with the following parameters were used: (1) 120
directions data set; EPI, TR=8s, TE=112ms, 13 b0-images (in-
terleaved), 120 images with b=2700s/mm?, voxel resolution =2.4
X 2.4 x2.4mm?3; (2) 60 direction subset (out of 120 direction data
set); EPI, TR=6.3s, TE=81ms, 7 b0-images (interleaved), 60 im-
ages with b=1000s/mm?, voxel resolution =2.4 X 2.4 X2.4mm?.

2.2.2 | Imaging Human Connectome Project Data Set

Image data were acquired on a customized Siemens Magnetom
Skyra 3T MRI system. For the validation, we used corresponding
image sequences as for the 1000BR AINS Study: (i) high resolution
T1 anatomical images were obtained using the 3D magnetization-
prepared rapid gradient echo sequence (MPRAGE) (Mugler
and Brookeman 1990) (with 0.7x0.7x0.7mm? voxel size, TR/
TE=2400/2.14ms, and flip angle=28°). (ii) the diffusion imag-
ing protocol included three diffusion-weighted shells (b=1000,
2000, and 3000s/mm?), 90 diffusion-weighted volumes each,
18 reference volumes (b=0s/mm?), and reversed phase en-
coding for distortion correction (Andersson et al. 2003) with
the following imaging parameters: 145X 145 matrix, 174 slices,
1.25%1.25% 1.25mm? voxel size, TR/TE =5520/89.5ms. Surface
reconstruction and streamline tractography followed the same
procedures as used for the 1000BRAINS data set and were con-
sistent with previously conducted tractography studies on the
HCP cohort (Civier et al. 2019).

2.2.3 | Surface Reconstruction

3D images were processed using the automated surface-based
pipeline of the FreeSurfer Software package (version 6, Athinoula
A. Martinos Center for Biomedical Imaging). Comprehensive
procedural details were outlined by Dale et al. (1999) and
Fischl (2012), along with documentation available at http://
surfer.nmr.mgh.harvard.edu. The processing steps encompassed
motion correction, intensity normalization, removal of extra-
cerebral voxels (nonbrain tissue), spatial normalization, volumet-
ric segmentation, and cortical surface reconstruction. Cortical
surface reconstruction involved generating the white surface at
the boundary of white matter and gray matter, followed by the
creation of the pial surface at the gray matter-cerebrospinal fluid
interface. The resulting mesh model of the pial surface was tri-
angulated, comprising approximately 120,000 vertices per hemi-
sphere with an average surface area of 0.5 mm?2.

2.2.4 | Streamline Tractography

For this study, we employed streamline tractography in ac-
cordance with standard pipelines, as used, for example, in the

Human Connectome Project (wWww.humanconnectomeproje
ct.org) or the UK Biobank (www.ukbiobank.ac.uk). Initially,
for each participant, tissue probability maps (TPMs) delineat-
ing grey matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) were generated from T1-weighted data using the
Computational Anatomy Toolbox (Gaser et al. 2022) within
SPM12 (Gaser et al. 2022). Next, diffusion-weighted imaging
(DWI) data were corrected for eddy current and motion arti-
facts, including interpolation of slices affected by signal drop-
outs (Andersson et al. 2016; Andersson and Sotiropoulos 2015).
DWI data were then rigidly aligned to T1 space, followed by
the computation of Anisotropic Power Maps used for nonlinear
transformation of TPMs into the diffusion space (Dell'Acqua
et al. 2013). All transformation processes were conducted using
the Advanced Normalization Tools (ANTSs) version 2.1.1 (Avants
et al. 2014). Finally, the data sets with b-values of 1000 and 2700
were merged into a unified file and corrected for variations in
echo times.

Following the preprocessing procedure, local modeling and
probabilistic anatomically constrained streamline tractogra-
phy were performed using the MRtrix software package version
0.3.15 (Tournier et al. 2012; Smith et al. 2012). The constrained
spherical deconvolution (CSD) local model was computed utiliz-
ing multi-tissue CSD of multi-shell data across all shells, with a
maximal spherical harmonic order of 8. Subsequently, 10 mil-
lion streamlines were generated with dynamic seeding at the
grey-white matter interface for each participant, employing the
probabilistic iIFOD2 algorithm with a maximal length of 250 mm
and a cutoff value of 0.06.

2.3 | Connectivity Analysis
2.3.1 | Connectome Matrices

For the construction of the connectome matrices, we used
the areas defined in the microstructural JulichBrain Atlas
(Amunts et al. 2020) as input nodes. First, the surface-based
atlas was projected from the fsaverage template onto the
T1 image of each subject and converted into a volume. This
ensured anatomical accuracy, as the volume of each area
remained within the pial surface and white matter bound-
ary, without extending into the white matter or subcortical
structures (Figure 1). The resulting volumes of areas were
then used as nodes for connectome reconstruction. Next, the
mask was rigidly transformed into the diffusion space em-
ploying fsl (Jenkinson et al. 2012). To increase the biological
accuracy of the tractogram, each streamline was assigned a
weight aligning the total streamlines density traversing each
fixel (Dhollander et al. 2021) and the actual fiber volumes es-
timated from the diffusion model (Smith 2020). The result-
ing fiber bundle capacity (FBC) (Smith 2020) is defined as
the sum of intra-axonal cross-sectional areas of these fibers
reflecting the capacity to carry information between two re-
gions of interest (ROIs). The JulichBrain Atlas in diffusion na-
tive space, the whole-brain tractogram, and the SIFT2 weights
per streamline were then fed into tck2connectome (MRtrix
0.3.15). This resulted in a symmetric 214 X 214 matrix which
contained the volume-corrected FBC per ROI combination per
subject.
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2.3.2 | Statistical Analysis

For statistical analysis, ROI-specific connectivity matrices of all
microstructural insular areas were extracted from the connec-
tome matrix and combined for both hemispheres, because of the
high number of ROIs and seeds used in this study. Connectivity
strength between each combination of an insular area and a mi-
crostructural target area was represented by the trimmed mean
FBC, to eliminate the effect of outliers and estimate an average
across all subjects.

