
NeuroImage (2022) 119453 

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/neuroimage 

Cytoarchitecture, probability maps and segregation of the human insula 

Julian Quabs a , b , c , ∗ , Svenja Caspers b , c , Claudia Schöne 

a , Hartmut Mohlberg 

c , Sebastian Bludau 

c , 

Timo Dickscheid 

c , Katrin Amunts a , c 

a C. and O. Vogt Institute for Brain Research, Medical Faculty, University Hospital Düsseldorf, Heinrich Heine University of Düsseldorf, Germany 
b Institute for Anatomy I, Medical Faculty, Heinrich Heine University of Düsseldorf, Germany 
c Institute of Neuroscience and Medicine (INM-1), Research Centre Jülich, Germany 

a r t i c l e i n f o 

Keywords: 

Insula 

Cytoarchitecture 

Probability maps 

Brain mapping 

Cluster analysis 

Human Brain Atlas 

a b s t r a c t 

The human insular cortex supports multifunctional integration including interoceptive, sensorimotor, cognitive 

and social-emotional processing. Different concepts of the underlying microstructure have been proposed over 

more than a century. However, a 3D map of the cytoarchitectonic segregation of the insula in standard reference 

space, that could be directly linked to neuroimaging experiments addressing different cognitive tasks, is not yet 

available. Here we analyzed the middle posterior and dorsal anterior insula with image analysis and a statistical 

mapping procedure to delineate cytoarchitectonic areas in ten human postmortem brains. 3D-probability maps 

of seven new areas with granular (Ig3, posterior), agranular (Ia1, posterior) and dysgranular (Id2-Id6, middle 

to dorsal anterior) cytoarchitecture have been calculated to represent the new areas in stereotaxic space. A hi- 

erarchical cluster analysis based on cytoarchitecture resulted in three distinct clusters in the superior posterior, 

inferior posterior and dorsal anterior insula, providing deeper insights into the structural organization of the in- 

sula. The maps are openly available to support future studies addressing relations between structure and function 

in the human insula. 

1

 

i  

b  

S  

t  

(  

c  

S  

G  

U  

w  

W  

H  

v  

(  

(  

n  

(  

m

 

i  

V  

s  

E  

b  

c  

T  

g  

t  

c  

s  

p  

B  

i  

fi  

2  

E  

l

 

v  

h

R

A

1

(

. Introduction 

The insular cortex has attracted researchers for many years, go-

ng back to the early 19th century (Reil, 1809) ( Fig. 1 ). A large num-

er of studies using neuroimaging and electrocortical stimulation (e.g.

tephani et al., 2011 ; Mazzola et al., 2019 ) have provided evidence

hat the insula is a highly multifunctional, integrational brain region

 Nieuwenhuys, 2012 ; Gogolla, 2017 ; Uddin et al., 2017 ). Functions in-

lude interoception ( Craig, 2003 ; Garfinkel et al., 2015 ; Namboodiri and

tuber, 2020 ), socio-emotional processing ( Lamm and Singer, 2010 ;

asquoine, 2014 ), control of salience network ( Menon and Uddin, 2010 ;

ddin, 2015 ), prediction ( Bossaerts, 2010 ; Livneh et al., 2020 ) as

ell as other cognitive ( Chang et al., 2013 ; Bermudez-Rattoni, 2014 ;

oolnough et al., 2019 ) and sensorimotor functions ( Baier et al., 2014 ;

u et al., 2015 ; de Aquino et al., 2019 ). In fact, the insula is in-

olved in the processing of most sensory modalities such as auditory

 Bamiou et al., 2003 ), vestibular ( Frank and Greenlee, 2018 ), gustatory

 Small, 2010 ; Avery et al., 2020 ), olfactory ( Veldhuizen et al., 2010 ),

ociceptive ( Segerdahl et al., 2015 ; Bastuji et al., 2016 ), thermosensory

 Craig et al., 2000 ; Oi et al., 2017 ) and visual ( Cera et al., 2020 ) infor-

ation. 
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Different parcellations schemes of the insula have been proposed

n the past based on the light microscopic approach ( Brodmann, 1909 ;

ogt and Vogt, 1919 ; Rose, 1928 ; Brockhaus, 1940 ; Mesulam and Muf-

on, 1985 ; Bonthius et al., 2005 ; Gallay et al., 2012 ; Morel et al., 2013 ;

vrard et al., 2014 ). A most influential cytoarchitectonic concept has

een formulated by Mesulam and Mufson (1985) , who performed a

omprehensive histological examination primarily on macaque brains.

he authors proposed a segregation of the insula with granular, dys-

ranular and agranular belts, arranged in a radial, wave-like orienta-

ion around the allocortical pole region ( Fig. 2 A). The cytoarchitectonic

haracteristics change along this spatial arrangement of the sectors,

uch that the cell packing density in layer IV decreases from superior-

osterior parts to inferior direction – the concept of the granular shift.

onthius et al. (2005) described a similar parcellation of the human

nsula with a granular, dysgranular and agranular part. Others identi-

ed a higher number of cytoarchitectonic areas in human ( Morel et al.,

013 ) and monkey brains ( Gallay et al., 2012 ; Evrard et al., 2014 ;

vrard, 2019 ), while they adhered largely to the principle of the granu-

ar shift. 

In addition to such superior-inferior gradient, recent structural in

ivo MRI studies reported a differentiation between the anterior and
e University of Düsseldorf, Germany. 
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Fig. 1. Macroanatomical structure of the insular cortex modified after Clark 

(1896). ALG: anterior long gyrus; PLG: posterior long gyrus; PSG: posterior short 

gyrus; MSG: middle short gyrus; ASG: anterior short gyrus; AC: accessory gryrus; 

postCS: postcentral sulcus; CS: central sulcus; preCS: precentral sulcus; SIS: short 

insular sulcus. 

p  

h  

t  

(  

s  

i  

t  

t  

N

 

a  

a  

(  

(  

f  

T  

m  

2  

a  

i  

c  

2  

e

 

(  

c  

s  

i  

(  

d  

c  

r  

w  

t  

T  

t  

a  

f  

A  

2

 

t  

A  

s  

t  

a  

b  

o  

t  

m  

t  

s  

c

F

i

b

a

p

(

r

osterior human insula ( Menon et al., 2020 ; Royer et al., 2020 ), which

as also been demonstrated in studies addressing the functional connec-

ivity of the insular cortex in infants ( Alcauter et al., 2015 ) and adults

 Cauda et al., 2011 ). This additional anterior-to-posterior segregation is

upported by various study results from functional meta- and connectiv-

ty analyses, which show a division of the insular cortex into three (ven-

ral anterior, dorsal anterior, posterior) ( Deen et al., 2011 ) to four (ven-

ral, dorsal anterior, middle, posterior to middle) ( Kurth et al., 2010a ;

omi et al., 2016 ) domains. 

It was further assumed that both the posterior and the anterior insula

re associated with different functions. The anterior insula is involved in

 variety of higher cognitive and emotional processes, such as attention

 Uddin, 2015 ; Wang et al., 2019 ; Cazzoli et al., 2021 ), prediction error

 Billeke et al., 2020 ; Loued-Khenissi et al., 2020 ) and social-emotional
ig. 2. (A) Microanatomical parcellation of the insula modified according to Mesula

n radial, wave like orientation around an allocortical pole region: (i) one granula

elt covering the middle posterior to dorsal anterior insula (iii) one agranular belt lo

nalysis ( Kurth et al., 2010a ) showed, amongst others, that the anterior insula but not

rocessing (data downloaded from ANIMA ( Reid et al., 2016 )). This anterior/poste

 Mesulam and Mufson, 1985 ; Bonthius et al., 2005 ; Morel et al., 2013 ). Mesulam an

unning continuously from the posterior to the anterior insula (see Fig. 2 A). 