To test connectivity differences between areas, we compared
the true mean FBC for each area for a specific target region
to a null distribution of means. The distribution was gener-
ated by random sampling and averaging FBC values from the
total subject's pool for this target region across all areas. The
procedure was iterated 10,000 times. We accepted the result
as significant if the true mean exceeded 99% of the random
distribution (p =0.01). To examine if the connectivity strength
is also significantly increased compared to the entire insula
connectome, we sampled another null distribution of means,
deriving from the total subject's pool for all target regions and
areas (p=0.01).

Next, the microstructural areas were further examined with
regard to connectivity differences and similarities by means
of a hierarchical cluster analysis, k-means clustering, and
multidimensional scaling (MDS) analysis. We included tar-
get areas as relevant features only if at least one insular area
exhibited significantly increased connectivity (Bluma and
Langley 1997). Given the high dimensionality of our data, we
used the Manhattan distance (Aggarwal et al. 2001) with the
average linkage method (Jarman 2020) to quantify connectiv-
ity differences between areas and the cophenetic correlation
as a goodness-of-fit measure for the resulting cluster solution
(Gere 2023). For the k-means clustering, we used the Elbows
method (Umargono et al. 2019) to determine the optimal num-
ber of clusters and projected the results onto the MDS plot.
We repeated the same procedure with the identified clusters to
explore similarities and differences between the anterior and
posterior insula. Connectivity profiles of detected groups were
visualized (i) by depicting the mean FBC between clusters and
targets in a polar plot, (ii) by projecting the color-coded mean
FBC for the cluster with the highest connectivity strength per
target area on the fsaverage template, and (iii) by computing
group-averaged tract density maps in MNI 152 standard space.
For further anatomical interpretation within an established
white matter framework, tract density maps were also com-
pared with the Johns Hopkins University and deep/superficial
white matter atlases (Wakana et al. 2007; Guevara et al. 2012,
2017). All detected clusters are publicly available in MNI ref-
erence space (see Data Availability Statement).

Subsequently, we tested the most pertinent anatomical and
functional target areas against the null hypothesis, that the
clusters do not differ in connectivity patterns, which would
correspond to lacking evidence for a biologically meaningful in-
terpretation of our cluster solution. Based on the visualization
of cluster connectivity and bootstrapping, as described above,
we initially identified the most strongly connected anatomical
target areas across clusters. Additionally, microstructural target

TABLE 1 | Grouping of target areas in relation to anatomical and
functional criteria. For the topographical localization of the defined
regions (see Figure 7A).

Group name Included areas

Frontal Frontal_to_Temporal I,
Frontal_to_Temporal_II,
Frontal_I, Frontal II IFS1,
1FS2, IF3, IFS4, IFJ1, IFJ2,
8v2, 8vl, Fpl, Fp2, OP5, OP6,
OP7, OP8, OP9Y, 8d2, 8d1
Broca 44,45
Orbitofrontal Fol, Fo2, Fo3, Fo4,
Fo5, Fo6, Fo7
Motor 6d1, 6d2, 6ma, 6d3,
6mp, 4p, 4a
Auditory TE1.0, TE1.1, TE1.2
Primary visual hOc1, hOc2
Higher visual hOc3v, hOc3d, hOc4v, hOc4d,
hOc4lp, hOc4Ia, hOc5, hOc6
Primary somatosensory 1,2,3a,3b

Secondary somatosensory OP1, OP2, OP3, OP4

areas were merged into a set of functionally relevant target
regions (Table 1). For all target regions, a one-sided t-test was
conducted to compare the cluster with the highest connectivity
strength for a specific target against all other clusters. Given the
limitations of p values in large data sets, we only rejected the
null hypothesis if the tested cluster significantly outperformed
all others (p=0.01) with an effect size > 0.8 (Lin et al. 2013).

To validate our findings, we first applied hierarchical clustering,
k-means clustering, and MDS to the HCP data set. The statisti-
cal analysis was replicated with the resulting cluster solution,
including the calculation of trimmed mean FBC, bootstrapping,
and statistical testing of the most significant anatomical and
functional target regions. Connectivity patterns were directly
compared between the HCP data set and the 1000BRAINS co-
hort and depicted in a polar plot. We considered the connectivity
profiles similar for a target area across data sets if both exceeded
the bootstrapping threshold for this specific target region. The
most significant target regions were separately tested for cluster-
specific connectivity and compared for both cohorts. All statisti-
cal analyses were performed using R (version 4.2.1).

2.4 | Comparison of the Insula Connectome With
Whole-Brain Connectivity

To investigate how the structural connectome of the insula com-
pares to that of the rest of the brain, we compared microstruc-
tural connectivity profiles across the entire JulichBrain Atlas
(Version 2.9). Structural connectivity for each microstructural
area was quantified as the trimmed mean FBC between the ROI
and all other atlas parcels. These measures were derived from
the 1000BRAINS cohort, following the methodology described
above. To preserve and visualize the global topological structure
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of the high-dimensional connectivity data, including similarities
and differences between profiles, we applied Uniform Manifold
Approximation and Projection (UMAP) (McInnes et al. 2020)
to generate a two-dimensional representation of the underlying
connectivity manifold. Additionally, we computed weighted
edges between data points to reflect how similar points are
based on proximity in the original feature space.