2 
unctions ( Lamm and Singer, 2010 ; Lau et al., 2020 ; Li et al., 2020 ).

he posterior insula, on the other hand, is activated in response to so-

atosensory stimuli, such as pain ( Segerdahl et al., 2015 ; Tan et al.,

017 ), temperature ( Oi et al., 2017 ) or touch ( Limanowski et al., 2019 ),

nd represents interoceptive states ( Gehrlach et al., 2019 ). In compar-

son, the current cytoarchitectonic parcellations of the human insular

ortex ( Mesulam and Mufson, 1985 ; Bonthius et al., 2005 ; Morel et al.,

013 ) do not readily reflect such functional anterior to posterior differ-

ntiation ( Fig. 2 B). 

Other parcellation schemes have been proposed in the past as well

for review see Nieuwenhuys, 2012 ). Some of them described a clear

ytoarchitectonic separation between the anterior and posterior in-

ula. Parcellations provide a wide range of microstructural areas form-

ng the insula, varying between two ( Brodmann, 1909 ) and thirty-one

 Rose, 1928 ) areas. Since such historical maps represent (simplified) 2D

rawings, it remains largely unclear, whether and how the different par-

ellation schemes can be mapped onto each other, whether they are rep-

esenting, for example, a more detailed or less fine-grained map, and/or

hether differences are the result of subjective mapping criteria or in-

ersubject differences between brains underlying the respective studies.

herefore, quantitative criteria for achieving a parcellation are manda-

ory ( Amunts and Zilles, 2015 ). Furthermore, the maps should be avail-

ble as an atlas in stereotaxic space, as this represents a widely used basis

or comparing (micro-)structure and function ( Zilles and Amunts, 2010 ;

munts and Zilles, 2015 ; Toga et al., 2006 ; Devlin and Poldrack,

007 ). 

Based on the hypothesis that areas with differences in their cy-

oarchitecture also differ in function (for a review see Zilles and

munts, 2010 ), we here aimed to better understand the microstructural

egregation of the insula, and to identify areas that may correlate with

he diverse and complex functionality. Therefore, the present study an-

lyzed the cytoarchitecture of middle to dorsal anterior human insula in

oth hemispheres of ten postmortem brains, supplementing earlier work

f our group of the posterior granular/adjacent dysgranular as well as

he anterior insula ( Kurth et al., 2010b ; Grodzinsky et al., 2020 ), to

ap the extent of insular areas over their whole extent based on quanti-

ative analysis, and to compute probabilistic cytoarchitectonic maps in

tereotaxic space, in order to provide a cytoarchitectonic correlate for

omparisons with brain function. 
m and Mufson (1985) . They described three cytoarchitectonic belts, arranged 

r belt in the superior posterior to dorsal anterior insula (ii) one dysgranular 

cated in the inferior posterior to ventral anterior insula. (B) A functional meta- 

 the posterior insula is involved in cognitive tasks such as attention or emotional 

rior division of the insula is not reflected by current microstructural concepts 

d Mufson (1985) , for example, described the agranular and dysgranular sector 
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Table 1 

Brains used for the cytoarchitectonic analysis from the brain collection of C. and O. Vogt Institute for Brain Research, 

University of Düsseldorf, Germany. 

Brain code Gender Age [years] Brain weight [g] Cause of death 

5 Female 59 1142 Cardiorespiratory insufficiency 

6 Male 54 1622 Myocardial infarction 

7 Male 37 1437 Right heart failure 

8 Female 72 1216 Renal failure 

9 Female 79 1110 Cardiorespiratory failure 

11 Male 74 1381 Myocardial infarction 

12 Female 43 1198 Pulmonary embolism 

17 Female 50 1328 Myocardial infarction 

20 Male 65 1392 Cardiorespiratory insufficiency, carcinoma of the prostate 

21 Male 30 1409 Hodgkin’s disease, bronchopneumonia, deep vein thrombosis 
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. Materials and methods 

Cytoarchitectonic mapping has been performed in cell body-stained

ections of postmortem brains. The histological processing, cytoarchi-

ectonic analysis, mapping and alignment to 3D space followed an ap-

roach of our group that was applied in the past for many other cortical

reas ( Amunts et al., 2020 ), including previous mapping on the insula.

herefore, we only give an overview of the most important points in the

ollowing. 

.1. Histological processing of postmortem brains 

Ten postmortem brains (five female, five male) within an age range

rom 37 to 85 years ( Table 1 ) were obtained from body donors accord-

ng to the legal and ethical conditions of the University of Düsseldorf

approval by the local Ethics Committee number #4863). None of the

onors had a clinical record of neurological or psychiatric diseases. The

rains were removed within about 24 h after death, and then fixed in

ormalin or Bodian fixative for three months or more. MR images of

he formalin-fixed brains were acquired to guide the 3D reconstruction

f histological sections (see below). Brains were embedded in paraffin

nd sectioned using a large-scale microtome (20 𝜇m thickness). Every

5th section was stained for cell bodies using a modified silver staining

ethod ( Merker, 1983 ). Every 30th to 60th section (distance between

ections: 0.6–1.2 mm) was analyzed from one transversally sectioned

rain and nine coronally sectioned brains, in total, about 308 sections.

ne of the brains was the so-called Big Brain, in which each section was

rocessed, to compute a 3D reconstruction of 20 mm (Amunts et al.,

013). 

.2. Identification of cortical borders based on the gray level index 

Cortical regions of interest (ROI) were defined in images of histolog-

cal sections and scanned using a CCD-Camera (Axiocam MRm, ZEISS,

ermany), connected to an optical light microscope (Axioplan 2 imag-

ng, ZEISS, Germany). The resulting high-resolution images had a spatial

esolution of 1.02 um per pixel in-plane. The Gray level index (GLI) was

omputed in these images as a measure of the volume fraction (%) of

ell bodies ( Wree et al., 1982 ) in each measuring field (16 ×16 pixels)

sing an inhouse software written in Matlab ( Schleicher et al., 1999 ;

ludau et al., 2014 ). The GLI images encode the cell density of each

easuring field of the original image as 8bit gray value. 

An inner contour line (between layer VI and the white mat-

er) and outer contour line (between layers I and II) of the cortex

ere defined, and curvilinear traverses were generated between them

 Schleicher et al., 1999 , 2005 , 2009 ). Gray value profiles were extracted

long these traverses to capture changes in the GLI values from the

urface of the cortex to the white matter boundary. I.e., GLI profiles

eflect the regional cytoarchitecture ( Fig. 3 A). Ten features were ex-

racted from these profiles to characterize the shape of each profile

 Schleicher et al., 2009 ) including the mean GLI value, the center of
3 
ravity in the x-direction, the standard deviation, the skewness, the

urtosis, and the analogous parameters for the first derivative of each

rofile. 

For determining the positions of cortical borders, significant changes

etween profiles in shape were detected based on the Mahalanobis

istance ( Mahalanobis et al., 1949 ) and a sliding window procedure

 Schleicher et al., 2005 , 2009 )( Fig. 3 A). Mean profiles of two adjacent

locks of profiles were compared with each other for each profile posi-

ion ( Fig. 3 B). This resulted in a Mahalanobis distance function in de-

endence on the profile index ( Fig. 3 C). A significant maximum in this

unction, independent on the size of the blocks (block size between 10

nd 30), indicates a change in the shape of the profiles and was used

s a criterion for a cytoarchitectonic border. A border was accepted if a

ignificant maximum (Hotelling’s t -test, Bonferroni corrected, p < 0.01)

as found in three consecutive histological sections at comparable posi-

ions ( Fig. 4 ). Every border was checked against the histological image

or quality control. 

.3. Cluster analysis and multidimensional scaling analysis 

The identified areas were further examined with regard to cytoar-

hitectonic differences and similarities by means of a hierarchical clus-

er analysis and multidimensional scaling analysis (MDS). To provide

 comprehensive overview of cytoarchitectonic differences of the pos-

erior and dorsal anterior insula, we also included previously mapped

reas Ig1, Ig2, Id1 ( Kurth et al., 2010b ) of the posterior insula, and area

d7 of the dorsal anterior insula ( Grodzinsky et al., 2020 ). Mean GLI pro-

les were calculated per area, brain and hemisphere, which each con-

ained 15–20 profiles from two to three sections. The Euclidian distance

ward linkage method, ( Ward, 1963 )) was used to quantify differences

etween mean profiles of each area. The results were plotted in a den-

rogram. A low Euclidian distance between areas indicates cytoarchi-

ectonic similarities and suggests that these areas belong to a common

roup. In contrast, a high Euclidian distance specifies cytoarchitectonic

issimilarities and suggests different groups. In order to further quan-

ify the microstructural features of the detected clusters on the laminar

evel, mean profiles for each group were calculated and described by di-

iding them into ten equidistant bins. The resulting profile reflects the

ytoarchitectonic characteristic of the related cluster and since two of

he extracted bins roughly correspond to one lamina, they can be used

o study the laminar structure between the former detected groups. The

ultidimensional scaling analysis was used to reduce data complexity

nd visualize the degree of similarities or dissimilarities of each area of

he insular cortex in a 2D distance matrix. 

.4. Volumetric analysis 

The volume of each area was calculated, for each hemisphere and

rain, and the sample was tested for sex and hemispheric differences.

he volume was calculated according to the following formula based on

avalieri’s principle ( Gundersen et al., 1988 ): V = s x Δ× x Δ y x ΣNi
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Fig. 3. Statistical detection of cortical borders. (A) A Gray Level Index (GLI) image is calculated for the region of interest (ROI), and curvilinear traverses were 

generated between the inner and outer contour line. Within a sliding window with two equidistant sides, mean GLI profiles are computed for each side along the 

traverses, representing the cytoarchitectonic composition of the corresponding cortical section. (B) Significant changes between the profile structure were measured 

by using the Mahalanobis distance ( Mahalanobis et al., 1949 ). Profiles which originate from the same cytoarchitectonic area have a similar shape characterized by 

a low distance value. At a microstructural boundary, on the other hand, the profiles originate from different areas and therefore show different characteristics. (C) 

This procedure is repeated for every position of the profile index, resulting in a Mahalanobis distance function. A significant maximum in the function displays the 

location of a cytoarchitectonic border. In this example, the border between area Ig3 and Id2 is localized at profile position 75. 
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s a product of the total number of area-containing pixels (N) across

very related 2D section (i), the distance between those sections (s) and

he size of a single pixel (( Δx = Δy = 21.16 𝜇m). The original volume

as additionally corrected using a shrinkage factor, which is the ratio

etween the volume of the freshly removed brain and the volume of

he histologically processed brain ( Amunts et al., 2007 ). The volumes

ere normalized as ratio between volume area/total volume of the brain

in%) to make the data from different subjects comparable. 

The analysis for sex and hemispheric differences was performed by a

air-wise permutation test ( Bludau et al., 2014 ). The volumes were as-

orted to the corresponding group (male /female, left hemisphere/right

emisphere) and an estimated contrast was computed. The null distri-

ution was estimated using Monte-Carlo simulation with a repetition of

000,000 iterations. If the contrast was larger the 95% of the random
4 
istributions, we accepted the difference between groups as significant

 p = 0.05, Bonferroni-corrected for multiple comparisons). 

.5. 3D reconstruction and interindividual variability 

The identified cortical areas were 3D-reconstructed and mapped into

D reference space using three sets of data ( Amunts et al., 2020 ): (i) the

RI scan of the postmortem brain, performed on a 1.5-T Siemens scan-

er during the fixation of the brains and using a T1-weighted FLASH se-

uence (flip angle = 40°,repetition time = 40 ms, echo time = 5 ms), (ii)

he image data set of the block faces of the paraffin-embedded brains

efore sectioning, and (iii) images of the stained histological sections.

he combination of those data allowed us to rebuild the unprocessed

istological volume for each brain. The resulting 3D reconstruction
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Fig. 4. Examples of statistical detection of microstructural borders. Presented here is the output of the detection algorithm, exemplified by the border between 

areas Ig3/Id2 for three different brains (5, 6, 8) on two slices per hemisphere. Statistical detection of borders was performed for each area on ten brains for both 

hemispheres. We accepted a border when it was determined on three consecutive sections at comparable positions. 
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as registered to the Montreal Neurological Institute (MNI) template

colin 27 ″ ( Holmes et al., 1998 ) and “ICBM 2009c Nonlinear Asymmet-

ic ”( Fonov et al., 2009 , 2011 ; Evans et al., 2012 ) using linear and non-

inear registration tools ( Hömke, 2006 ; Amunts et al., 2020 ). The data

ere shifted linearly by 4 mm in the y-axis and 5 mm in z-axis to make

he anterior commissure the origin of our coordinate system (anatomical

NI space) ( Amunts et al., 2005 ). 

In addition, a maximum probability map (MPM) was computed,

hich assigns every voxel of the space to the area with the high-
5 
st probability ( Eickhoff et al., 2005 ). This procedure enables the

isualization of every area at the same time without superimposi-

ions and provides a general survey over insula’s cytoarchitectonic

arcellation. 