Next, we aimed to directly assess the underlying structural con-
nectome of the microstructural areas, with a particular focus on
their integrative properties. This analysis was motivated by the
hypothesis that highly integrative areas—such as those proposed
within the insular cortex—may not exhibit a few strong connec-
tions but instead maintain weaker connections with a wide range
of brain areas. We operationally defined “integrative connectiv-
ity” as a connectivity profile characterized by broadly distributed,
“limited-strength” connections across multiple areas. Specifically,
a connection between two areas was considered to be of “limited
strength” if it ranked within the top 50% of the target area’s con-
nectivity profile, excluding the strongest connections as deter-
mined by a bootstrapped threshold for each target area. Results
were projected onto the cortical surface and visualized using the
NIH color scheme, ranging from blue to red. For example, a light
red ROI indicates that the respective ROI showed limited-strength
connections with approximately 65%-74% of all other areas in the
Julich-Brain Atlas. ROIs coded in red therefore exhibited limited-
strength connectivity with a broad array of targets, suggesting a
potentially integrative role for these areas. To additionally visual-
ize connectivity differences between insula-associated integrative
areas, “integrative connectivity” profiles of insular areas were pro-
jected onto a cortical surface. Each parcel was categorized as con-
nected to: (i) a single insular integrative area (if only one was in the
top 50% of its target regions), (ii) all insular integrative areas (if all
were in the top 50%), or (iii) none (if none was in the highest 50%).

The combination of UM AP embeddings and integrative connec-
tivity maps provided a comprehensive framework for situating
the structural connectome of the insula within the broader con-
text of whole-brain connectivity. All analyses were performed
using Python (v3.12.8), with the UM AP package for dimension-
ality reduction and the nilearn package for surface projections.

3 | Results

3.1 | Connectivity Differences Between
Microstructural Areas of the Human Insula

3.1.1 | Connectivity Patterns of Microstructural
Insular Areas

To investigate whether the microstructural organization of the
human insula reflects the underlying structural connectivity,
we combined the cytoarchitectonic JulichBrain Atlas with trac-
tography. The connectivity strength of the areas for each target
region was tested for area-specific connections by comparing it
to a bootstrapped null distribution (Figure 2, Table S1).

Agranular areas (Ial, Ia2, and Ia3) and granular area Ig3 in the
posterior insula showed no specific connectivity with any target
area beyond the connectivity observed for insular areas in general,

while all other insula areas exhibited distinct connectivity pat-
terns. Granular posterior areas Igl and Ig2 were characterized
by increased connectivity with the planum temporale, especially
auditory target regions (Tel.0, Tel.1, Tel.2, Te2.1, and Te2.2), and
microstructural areas localized in the anterior parietal lobe such
as somatosensory cortex areas 1 and 2, as well as parietal oper-
cular areas Opl, Op2, Op3, and Op4. Dysgranular posterior areas
Id1 and Id3 both showed enlarged connectivity with visual-related
areas in the occipital lobe and adjacent parietal areas, whereas in-
sular area Id1 additionally showed higher FBC with areas of the
inferior temporal gyrus and Id3 with areas of the superior temporal
gyrus. Connectivity patterns of the insular area Id2 comprised in-
creased FBC with parietal opercular and primary somatosensory
areas. While areas of the posterior insula were primarily linked
to the parietal, temporal, and occipital lobes, anterior insular
areas exhibited strong connections with the frontal lobe. Area Id6
showed the most widespread connections across the entire frontal
lobe, except for the orbitofrontal cortex, while area Id7 expressed
heightened connectivity with Broca's area 44 and 45 as well as
frontal opercular areas. Areas Id8 and Id9 expressed only a few
unspecific connectivity patterns with frontal and parietal areas,
whereas area Id10 exhibited an exclusively strong connectivity
with the orbitofrontal cortex. Notably, Id4 and Id5 were the only
areas demonstrating increased structural connectivity with both
the frontal and parietal operculum, thereby exhibiting connectiv-
ity properties of both anterior and posterior insular areas.

These results indicate the presence of distinguishable connectivity
patterns among groups of microstructural areas, without a singu-
lar connectivity pattern unique to each specific area. One notable
exception is area 1d10, which was the only area that exhibited an
exclusively strong connection with the orbitofrontal cortex.

3.1.2 | Cluster Solution

Next, we further examined the microstructural areas with
regard to connectivity differences and similarities by means
of hierarchical cluster analysis and MDS. Both approaches
indicated an optimal cluster solution in six groups with high
goodness of fit indicators (Figures 3 and S1). Three clusters
were located in the dorsal anterior insula, one cluster in the
ventral anterior insula, and two clusters in the posterior in-
sula (Figure 3C). Each cluster presented a unique connectivity
pattern (Figures 4 and 5).

Dorsal anterior cluster 1 demonstrates the strongest connec-
tivity with frontal and parietal opercular areas (OP3, OP4,
OP5, and OP6) (Figures 4 and 5), while dorsal anterior clusters
2 and 3 exhibited widespread connections across the frontal
lobe such as Broca's areas and frontal opercular areas, vary-
ing in connectivity strength. The ventral anterior cluster ex-
hibits exclusive connectivity with orbitofrontal areas. In the
posterior insula, the superior posterior cluster displays strong
connections with the parietal operculum (Opl and Op2) and
primary auditory areas, while the inferior to middle cluster is
linked with visual-related regions and microstructural areas
in the middle and superior temporal gyrus. Upon clustering
all groups collectively, a cluster number of k=4 appeared as
the optimal solution (Figures S2 and S3). It became evident
that posterior insular clusters exhibited a higher degree of
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FIGURE 2 | Connectivity map illustrating connectivity strength between insular areas and all other areas of the microstructural Julich Brain
atlas. A light red color denotes that the corresponding connectivity value exceeds the target area-specific threshold, thereby indicating significantly
increased connectivity strength for that insular area relative to all other insular areas within that particular target area. A dark red color indicates
that the connectivity value additionally exceeds the threshold for a large effect size, showing that the connectivity strength is significantly increased
not only compared to all other insular areas for this specific target but also compared to all other target areas (see Section 2 for details).
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Clustering connectivity patterns of insular microstructural areas utilizing the 1000BRAINS cohort. Both hierarchical cluster anal-

. dorsal anterior 3
(1d7, 1d8)

. ventral anterior
(1d10)

ysis (A) and k-means clustering based on multidimensional scaling (B) reveal nearly identical cluster solutions in six different groups. Clusters are
named based on their topographical localization in the insula, illustrated in (C).

similarity compared to the anterior clusters, and therefore,
the anterior insula expressed more heterogeneous connectiv-
ity patterns. Especially, dorsal anterior cluster 1 seemed to be
more dissimilar compared to other anterior clusters, likely due
to its bridging connectivity between frontal and parietal lobes.
For an overview of FBC between clusters and all target areas
(see Table S2).