These maps are openly available in the multi-modal atlas of the

uman Brain Project at the EBRAINS platform ( https://ebrains.eu/

ervice/human-brain-atlas/ ), together with a surface map in the

reeSurfer reference space ( https://ebrains.eu/news/new-maps-

eatures-ebrains-multilevel-human-brain-atlas/ ). 

https://ebrains.eu/service/human-brain-atlas/
https://ebrains.eu/news/new-maps-features-ebrains-multilevel-human-brain-atlas/
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Fig. 5. Cytoarchitecture and GLI profiles of the seven newly discovered areas of the insular cortex. For a detailed microstructural description see Table 2 . 
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.1. Results 

Seven new areas in the middle posterior to dorsal anterior insula

ere identified, analyzed and mapped. The areas differed in cytoarchi-

ecture, e.g., in their granularity, i.e., the presence of layer IV. Three

ypes of areas were distinguished: (i) layer IV was present, i.e., the area

as granular (area Ig3), (ii) layer IV was present, but did not form a

onsistent, independent layer over its full extent, i.e., the area was dys-

ranular (areas Id2, Id3, Id4, Id5, Id6), and (iii) the area did not have a

ayer IV, i.e., the area was agranular (area Ia1). The grouping into either

ne of them was reflected in the name of the areas with I for insula, g

or granular, d for dysgranular and a for agranular ( Fig. 5 , Table 2 ) (for

ore example images of the microstructural areas see Supplementary 1).
6 
.1.1. Cytoarchitecture of granular area Ig3 

Area Ig3 was characterized by a pronounced layer IV in combination

ith a small, compact outer granular layer II. Layers III and V contained

mall, evenly distributed pyramidal cells. A slightly larger layer VI with

 blurred transition to the white matter and a homogenous allocation

f cells complement the characteristics. In contrast, the directly adjoin-

ng granular area Ig2 ( Kurth et al., 2010b ) showed a broader layer II

nd III with a superficial-to-deep increase of cell body size, a higher

eak of cell density in layer VI and a pronounced arrangement of cells

n columns in layer IV (see Supplementary, Fig. 2A). The clear separa-

ion from the surrounding areas Id2 and Id4 results from a lower cell

ensity in layer IV and different cytoarchitectonic features in layers III

nd V. 



J. Quabs, S. Caspers, C. Schöne et al. NeuroImage (2022) 119453 

Table 2 

Cytoarchitectonic characteristics and macroscopical localization of seven new insula areas Ig3, Ia1, Id2, Id3, Id4, Id5 and Id6. 

area cytoarchitectonic main characteristics macroscopical localization 

Ig3 -granular layer IV 

-small and compact layer III and V with equal distribution of cells 

-layer VI with blurred transition to white matter 

superior part of the anterior long gyrus 

Ia1 -agranular 

-small layer Va and VI with higher cell density compared to layer Vb 

resulting in a histological visible double ribbon structure 

-wide layer III with sparse number of pyramidal cells 

inferior part of the anterior long gyrus 

Id2 -wide layer II 

-superficial to deep increase of pyramidal cell size in layer III 

-homogenously distributed layer V and VI 

-similar to Id4, but broader layer II and smaller layer VI 

middle part of the anterior long gyrus 

Id3 -wide layer III with evenly distributed pyramidal cells 

-pronounced, dense layer V/ GLI-value outnumbering the other layers 

-small layer VI with clear separation to the white matter 

middle part of the posterior long gyrus 

Id4 -superficial to deep increase of pyramidal cell size in layer III 

-large pyramidal cells in layer V 

-wide, dense layer VI with blurred transition to white matter 

superior part of the posterior short gyrus 

Id5 -dense layer II 

-small layer V and VI in addition to wider layer III, all with 

homogeneous distribution of cells and low density 

located on the ground of central sulcus between anterior and posterior 

insula 

Id6 -larger, more densely packed pyramidal cells in layer Va compared to 

Vb resulting in clearly visible ribbon structure 

-wide, homogenously distributed layer III 

-small layer VI with clear demarcation to white matter 

major proportion in the middle short gyrus, also extending to the 

anterior short and posterior short gyrus 

Fig. 6. Cytoarchitectonic border between (A) area Id2 and Id3; (B) area Id2 and Ig3; (C) area Id2 and Id4. The corresponding plot depicts the position of significant 

maxima of the Mahalanobis function across different block sizes. 
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.1.2. Cytoarchitecture of dysgranular areas Id2, Id3, Id4, Id5, Id6 

Area Id2 comprises a wide layer II with equally distributed, small

ells and a clear delimitation to the layer III. The latter showed a

uperficial-to-deep increase of pyramidal cell size across layer IIIa, IIIb

nd IIIc. Layer IV did not always form a clearly defined cortical ribbon,

hich made this area dysgranular. Layers V and VI were broad, with

nvaryingly distribution of cell density. Image analysis and statistical

esting revealed a significant border to area Ig3 ( Fig. 6 B) and Ig2; both
7 
reas showed a more pronounced layer IV than area Id2. Area Id4 was

he anterior neighbor of Id2, and showed a similar pronounced layer IIIc,

ut with larger pyramidal cells. In addition, no differences of cell size

etween layer IIIa and IIIb and a thinner layer II were found ( Fig. 6 C).

oreover, area Id4 contained larger pyramidal cells in layer V than Id2.

Compared to area Id2, area Id3 was composed of a thinner layer II

nd a wider layer III with evenly distributed cells ( Fig. 6 A). Layer IV was

ollowed by a pronounced layer V, with larger cells than in area Id2 and
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Fig. 7. Cytoarchitectonic border between (A) area Id4 and OP5; (B) area Id4 and Ig3; (C) area Id4 and Id5. The corresponding plot depicts the position of significant 

maxima of the Mahalanobis function across different block sizes. 
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 corresponding increase in the GLI, outnumbering that in other layers.

oreover, Id3 revealed a narrow layer VI with a rather clear separation

o the white matter. The boundaries to the neighboring areas Ia and Id5

re discussed in detail below. 

Dysgranular area Id4 was mainly characterized by a dense layer V

ith large pyramidal cells and a broad layer III, which was further subdi-

ided into a pronounced layer IIIc with large pyramidal cells and more

oosely packed layers IIIa/b with smaller cells. Layer VI was broad as

ell, showed a high packing density and a blurred transition to the

hite matter. Layer II was narrow, densely packed, and clearly sepa-

ated from layer III. The Mahalanobis distance revealed a clear peak

ndicating the border to posterior neighboring area Ig3 ( Fig. 7 B). The

ocalization of this border coincides with the central sulcus of the in-

ula. In contrast to area Id4, area Ig3 contains a more pronounced layer

V, equally distributed cells in layer III and a narrow layer V with smaller

ells. Compared to area Id5, area Id4 showed a higher overall density

f cells throughout all cortical layers, a different cellular distribution in

ayer III and larger pyramidal cells in layer V ( Fig. 7 C). 

Area Id5 revealed an even distribution of small cells across all layers

nd a low overall cell density. A thin layer II and a relatively broad

ayer III is followed by a weakly pronounced layer IV, which allow to

istinguish this area from areas Id6 (see Supplementary, Fig. 3A), Id2,

d4 and Id3. In addition, Id5 showed a narrow layer V. The narrow layer

I was clearly separated from the white matter. 

Continuing in anterior direction, area Id6 was identified due to a

ensely packed sublayer Va, which strongly contrasts against a loosely

acked layer Vb. The resulting pattern is already detectable at low mag-

ifications and is a unique feature in human insular areas. Further at-

ributes are a broad layer III and a narrow layer VI, both with small,

omogeneously distributed cells. While the posterior neighboring area

d4 is also dysgranular with a narrow layer II, both can be distinguished

y their layers III and V ( Fig. 8 B). In addition, area Id4 consists of a

arger and more densely packed layer VI. The rostrally adjacent area

d7 ( Grodzinsky et al., 2020 ) can be delimited, because of a signifi-

antly denser and wider layer VI as well as a denser deep layer III

 Fig. 8 A). The inferiorly located area Id9 (DOI: 10.25493/JMCR-ZNQ)

howed a more discontinuous layer II, stronger dysgranularity close to

he absence of layer IV as well as bipolar neurons in layer V. Those
8 
eatures permit to determine a clear statistical boundary to this area

 Fig. 8 C). 

.1.3. Cytoarchitecture of agranular area Ia1 

Agranular area Ia1 has three major cytoarchitectonic characteris-

ics, distinct from neighboring dysgranular areas Id3 ( Fig. 9 A) and Id5

 Fig. 9 C). Layer IV is hardly detectable, layers Va and VI are narrow and

how a higher cell density in contrast to a sparse number of pyramidal

ells in layer Vb. This microstructural pattern results in a histologically

isible, unique double ribbon structure. Moreover, the small, loosely

acked layer II is followed by a homogenously distributed, loosely

acked layer III, which is the broadest layer in this area. A clear border

o area Ia3 (DOI: 10.25493/QS00-PJ9) at the inferior, posterior insula

ole derives from the clear termination of the histological double ribbon

 Fig. 9 B). 

.2. Differentiation from non-insula areas 

Different areas surround the here described areas of the insular cor-

ex in the adjacent frontoparietal operculum and the temporal lobe.

hree new areas have recently been mapped in the frontoparietal op-

rculum, which is adjacent to the insular cortex in superior direction:

reas OP5 (DOI: 10.25493/HWWZ-ZBQ), OP6 (DOI: 10.25493/E0MF-

FE) and OP7 (DOI: 10.25493/CS0Y-54 J) . Granular area OP5 is ad-

acent to insular area Id4 ( Fig. 7 A). Similar to dysgranular area Id4,

P5 showed a superficial-to-deep increase of cell size in a broad layer

II. Nevertheless, a more clearly developed layer IV and a thinner and

ooser packed layer VI in area OP5 are distinct from area Id4. Area Id6 is

ostly abutting to area OP7 across the circular sulcus (see Supplemen-

ary, Fig. 3B). The dysgranular opercular area OP7 showed a gradient in

ell size in layer III, which was not found in area Id6 in the same way.

n addition, the pronounced ribbon structure of layers Va and Vb clearly

eparates area Id6 from OP7. Granular area Ig3, located in the posterior,

uperior insula, adjoins area OP3 ( Eickhoff et al., 2006 ) (see Supplemen-

ary, Fig. 3C). Both areas can be distinguished by a much higher density

n layer IV in area Ig3 than in OP3. In posterior-inferior direction, area

d3 borders neighboring area TI ( Zachlod et al., 2020 ) in the temporo-

nsular region (see Supplementary, Fig. 2B). Area TI showed a broader
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Fig. 8. Cytoarchitectonic border between (A) area Id6 and Id7; (B) area Id6 and Id4; (C) area Id6 and area Id9 (DOI:10.25493/JMCR-ZNQ). The corresponding plot 

depicts the position of significant maxima of the Mahalanobis function across different block sizes. 

Fig. 9. Cytoarchitectonic border between (A) area Ia1 and Id3; (B) area Ia1 and area Ia3 (DOI: 10.25493/QS00-PJ9); (C) area Id5 and Ia1. The corresponding plot 

depicts the position of significant maxima of the Mahalanobis function across different block sizes. 
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ayer II, and a sublamination of layer III, whereas area Id3 had a more

omogenous layer III and a more pronounced layer V. The statistical

nalysis indicated a clear border between both areas at the fundus of

he inferior, temporo-insular part of the circular sulcus. 

.3. Hierarchical cluster analysis of the posterior and dorsal anterior 

uman insula 

The hierarchical cluster analysis provided evidence for a grouping of

he eleven areas of the posterior and dorsal anterior human insula into
9 
hree major clusters: i) a granular-dysgranular, superior posterior clus-

er located in the superior posterior insula, ii) a dysgranular-agranular,

nferior posterior cluster in the middle posterior to inferior insula, and

ii) a dysgranular, dorsal anterior cluster covering the posterior short,

iddle short and anterior short gyrus ( Fig. 10 A). The central sulcus was

dentified as the dividing landmark between the anterior and posterior

omains, whereas area Id5 was mostly localized in the sulcus ground,

hich was therefore assigned to the areas of the posterior insula. 

The granular-dysgranular, superior-posterior cluster is formed by ar-

as Ig1, Ig2, Ig3 and Id2. The granular areas Ig1, Ig2 and Ig3 all contain
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Fig. 10. (A) Hierarchical cluster analysis of seven new insula areas Ig3, Ia1, Id2, Id3, Id4, Id5 and Id6, as well as previously mapped areas Id1, Ig1, Ig2 ( Kurth et al., 

2010 ) and Id7( Grodzinsky et al., 2020 ). We identified three clusters: one granular-dysgranular, superior posterior cluster, one agranular-dysgranular cluster in the 

middle to inferior posterior insula and one dysgranular cluster in the dorsal anterior insula. Areas of the ventral insula are not included in this study. (B) The corre- 

sponding Dendrogram representing similarities and dissimilarities between areas according to the Euclidian distance. (C) Analysis of cluster-specific cytoarchitecture 

identified a lower density of infragranular layers for the dysgranular, dorsal anterior cluster compared with the posterior clusters. The granular-dysgranular, superior 

posterior cluster and the dysgranular, dorsal anterior cluster consist of a similar density of cells in the supragranular layers, whereas the agranular-dysgranular, 

inferior posterior cluster showed higher cellular density in the infragranular layers and lower density in the supragranular laminars. 
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 pronounced layer IV. Notably area Ig1 and Ig2 showed a more similar

omposition compared to areas Ig3 and Id2 which form a second sub-

luster ( Fig. 10 B). This observation is microstructurally reflected by a

ider layer III and II of granular areas Ig1 and Ig2, as well as a more

ronounced layer IV. Although dysgranular area Id2 has a less promi-

ent layer IV, there is a clear structural similarity to area Ig3, especially

n the infragranular layers. 

The dysgranular-agranular, inferior-posterior group consists of area

a1, Id1, Id3 and Id5. The layer specific analysis using the grouped

ean profiles revealed a lower density of the supraganular layers, but a

igher density of the infragranular layers in comparison to the granular-

ysgranular, superior posterior and dysgranular, dorsal anterior clus-

er ( Fig. 10 C). The agranular area Ia1 with its unique double ribbon

tructure differs from the dysgranular areas, although it is more alike

o area Id5. Area Id1 and Id3 are both located in the circular sulcus of

he insula and showed homogeneous distribution of cells in all layers.

evertheless, area Id1 was structurally the most dissimilar area in the

ysgranular-agranular inferior posterior cluster. 

The dysgranular, dorsal-anterior cluster is characterized by a lower

ensity in the infragranular layers and a higher density in the supragan-

lar layers compared to the dysgranular-agranular, inferior posterior

eighbor. Furthermore, the layer specific analysis based on the mean

rofiles exposed less compact deep layers V and VI in contrast to the

ranular-dysgranular, superior posterior cluster. Areas Id4 and Id6 were

tructurally more alike compared to area Id7. 

The comparison of the mean cell density of the different clusters

 Fig. 10 C) provided evidence for another two microstructural gradients,
 2  

10 
n addition to the established superior to inferior decrease of density in

ayer IV: 1) a superior posterior to inferior decrease of cellular density

n the supragranular layers, as well as an increase of density in the infra-

ranular layers; and 2) a posterior to dorsal anterior decrease of cellular

ensity in the infragranular layers. 