The underlying fiber tracts, reconstructed as tract density
maps (Figure S4), closely adhered to the expected white mat-
ter architecture within their respective anatomical locations.
Fibers from all clusters were observed to originate or termi-
nate in the extreme capsule. The majority of high-probability
voxels in the tract density maps were attributed to short asso-
ciation fibers.

Dorsal anterior cluster 1 was primarily associated with su-
perficial white matter tracts connecting the insula and oper-
culum to the precentral and postcentral gyri, as well as the
supramarginal gyrus. Fibers within dorsal anterior clusters
2 and 3 traversed the genu of the corpus callosum and also
extended toward the temporal and occipital cortices via long-
range association pathways, including the arcuate fasciculus
and the inferior longitudinal fasciculus. The voxels with the
highest tract probability, however, were localized to short-
range association fibers within the frontal lobe, connecting
the insula with the inferior frontal gyrus, the operculum,
and the superior to middle frontal gyri. The ventral anterior
cluster was primarily associated with short association fibers
linking the insula and the orbitofrontal cortex, as well as fi-
bers between the orbitofrontal cortex and the middle frontal
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FIGURE 5 | Visualization of connectivity fingerprints for each cluster projected onto the fsaverage template. The color-coded representation of
areas signifies the predominant cluster with the highest fiber bundle capacity in the respective area. The intensity of the coloring reflects the actual

strength of connectivity.

gyrus. Additionally, fibers were part of long-range associ-
ation tracts such as the uncinate fasciculus and the inferior
fronto-occipital fasciculus. The superior posterior cluster was
assigned to the splenial portion of the corpus callosum and en-
compassed fibers connecting the insula to the supramarginal
gyrus, as well as fibers linking the precentral and postcentral
gyri and the transverse temporal gyrus to the superior tem-
poral gyrus. Finally, the inferior-to-middle posterior cluster
followed the course of the inferior longitudinal fasciculus into
the deep occipital white matter. This cluster also included fi-
bers of the uncinate fasciculus, connections between the in-
sula and the supramarginal gyrus, and short association fibers
interconnecting the superior, middle, and transverse tempo-
ral gyri.

Overall, these findings support the hypothesis that differen-
tiable connectivity patterns in the human insula are organized
across groups of microstructural areas rather than being unique
to each cytoarchitectonic area.

3.1.3 | Connectivity Differences Between Clusters

The strongest connectivity across the entire insula connectome
was observed with microstructural areas of the adjacent parietal
and frontal opercula as well as the planum temporale. Among
the 14 opercular/planum temporal areas, 9 exhibited unique
connections to one of the microstructurally defined clusters
(Figure 6, Table S3). Dorsal anterior cluster 2 displayed exclusive
connections with frontal operculum areas OP8 and OP7, while
dorsal anterior cluster 1 was linked with areas OP5 and OP4.
For the posterior insula, the superior posterior cluster demon-
strated specific connections with areas OP2, OP1, Tel.0, and
Tel.1, whereas the inferior to middle posterior cluster showed
exclusive connections with planum temporale area TI.

For the functionally relevant target regions, three systems ex-
pressed unique connectivity patterns (Figure 7, Table S4): (i) the
orbitofrontal cortex with the ventral anterior cluster, (ii) the vi-
sual system with the inferior to middle posterior cluster, and (iii)
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FIGURE 6 | Connectivity strengths between insular clusters and opercular target areas. The connectivity strength for each cluster and opercular
target area is represented as fiber bundle capacity (FBC) and depicted in a boxplot (outliers excluded). FBC values for each individual subject are pro-
vided in Table S5. The cluster exhibiting the highest FBC for each opercular area was statistically tested against the null hypothesis of no difference
from the FBC of all other clusters. A red star denotes instances where the FBC of the respective cluster significantly exceeded that of all other clusters,
with an effect size greater than 0.8 (see Table S3 for detailed statistics).
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the auditory system with the superior posterior cluster. Although
not significant for a specific cluster, somatosensory target regions
were exclusively connected with posterior clusters and dorsal an-
terior cluster 1, while functions associated with the frontal lobe
primarily expressed connections with anterior insular clusters.
For the average FBC per subject computed for each combination
of insular connectivity cluster and functional/anatomical target
region for the 1000BRAINS data set (see Table S5).

These data demonstrate that there are distinct connectivity dif-
ferences between the microstructurally based clusters, further
supporting the hypothesis that the cytoarchitectonic organiza-
tion of the human insula is reflected by the underlying struc-
tural connectivity.

3.2 | Validation of Results in Human Connectome
Project Data Set

To cross-validate our findings, we applied the same procedure on
204 subjects from the HCP data set. Cluster analysis of insular
areas identified an optimal solution at k=6 (Figure S1), with clus-
ters showing similar anatomical localization between the HCP
and 1000BRAINS cohort (Figure 8, Table S2). The cluster com-
position differed in three cases: (i) In the 1000BRAINS cohort,
area Id8 clustered with Id7, whereas in the HCP cohort, it clus-
tered with area Id10. Connectivity analysis of individual areas
(Table S1) indicated that Id8 and Id10 in the HCP cohort shared
a more similar connectivity profile, particularly in orbitofrontal
regions. (ii) Hierarchical clustering highlighted a distinct role
for area Id3 in the HCP data set, expressing unique connectivity
with fusiform gyrus areas (FG1-FG4) that was not visible for the
1000BRAINS cohort. (iii) For the HCP data set, area Id5 showed
more similar connectivity with inferior-to-middle posterior insu-
lar areas, particularly regarding temporal areas, resulting in its
clustering with the inferior-to-middle posterior group in the HCP
data set, rather than with Id4 as in the 1000BRAINS cohort.

Comparison of clusterwise connectivity across cohorts revealed
nearly identical patterns among clusters, with significantly en-
larged FBC observed for the same target areas (Figure 9) (see
Table S2 for clusterwise FBC values for both cohorts). Generally,
FBC appeared to be elevated in the HCP data set. Statistical
testing of the most relevant anatomical and functional target
regions yielded similar outcomes (Figure 10, Tables S3, S4, and
S6). While cluster-target affiliations were largely replicated in
the HCP data set, effect sizes between clusters for a specific
target were generally smaller compared to the 1000BRAINS
cohort, where more target areas exhibited unique connectivity
with only one specific cluster.

Overall, the majority of results were replicable across cohorts,
further validating the hypothesis that connectivity patterns of the
human insula reflect distinct groups of microstructural areas.

3.3 | Insula Connectome Analysisin a
Whole-Brain Connectivity Framework

To further investigate the insula’s role as a functional integra-
tive hub, we examined its connectome within a comprehensive

whole-brain structural connectivity framework, employing
UMAP dimensionality reduction and integrative connectivity
maps (see Section 2 for details).

The UMAP projections (Figure 11) reveal that insular areas,
alongside adjacent opercular areas, form a central integrative
hub linking frontal, limbic, parietal, temporal, and occipi-
tal regions. Connectivity profiles of anterior insular areas
more closely resembled those of frontal and limbic regions,
whereas posterior insular areas demonstrated stronger align-
ment with temporal, parietal, and occipital regions. Notably,
area Id4 presented an exception: despite its anterior insular
anatomical location, its connectivity profile resembled that of
posterior insular areas. Area Id10, located within the ventral
anterior insula, showed the strongest alignment with orbi-
tofrontal and limbic areas among all insular areas. Both ob-
servations were consistent with our findings presented in the
cluster analysis.

The integrative connectivity maps (Figure 12A) further high-
lighted two insular areas—Id6 and Id3—as among the most
extensively connected nodes in the whole-brain connectome.
While both areas shared connectivity with regions of the
frontal, parietal, and temporal lobes, they also exhibited clear
distinctions (Figure 12B). Specifically, Id6 showed prominent
connectivity with most frontal and inferior parietal areas,
whereas Id3 displayed exclusive connections with most areas
of the occipital lobe, the orbitofrontal cortex, and primary au-
ditory areas within the temporal lobe.

Taken together, the UMAP and integrative connectivity
analyses demonstrated that Id6 and Id3 were not only highly
connected nodes within the brain-wide connectome but also
uniquely positioned within a central hub in between global
connectivity networks (Figure 11). Although other highly
connected areas exist within the frontal (areas 45 and OP9),
parietal (areas 7A, 7P, PGp, and PF), and temporal lobes (areas
STS2 and TE3), only 1d6, Id3, and the adjacent opercular area
OP9 are located at the intersection of all major anatomical/
functional systems—frontal, parietal, temporal, occipital, and
limbic (Figure 11).

4 | Discussion

Using diffusion imaging and tractography in combination with
a cytoarchitectonic atlas, this study uncovers unique connectiv-
ity patterns in the human insula based on its microstructural
architecture. We discovered six distinct clusters that expressed
specific connectivity for numerous anatomical and functional
target areas. Whole-brain dimensionality reduction of structural
connectivity, along with integrative connectivity maps, demon-
strated that insular areas are situated at the intersection of all
major brain systems—frontal, parietal, temporal, occipital, and
limbic. In particular, insular areas Id6 and Id3 emerged as some
of the most extensively connected hubs in the brain, suggesting
a central role in integrative processing. These findings advance
our understanding of how microstructural architecture shapes
structural connectivity in the human insula and provide new
insights regarding its integrative function from a whole-brain
structural connectome perspective.
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Clustering connectivity patterns of insular microstructural areas utilizing the HCP data set. Both hierarchical cluster analysis (A)

and k-means clustering based on multidimensional scaling (B) reveal nearly identical cluster solutions in six different groups (Figure S1). The topo-
graphical localization of clusters as identified by the MDS was compared to the findings from the 1000BRAINS cohort, illustrated in (C).

4.1 | Relationship Between Microstructure
and Structural Connectivity in the Human Insula

Our investigation, for the first time, directly assessed the un-
derlying structural connectivity of microstructural areas of the
human insula (Figure 2). The results demonstrate no distinct
connectivity pattern for each specific area. Recent imaging
studies have also indicated a gradual architecture of connec-
tivity within the human insula rather than distinct borders

between different connectivity patterns (Cerliani et al. 2012;
Royer et al. 2020). These gradients predominantly develop in
a posterior-to-anterior direction, consistent with our results.
Similarly, tracer-injection studies in the macaque insula have
reported a gradual organization of connectivity following the
microstructural principle of the granular shift (Amaral and
Price 1984; Chikama et al. 1997; Friedman et al. 1986; Fudge
etal. 2005). Regions with high (granular) or low (agranular) den-
sity of Layer 4 exhibited strong connectivity to target areas with
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FIGUREY9 | Validation of the connectivity fingerprints for the identified clusters in the 1000BRAINS cohort compared to the HCP data set. A blue
coloration of the target area indicates that the cluster has (i) surpassed the target-specific threshold in both cohorts, thus observing a significantly
increased fiber bundle capacity for the respective target area in both data set, (ii) not surpassed the target-specific threshold in both cohorts, thus

observing no significantly increased fiber bundle capacity for the respective target area in both data sets. A magenta coloration of the target area
indicates that the cluster surpassed the target-specific threshold only in one cohort.