The MDS shows almost identical results as compared to the cluster

nalysis ( Fig. 11 ). Only area Id1 is localized between the dysgranular-

granular, inferior posterior cluster and the granular-dysgranular, su-

erior posterior cluster and cannot be clearly assigned to one of the

omains. 

.4. Volumes of areas 

The analysis of mean volumes showed that area Id6 is the largest

rea with a shrinkage corrected mean volume of 1268.9 + /- 255.6 mm 

3 

left) and 1239.1/- 267.7 mm 

3 (right). The smallest one is the agranu-

ar area Ia1 with a corrected mean volume of 150.6 + /- 52.6 mm 

3 (left)

nd 173.9 + /- 54.8 mm 

3 (right). The other areas vary between those vol-

mes ( Table 3 ). The pairwise permutation test did not show significant

ifferences with respect to sex and hemispheric differences. 

.5. Cytoarchitectonic probability maps in stereotaxic space 

Probability maps for each area in the 3D T1-weighted template of the

ingle subject MNI space (Colin-27 reference brain) ( Holmes et al., 1998 )

nd the ICBM 2009c Nonlinear Asymmetric template ( Fonov et al.,

009 , 2011 ; Evans et al., 2012 ) were calculated, providing information
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Fig. 11. Analysis of multidimensional scaling (MDS) of the eleven cytoarchitec- 

tonically distinct areas in the human insula cortex (averaged across brains and 

hemispheres). Except for area Id1, which was localized between the granular- 

dysgranular, superior posterior cluster and the agranular-dysgranular, inferior 

posterior domain, the MDS confirmed the results of our cluster analysis ( Fig. 10 ). 

In particular, the similarities between the areas of the dorsal anterior insula as 

compared to the areas of the posterior insula clarify the microstructural differ- 

entiation of the posterior and anterior insula along the sulcus centralis insulae. 

Table 3 

Corrected mean volumes (mm3) and corre- 

sponding standard deviation (SD) of each 

new area of the insular cortex for the left 

and right hemisphere. 

area 

corrected mean volume [mm 

3 ] ± SD 

left hemisphere right hemisphere 

Ig3 228,4 ± 123,1 254,4 ± 105,2 

Ia1 150,6 ± 52,6 173,9 ± 54,8 

Id2 324,3 ± 133,4 315,8 ± 189,4 

Id3 427,7 ± 109,7 446,4 ± 120,67 

Id4 432,7 ± 177,9 410,2 ± 178,7 

Id5 412,1 ± 157,8 448,4 ± 147,7 

Id6 1268,9 ± 255,6 1239,1 ± 267,7 
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bout the exact localization of the areas in stereotaxic space and their

nterindividual variability ( Fig. 12 ). The centers of gravity of the areas

re presented in Table 4 . Area Ig3 showed the highest variability. The

owest variability was observed in area Id6. 

The maximum probability map (MPM), in which every voxel is

llocated to the area with the higher likelihood, reflects the relation-

hip and topography of the microstructural areas amongst one another

 Eickhoff et al., 2005 ) ( Fig. 13 ). The probability maps and the MPM

re publicly and freely available for download at the Julich-Brain

tlas ( https://jubrain.fz-juelich.de/apps/cytoviewer2/cytoviewer-

aintenance.php##mitte ) and the Human Brain Project ( https://

tlases.ebrains.eu/viewer/-/a:juelich:iav:atlas:v1.0.0:1/t:minds:core: 

eferencespace:v1.0.0:tmp-fsaverage/p:minds:core:parcellationatlas: 

1.0.0:94c1125b-b87e-45e4-901c-00daee7f2579-290/@:0.0.0.-W000.. 

_qztu.-8_uv.–2o6B.2_iz3G..23x6..0.0.0..1 ). 
11 
.6. Topography of the insular areas 

The newly available surface view of the Julich-Brain atlas allows to

isualize the topographic proximity of the insular areas and the adja-

ent regions in more detail ( Fig. 13 ). Granular area Ig3 is located in

he superior part of the anterior long gyrus, abutting posteriorly to area

g2 ( Kurth et al., 2010b ). The central sulcus of the insula represents the

nterior border of Ig3 to neighboring area Id4 in all examined brains.

he circular sulcus is also an approximate border to the superiorly lo-

ated opercular area OP3 ( Eickhoff et al., 2006 ) but did not reflect the

xact microstructural border in all cases. Area Id2 adjoins area Ig3 in

nferior direction, also abutting posteriorly to area Ig2. It mostly fol-

ows the course of the postcentral insular sulcus, covering the anterior

ong gyrus to a major part, whereas inferior area Id3 covers the middle

art of the posterior long gyrus. Similar to posteriorly located area Id1

 Kurth et al., 2010b ), Id3 extends onto the supratemporal plane next to

he temporo-insular cortex. Agranular area Ia1 is located rostrally in the

nferior part of the anterior long gyrus. It is bordering the inferior pole of

he posterior insula. The superior adjoining area Id5 develops along the

entral sulcus, differentiated from posterior areas Id2 and Id3. Regard-

ng the dorsal anterior insula, dysgranular area Id4 is located superior to

d5 in the superior part of the posterior short gyrus. Anteriorly adjacent

rea Id6 covers most of the dorsal anterior insula including the posterior

hort gyrus, the middle short gyrus and the posterior part of the ante-

ior short gyrus. In rostral direction, area Id7 ( Grodzinsky et al., 2020 )

ompletes the parcellation. The superior border of area Id6 and Id4 is

pproximately displayed by the circular sulcus, abutting to opercular

reas OP5 and OP7. Similar to area Ig3, the circular sulcus does not re-

ect the microanatomical border in all cases. For further visualization

f the described topography see Figs. 14 and 15 . 

. Discussion 

The present study provides a new cytoarchitectonic parcellation of

he middle and dorsal anterior human insula in the 3D MNI reference

pace, based on statistical definition of borders and interindividual vari-

bility. We discovered seven new areas in the human insula with gran-

lar (Ig3), agranular (Ia1) and dysgranular (Id2-Id6) cytoarchitecture,

ocated next to previously identified areas Ig1, Ig2, Id1 ( Kurth et al.,

010b ) and Id7 ( Grodzinsky et al., 2020 ). The cluster analysis of all

leven areas provided evidence for a tripartition of the insula into

) granular-dysgranular, superior posterior cluster, ii) a dysgranular-

granular, inferior posterior cluster in the middle insula and iii) a dys-

ranular, dorsal anterior cluster covering the posterior, middle and an-

erior short gyrus ( Figs. 10 and 13 ). 

.1. The human insula - general cytoarchitectonic principles 

The granular shift is a well-established, superordinate cytoarchitec-

onic principle of the insula ( Mesulam and Mufson, 1985 ). However, our

tudy provides strong evidence to expand this classical microstructural

oncept of the insular cortex. While the cytoarchitectonic analysis con-

rms the existence of the granular shift, the cluster analysis also reveals

hat the overarching changes in microstructure of the insula are not only

ependent on the presence of layer IV. In addition, a general increase in

ensity in the infragranular layers and a decrease in the supragranular

ayers could be observed when analyzing areas from posterior, supe-

ior to posterior, inferior direction ( Fig. 10 C). Moreover, there was a

lear decrease in density in the infragranular layers of the dorsal ante-

ior domain compared to the posterior clusters ( Fig. 10 C). Therefore,

he present study provides evidence to consider the overall dysgranu-

ar part of the human insula as dichotomous, separated by the central

ulcus, and not as uniform ( Fig. 10 A). 

In comparison to the cluster analysis, the MDS yields almost identical

esults ( Fig. 11 ). Only area Id1 is not clearly associated with one of the

https://jubrain.fz-juelich.de/apps/cytoviewer2/cytoviewer-maintenance.php\043\043mitte
https://atlases.ebrains.eu/viewer/-/a:juelich:iav:atlas:v1.0.0:1/t:minds:core:referencespace:v1.0.0:tmp-fsaverage/p:minds:core:parcellationatlas:v1.0.0:94c1125b-b87e-45e4-901c-00daee7f2579-290/@:0.0.0.-W000..2_qztu.-8_uv.\2052o6B.2_iz3G..23x6..0.0.0..1
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Fig. 12. Probability maps of the seven newly 

discovered areas of the insular cortex: Ig3, 

Ia1, Id2, Id3, Id4, Id5 and Id6. The probabil- 

ity is color coded, and ranges from blue (low- 

est overlap) to red (highest overlap). Stereo- 

tactic coordinates of each area are given in 

the original Colin27 MNI reference space. 
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omains. This might indicate that there are further microstructural clus-

ers in the posterior insula. A cluster analyses that includes recently pub-

ished insular areas of the Julich-Brain (e.g. Ia3, DOI: 10.25493/QS00-

J9) might provide new insights in this context. 

Both, MDS and cluster analysis, point out the role of the central sul-

us in the human insula as a distinct macro- and microanatomical bor-

er reflecting a change in general microstructural composition ( Figs. 11
12 
nd 14 ), for which its subdividing role has also been described in func-

ional connectivity studies in infants ( Alcauter et al., 2015 ) and adults

 Cauda et al., 2011 ). Our results could thus add to the early study by

esulam and Mufson (1985) , who described a continuous expansion

f the dysgranular sector beyond this macroanatomical landmark, by

emonstrating a clear separation into two parts. As Mesulam and Muf-

on mainly investigated macaque brains, this might reflect differences
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Table 4 

Coordinates of the centers of gravity of probability maps for each newly discovered area 

in the insula within the original Colin27-MNI reference space (MNI) and the anatomical 

MNI space ( Amunts et al., 2005 ). 

area 

MNI aMNI 

left hemisphere rigth hemisphere left hemisphere rigth hemisphere 

x y Z x y z x y z x y z 

Ig3 − 38 − 14 14 38 − 14 14 − 38 − 18 19 38 − 18 19 

Ia1 − 41 − 2 − 8 43 0 − 8 − 41 − 6 − 3 43 − 4 − 3 
Id2 − 41 − 12 4 42 − 10 3 − 41 − 16 9 42 − 14 8 

Id3 − 41 − 8 − 9 41 − 6 − 9 − 41 − 12 − 4 41 − 10 − 4 
Id4 − 38 − 4 11 39 − 3 9 − 38 − 8 16 39 − 7 14 

Id5 − 40 − 3 0 41 − 2 0 − 40 − 7 5 41 − 6 5 

Id6 − 36 10 4 38 11 3 − 36 6 9 38 7 8 

Fig. 13. Maximum probability map (MPM) 

of seven newly discovered insular ar- 

eas Ig3, Ia1, Id2,Id3,Id4,Id5 and Id6, as 

well as previously described areas Ig1, 

Ig2, Id1 ( Kurth et al., 2010 ) and Id7 

( Grodzinsky et al., 2020 ). The eleven 

isocortical areas of the human insula can 

be grouped into a granular-dysgranular, 

superior posterior cluster, a dysgranular- 

agranular, inferior posterior cluster and a 

dysgranular, dorsal anterior cluster. The 

MPM is reconstructed on the fsaverage tem- 

plate (inflated surface view). Adjacent areas 

of the ventral anterior insula are not included 

in this study: Ia2 (DOI: 10.25493/BMNK- 

B8F), Ia3 (DOI: 10.25493/QS00-PJ9), 

Id8 (DOI: 10.25493/7QE6-PBE), Id9 

(DOI: 10.25493/JMCR-ZNQ), Id10 (DOI: 

10.25493/4N71–6SX). 

Fig. 14. Topography of the dysgranular ar- 

eas of the anterior insula and the granular 

areas of the posterior insula shown on a hor- 

izontal section from brain 17. The central 

sulcus is a distinct microstructural boundary 

that reflects a general change in the cytoar- 

chitectonic organization of the human insular 

cortex. 
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chitectonic criterion alone. 
n the insular architecture between species and its function. Because

he central sulcus is absent in the macaque insula and it only consists

f a smooth surface with one ventral gyrus ( Evrard, 2019 ), the classi-

al cytoarchitectonic sectors ( Mesulam and Mufson, 1985 ) might not be

ompletely transferrable to the human brain. Since the insula differs in

hape, extent, gyral and sulcal pattern and cytoarchitectonic composi-

ion across species ( Buchanan and Johnson, 2011 ; Butti and Hof, 2010 ;

helley and Trimble, 2004 ), it seems not surprising that microstructural

oncepts differ amongst primates. 

In addition to the results of the cluster analysis, the parcellation

f the posterior and dorsal anterior human insula into eleven areas

 Fig. 13 ) provides further evidence for the reassessment of the gran-
13 
lar shift and its meaning for this brain region. Similar to other re-

ent parcellations of the insula ( Gallay et al., 2012 ; Morel et al., 2013 ;

vrard, 2019 ), we were able to show that while all mapped areas can be

lassified according to this eponymous concept, each area also consists

f determinable cytoarchitectonic features besides this layer IV-related

lassification ( Table 2 ).Therefore, we come to the conclusion that the

ranular shift conveys a general principal of cytoarchitectonic organi-

ation across areas, but for a more precise description of the insular

ytoarchitecture we need to look beyond. Moreover, the multitude of

unctions is not likely to be reflected microstructurally with one cytoar-
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Fig. 15. Topography of seven new areas of the insular cortex in a posterior to anterior sequence of histological coronal sections. 
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a  
Last but not least our study provides evidence that the microstruc-

ural areas can be sharply delineated on a microstructural basis

 Figs. 3 , 4 , 6 , 7 , 8 , 9 ), in contrast to some neuroimaging studies, which

how that the boundaries of a parcellation can also be gradual rather

han clear-cut ( Margulies et al., 2016 ; Tian, 2020 ). If one looks only at

ayer IV, the dysgranular areas are no longer sharply delineated but may

ollow a more gradual distribution. However, if one looks at all six layers

n their entirety, as it was done in our study, clear microstructural crite-

ia can be found, which allow, for example, a sharp differentiation be-

ween the dysgranular areas. The criteria are summarized in Table 2 and

upplementary 1 provides additional cytoarchitectonic images to show
hat these distinct characteristics do indeed remain consistent across 
i  

14 
ifferent brains. It is also important to note that theses neuroimaging

tudies are on the meso /macro scale. Thus, important microstructural

eatures are necessarily blurred due to the lower spatial resolution and

ransitions between regions may appear as gradients while microstruc-

ural analysis shows sharp borders. 