similar granularity, while dysgranular areas showed no such
preference (Mesulam and Mufson 1985). Our study corroborates
these findings for granular and dysgranular areas. Granular
cluster Igl/Ig2 in the posterior superior insula showed the stron-
gest connectivity with granular opercular areas OP1 and OP2 as
well as with the granular primary auditory and somatosensory
cortices. By contrast, dysgranular clusters such as, for example,
1d4/1d5 showed extensive connectivity across all types of gran-
ularity, including agranular motor cortices, granular area OP5,
and dysgranular area OP6. Agranular areas, however, did not
exhibit specific connectivity patterns in our analysis. The dif-
ferences might be explained due to the relatively small size of
agranular areas, for which high-resolution methods like tracer
injection might yield more accurate results compared to MRI
tractography.

However, when microstructural areas are grouped using clus-
ter analysis, the gradual architecture of connectivity transforms
into clearly distinguishable patterns between clusters, as well as
between the anterior and posterior insula. This finding reflects
general microstructural principles of the human insula in two
ways. First, our recent study has identified the sulcus centralis
insulae as an important cytoarchitectonic landmark, mirroring
an overarching change of density in supra- and infragranular
layers (Quabs et al. 2022). This clear anterior/posterior insula
separation has been confirmed in our data and has also been
demonstrated in other tractography studies (Jakab et al. 2012;
Cloutman et al. 2012). Second, consistent with observations in
the macaque insula (Evrard 2019), the human insula’s dysgran-
ular field is not homogenous as previously assumed (Mesulam
and Mufson 1985); rather, it divides into several distinct dys-
granular areas (Quabs et al. 2022). Our data support this dif-
ferentiation, showing a clear separation in connectivity among
dysgranular clusters of the inferior posterior, dorsal anterior,
and ventral anterior insula.

Clearly delineated connectivity patterns have also been ob-
served when combining structural and functional connectivity.
Recent studies identified three distinct clusters in the posterior,
dorsal anterior, and ventral anterior insula (Deen et al. 2011;
Nomi et al. 2018; Klugah-Brown et al. 2023). This separation
between anterior/posterior and dorsal/ventral anterior insula
aligns with our results. However, combining cytoarchitecture
and structural connectivity presents initial evidence to further
subdivide the posterior insula into two segments and the dorsal
anterior insula into three segments. Especially, the dorsal an-
terior cluster 1 exhibits a unique bridging profile between the
anterior and posterior insula and should be distinguished from
other dysgranular clusters in the dorsal anterior insula. Kelly
et al. (2012) also demonstrated a possible k=6 cluster solution
using a multimodal approach. Their clustering solution showed
a similar topographical localization of clusters with two seg-
ments in the posterior and four segments in the dorsal anterior
insula, supporting a further subdivision of these regions.

The clusters identified in this study exhibited particularly clear
differences in connectivity for certain anatomical and functional
target regions. These include areas of the orbitofrontal cortex,
areas of the frontal and parietal cortices, the planum temporale,
aswell as frontal networks such as Broca's area, visual, auditory,
and somatosensory systems (Figures 6 and 7).

A connection between the insular cortex and the orbitofrontal
cortex has been shown in both tracer (R. Augustine 1996; Reiten
et al. 2023; Mathiasen et al. 2023) and tractography studies
(Ghaziri et al. 2017; Nomi et al. 2018), yet a correlation with a
distinct microstructural cluster in the ventral anterior insula has
never been described. Given the functional architecture of the
ventral anterior insula and the orbitofrontal cortex, the connec-
tivity between both structures may contribute to a network of
pathways governing decision-making and outcome prediction
(Droutman et al. 2015; Wang et al. 2023).

Connectivity between the insula and the opercula has been
demonstrated in animal studies (R. Augustine 1996), tractogra-
phy studies (Cerliani et al. 2012; Ghaziri et al. 2017), and partic-
ularly in a human dissection study (Demirtas et al. 2022). Our
results are consistent with those findings, providing additional
evidence that connectivity strength between the insula and the
opercula is substantially greater than between the insula and
other target areas. This suggests a high functional-structural
integration within the insulo-opercular cortex, with opercular
areas potentially serving as primary targets within the insular
connectome. These insulo-opercular fiber tracts can be dis-
tinctly subdivided based on the cytoarchitecture of the insula.
A detailed examination of these tracts is essential to elucidate
the extensive functional integration capacity within the insulo-
opercular cortex, involved, for example, in pain processing
(Frot 2003) and food prediction (Huang et al. 2021).

Regarding functional systems, our data suggest two distinct
clusters in the posterior insula: one linked with auditory infor-
mation and the other with visual information. This aligns with
previous tractography and functional imaging studies, which
propose a crucial role for the insula in integrating visual and au-
ditory perceptions (Salomon et al. 2016; Protas 2018), although
anatomical connectivity in macaques has only been demon-
strated for auditory regions (Mesulam and Mufson 1985). The
topography of our identified auditory and visual clusters corre-
sponds with the functional/structural framework presented by
Zhang et al. (2019) for these modalities, as well as with electro-
physiologically identified sites for auditory processing (Mazzola
et al. 2019; Blenkmann et al. 2019). The auditory-related clus-
ter in the superior posterior insula also coincides in most
cases with insular lesions leading to auditory agnosia (Bamiou
et al. 2003, 2006).

Our analyses also revealed significant differences in connec-
tivity between somatosensory and frontal networks. Consistent
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FIGURE 10 | Comparing connectivity patterns of the detected clusters for most relevant anatomical and functional target regions between the
1000BRAINS and HCP data sets. The cluster exhibiting the highest connectivity strength for the respective target (shown in dark green) was test-
ed against all other clusters. The strength of significant results was assessed using the effect size (d). A white cell color indicates a large effect size
(d>0.8), while light green signifies a small to medium effect size (d <0.8). If two clusters are depicted in dark green for one target area, there is no
statistical difference between them. For statistical details, refer to Table S3 (opercular target areas) and Table S4 (functional and anatomical regions).
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FIGURE 11 | Uniform Manifold Approximation and Projection (UMAP) of the cytoarchitectonic whole-brain structural connectome. To com-
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pare the structural connectome of the insula with the rest of the brain, we used UMAP to generate a two-dimensional embedding of microstructural
connectivity profiles across the entire JulichBrain Atlas. The weighted edges between data points capture local relationships, reflecting proximity in
the original feature space in the topological graph structure (e.g., thicker edges indicate stronger similarity between the connectivity profiles of two
areas). Brain areas were color-coded according to their corresponding macroanatomical regions for clarity. Notably, the anterior insula (orange) and
the posterior insula (light green) areas emerge as a central hub at the convergence of all major anatomical systems—frontal, parietal, limbic, occip-
ital, and temporal. IPL = inferior parietal lobe; Insula ant = insula anterior; Insula post = insula posterior; ITG = inferior temporal gyrus; MTG =
middle temporal gyrus; PostCG = postcentral gyrus; PreCG = precentral gyrus; SPL = superior parietal lobe; STG = superior temporal gyrus.

with tracer (Mesulam and Mufson 1985; Rodgers et al. 2008) and
tractography studies (Cerliani et al. 2012; Ghaziri et al. 2017),
the somatosensory system was linked with the posterior in-
sula, while the frontal regions were primarily connected with
the dorsal anterior insular cortex. The involvement of the in-
sula in language-related processes (Oh et al. 2014; Woolnough

et al. 2019; Grodzinsky et al. 2020) was particularly evident in
the fibers projecting to Broca's area in our results. This dichoto-
mous connectivity pattern supports the hypothesis that somato-
sensory stimuli are primarily processed in the posterior insula,
whereas the anterior insula is involved in higher cognitive func-
tions. However, our findings suggest a potential microstructural
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FIGURE 12 | Whole-brain integrative connectivity profiles. (A) The integrative character of each JulichBrain area was assessed by quantifying
the extent of broadly distributed, limited-strength connections, based on the assumption that integrative areas may not exhibit a few strong connec-
tions but instead maintain weaker connections with a wide range of brain areas. Specifically, a connection between two areas was considered to be
of “limited strength” if it ranked within the top 50% of the target area's connectivity profile, excluding the strongest connections as determined by
a bootstrapped threshold for each target area. Results were projected onto the cortical surface and visualized using the NIH color scheme, ranging
from blue to red. For example, a light red ROI indicates that the respective ROI showed limited-strength connections with approximately 65%-74% of
all other areas in the Julich-Brain Atlas. Two insular areas—Id6 (anterior) and Id3 (posterior)—emerged as among the most widely connected, sug-
gesting an integrative role. (B) Integrative connectivity profiles of the insular areas Id6 and Id3 were projected onto the cortical surface. Areas connected
exclusively to Id6 are shown in blue, those specific to Id3 in green, areas shared by both in turquoise, and regions with no significant connectivity in
gray. Area-specific differences can be observed, particularly within the frontal and occipital lobes, the orbitofrontal cortex, and the primary auditory
cortex. Together with findings from (A), which demonstrated a broad integrative connectivity profile for both areas, these results suggest divergent
functional roles. Id6, with its exclusive connectivity to frontal areas, may be involved in higher cognitive integration, whereas Id3 exhibits more tar-
geted connections with specific primary sensory cortices.

exception to this common concept. The dorsal anterior cluster
1, including areas Id4 and Id5, exhibited increased connectiv-
ity with both frontal and somatosensory networks, indicating
a unique role among the detected clusters. Further research is
required to determine whether the dorsal anterior cluster 1 may
function as an integrative bridge, especially between somato-
sensory and higher cognitive processes in the insula.

Additionally, all findings were replicated using the HCP data
set. In this data set, generally higher FBC values were observed,

whereas in the 1000BRAINS cohort, a greater number of target
areas could be assigned to a single specific cluster. These differ-
ences may be attributed to the HCP data set's younger age range
and smaller sample size. Nonetheless, the comparison between
the two cohorts revealed highly similar clustering results and
connectivity patterns (Figure 9).

In contrast to previous tractography studies of the insula, for
example, as conducted by Cerliani et al., we employed hard
clustering techniques to analyze our data. The earlier work by
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Cerliani et al. was based primarily on voxel-wise tractography,
without incorporating microstructural characterization of indi-
vidual voxels, information that was not yet available at the time.
As such, applying clustering methods in that context may have
been limited by the unaccounted complexity of insular cytoar-
chitecture, connectivity, and function. Our study builds upon
and extends this previous work by integrating microstructural
characterization for each insular voxel. This additional layer of
information renders hard clustering methods a helpful approach
for capturing differences between connectivity patterns of mi-
crostructurally defined areas of the insula.

4.2 | Structural Connectivity of the Insula From a
Whole-Brain Connectome Perspective

The anterior insular cortex has long been proposed as a central
integrative hub in the human brain, involved in cognitive con-
trol (Wu et al. 2019), emotional awareness (Gu et al. 2013), sa-
lience detection (Uddin 2015), and the sense of self (Scalabrini
et al. 2022). While much of the supporting evidence derives from
functional neuroimaging, the present study provides a comple-
mentary structural connectome perspective. Our findings reveal
that two specific areas within the insula, Id6 in the anterior in-
sula and Id3 in the posterior insula, are among the most widely
connected areas in the brain (Figure 12). These areas, alongside
other insular areas, appear to form a core connectivity hub lo-
cated at the intersection of all major brain systems (Figure 11).