.2. Comparison with other microstructural maps 

The concepts of the parcellation of the human insula have been

hanged during the last decades ( Table 5 ). For example, von Economo

nd Koskinas (1925) discovered one area in the posterior and four areas

n the anterior insula. Brockhaus (1940) characterized a total of 26 ar-
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15 
as in the insular cortex, which were grouped into three superordinate

omains (allocorticalis, mesocorticali, isocorticalis). Rose (1928) de-

cribed a total of 31 distinct areas in the human insula. These historical

aps agreed on the central sulcus as a macrostructural landmark and

escribed a downgrade of granularity with different degrees. Our data

re in accordance with these findings; the present subparcellation into

leven distinct areas seems to be topographically most similar to the

ap of Brockhaus (1940) among these historical maps. 

A recent multi-architectonic histological study detected seven corti-

al areas (G, Ig, Id1, Id2, Id3, Ia1, Ia2) in the human insula ( Morel et al.,

013 ). Regarding the granular modality, their results indicated at least

wo types of areas, distinguishable through a change of density and

hickness in layer II and IV. The GLI-based approach used in this and

revious studies confirmed this finding and detected two granular areas

ith a wide layer II and IV (Ig1/Ig2) ( Kurth et al., 2010b ) in contrast

o granular area Ig3, comprising a thinner layer II and IV. Dysgranular

reas Id1 and Id3 also seem to correspond microstructurally to our dys-

ranular areas Id2 and Id3. In contrast to the present observations, the

tudy of Morel et al. (2013) did not identify the central sulcus as mi-

roanatomical border for the granular and dysgranular modality. While

hey described an unchanged expansion of G, Ig, Id1, Id2 and Id3 sur-

assing this landmark, our approach indicated a clear termination of

ranular and posterior dysgranular areas at the central sulcus. Espe-

ially the characteristic anterior dysgranular areas Id4, Id6 and Id7 were

herefore not described by Morel et al. (2013) . 

.3. Comparison with multimodal studies 

The results of the present cluster analysis ( Fig. 10 A) seem to provide

 sound microstructural basis for findings from current imaging stud-

es. Deen et al. (2011) identified a threefold subdivision of the insula

n a posterior, dorsal anterior and ventral anterior region by means of

 functional connectivity study. Most recently, Menon and colleagues

 Menon et al., 2020 ) were able to demonstrate that the underlying mi-

rostructure of these subdivisions differs significantly, using an in vivo

ltra-high field MRI approach. Liu et al. (2018) observed altered func-

ional connectivity of these three subregions in Alzheimer’s disease pa-

ients. The delineation between a posterior, dorsal-anterior and ven-

ral anterior sector is in close accordance with our results. Moreover,

oyer et al. (2020) found a ventral anterior to posterior as well as a

orsal anterior to posterior and ventral anterior myeloarchitectonic gra-

ient, using intracortical MRI profiling. They also suggested a higher

ntensity of the middle compartment in deep cortical layers compared

o dorsal anterior and posterior areas, which is consistent with the find-

ngs from our cluster analysis ( Fig. 10 C). In a functional metanalysis,

urth et al. (2010a) ascribed sensorimotor functions to the posterior

o middle insula and olfactory-gustatory functions to the middle insula,

hile cognitive tasks elicited activation in the dorsal anterior region

nd social-emotional tasks in the ventral anterior insula. A similar par-

ellation into a ventral anterior, dorsal anterior, posterior and middle

ector was provided by Nomi et al. (2016) considering dynamic func-

ional network connectivity. Taking into account the not included ven-

ral anterior insula the topography of our clusters is in close alignment

ith this fourfold division and best fits the k = 4 cluster solution pre-

ented by Kelly et al. (2012) in a study on cluster analysis across imaging

odalities. All in all, it seems reasonable that those functional, myeloar-

hitectonic and connectivity divisions between anterior/posterior and

orsal/ventral anterior insula are accompanied by a change of the mi-

rostructural composition. Especially, for the differentiation of a dorsal

nterior, middle to inferior posterior and superior posterior subdivision

f the insular cortex, our results provide a cytoarchitectonic foundation.

.4. Potential of the new maps to study structure-function relationships 

Since the present maps are available in the MNI reference spaces

nd in the fsaverage space, there is a wide range of applications for
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Fig. 16. A comparison between four example areas and the results of a functional meta-analysis ( Kurth et al., 2010a ) (data downloaded from ANIMA ( Reid et al., 

2016 )). Area Id6 seems to be involved in cognitive functions such as attention, while Id4 is involved in motor tasks. Area Ig3, on the other hand, seems to be activated 

during gustatory perception, whereas Id2 seems to be active in response to somatosensory stimuli. This example illustrates how our parcellation can be applied to a 

structure/function comparison. 

o  

s  

e  

c  

t  

w  

m  

r  

2  

o  

a  

n  

t  

t  

(  

s  
ur microstructural parcellation of the human insular cortex. For in-

tance, the JuBrain Gene Expression (JuGEx) tool ( Bludau et al., 2018 )

nables to analyze differential gene expression with respect to cytoar-

hitectonic maps. The parcellation could provide the biological basis

o study gene expression patterns of the insular cortex in more detail,

hich seems particularly interesting in the context of its functional and

icrostructural diversity. The parcellation could also be used as a seed

egion in studies of functional or structural connectivity ( Caspers et al.,
16 
013 ) to further examine the connection between the insular cortex and

ther cortical and subcortical structures. The registration in the fsaver-

ge space allows an analysis of structural parameters (e.g. cortical thick-

ess) of the insular cortex on a cytoarchitectonic basis, and to visualize

he Julich-Brain atlas in the inflated surface view, which is an advan-

age for areas located in the depths of the brain such as insular areas

 Fig. 13 ). This could lead for example to new insights into the relation-

hip between the structure of the insula and various diseases associated
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ith this brain region ( Namkung et al., 2017 ; Fathy et al., 2020 ). Using

reesurfer ( Fischl, 2012 ), one can also examine the areas with respect

o sex and hemispheric differences with a larger number of cases. In the

resent study based on ten brains, significant effects were not found. 

Finally, the availability of the microstructural insular areas in a com-

on reference space allows the establishment of a decent structure-

unction relationship ( Eickhoff et al., 2007 ). The cytoarchitectonic areas

ould be functionally decoded to determine the approximate function of

n area, as it was recently shown for the relationship between logical

egation and insular area Id7 ( Grodzinsky et al., 2020 ). Some examples

or a possible structural/functional comparison are given in Fig. 16 . 

. Conclusion 

In conclusion, the microstructure of the insular cortex, as well as

ts functionality, is characterized by high diversity and a broad range

f cytoarchitectonic features. These are by no means limited to lami-

ar IV, but can be found across all six layers. This remarkable diversity

nd number of microstructural areas might represent the basis for the

omplex functional organization in this brain region. In addition to the

ivision into clearly distinguishable areas, we were able to demonstrate

hat these areas can be further grouped into superordinated clusters with

imilar structure, between which the sulcus centralis insulae forms a

istinct microscopic boundary. Study results on functional parcellations

nd functional connectivity show similar clusters. This suggests that al-

hough the insular cortex is a highly variable, multi-functional brain

egion, it is nevertheless based on an overarching structural/functional

rganization principle with clear anatomical localization. Since all de-

ected areas of the human insula are available as 3D probability maps

n standard MNI space for the first time, the present study provides a

uantitative microanatomical basis for further decoding the structural-

unctional relationship in this complex and functionally dense region of

uman neocortex. 
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