The widely integrative connectivity profile of area 1d6 aligns
with a recent large-scale functional meta-analysis, which identi-
fied this area as a key site of functional convergence within the
insula (Kwon et al. 2025). Similarly, Kurth, Zilles, et al. (2010)
have described a functionally convergent zone in a comparable
anatomical location within the insula. In contrast, the role of Id3
in the posterior insula remains less well defined. Intracranial
stimulation of this area has been reported to elicit somatosen-
sory experiences, such as tactile sensations and, in some sub-
jects, thermal or painful perceptions (Duong et al. 2023). This
aligns with recent meta-analytic evidence indicating activation
of Id3 during pain processing (Kwon et al. 2025).

A widely accepted hypothesis posits that the insula integrates
information along a posterior-to-anterior axis (Craig 2009). Our
findings support this framework, while suggesting that integra-
tion does not occur solely in the anterior insula. Instead, we pro-
pose the existence of two distinct integrative hubs in the insula,
based on the structural connectome: a possible cross-functional
convergence hub in the anterior insula (Id6), and a second, po-
tentially sensory-specific hub in the posterior insula (Id3). Id6
exhibits exclusive structural connectivity with the frontal cor-
tex and the inferior parietal lobe, consistent with its proposed
role in embedding sensory and emotional information within
higher-order cognitive networks. In contrast, Id3 shows selec-
tive connections with visual areas and the primary auditory
cortex. Combined with evidence from stimulation and func-
tional studies (Duong et al. 2023; Kwon et al. 2025), reporting
a participation in feeling of touch and nociception, this pattern
suggests that Id3 may be involved in the early stage integration
of somatosensory signals before their possible transmission to
anterior insula areas for higher-level processing.

4.3 | Limitations

A central limitation of our study lies within the DWT tractog-
raphy itself. While advanced techniques like HARDI and CSD
address challenges such as false negatives and crossing fiber is-
sues, current state-of-the-art tractography algorithms encounter
difficulties in effectively addressing false positives (Maier-Hein
et al. 2017), particularly evident in probabilistic fiber tracking
(Coté et al. 2013). Thus, it is imperative that the biological plausi-
bility of tracts is not solely reliant on the tractography but is com-
plemented by anatomical or electrophysiological approaches.
The connectivity analyzed here between microstructural clus-
ters and primary target areas (Figures 6 and 7) aligns with evi-
dence from previous multimodal studies. Connections between
the insula and opercula were also shown in human dissection
studies (Demirtas et al. 2022) and tracer injection experiments
in macaques (R. Augustine 1996). Further investigations in ro-
dents and primates revealed tracts towards the orbitofrontal cor-
tex (Mufson and Mesulam 1982; R. Augustine 1996; Mathiasen
et al. 2023) as well as auditory (Mesulam and Mufson 1985;
R. Augustine 1996), frontal, motor (R. Augustine 1996;
Gehrlach et al. 2020), and sensation-related regions (Mesulam
and Mufson 1985; R. Augustine 1996; Gehrlach et al. 2020).
Additionally, electrophysiological analyses showed connectivity
patterns extending to auditory, visual, language, and sensation
domains (Dionisio et al. 2019).

Moreover, tractography may not fully capture the connectivity
of very small seeds, such as the agranular insular areas of the
current study, potentially yielding disparate findings compared
to high-resolution techniques like tracer studies. In general, the
white matter configuration surrounding the insular cortex and
the directly adjacent claustrum is complex, posing challenges
for tractography algorithms to properly reconstruct the anat-
omy. Especially adjacent white matter voxels medial to the in-
sula encompass several major fiber pathways that traverse the
region without necessarily connecting to the insula itself. As a
result, tractography in this area is challenged by a low signal-
to-noise ratio and, in general, low spatial resolution of tractog-
raphy measures. Therefore, the results of this study indicate
significant connectivity differences between microstructural
units of the insula and a range of biologically confirmed con-
nections with functional and anatomical target regions with
high connectivity strength, which together with complemen-
tary evidence from other studies could serve as a basis for fur-
ther studying the structure-function relations in the human
insular cortex.

5 | Conclusion

Here, we demonstrated that the connectivity patterns of mi-
crostructural areas within the human insula are organized in
groups characterized by sharp connectivity differences. The
clusters reflect overarching cytoarchitectonic principles in the
human insula, while connectivity patterns mirroring area-
specific microstructural organization might be detectable with
future high-resolution tractography techniques. The results
suggest that adjacent microstructural areas within the insula
exhibit similar connectivity patterns, potentially serving differ-
ent functions in processing similar types of information, which
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can be categorized into broader clusters. Each of these clusters
exhibits different connectivity with a broad spectrum of ana-
tomical and functional target regions, reflecting the insula’s role
as a multi-integrational hub region. The strongest connectivity
and the most significant connectivity differences were observed
between microstructural clusters of the insula and areas of the
surrounding opercula and the planum temporale. This finding
not only presents new possibilities for surgeons to study growth
patterns and underlying functional impairment of tumors in
this brain region but also suggests a particularly close func-
tional integrity of the insulo-opercular region. This study fur-
ther revealed two integrative hubs within the global and insular
connectome: one located in the anterior insula (Id6), possibly
serving as a cross-functional convergence zone for higher-order
integration, and another in the posterior insula (Id3), potentially
involved in early-stage integration of somatosensory informa-
tion. All identified clusters are provided in standard MNI space
(see Data Availability Statement) and can be used as a cytoar-
chitectonic/structural connectivity framework to further disen-
tangle insular functions, particularly its role in cross-network
functional integration, and pathologies in this complex region of
the human neocortex.
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