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noninvasive in vivo 3-D visualization strategy revealed ana-
tomical variations of the insula in a healthy cohort. This 
methodological approach can be adopted for broad clinical 
and/or research purposes.  © 2015 S. Karger AG, Basel 

 Introduction 

 The human insula is an anatomically and functionally 
complex structure located deep within the lateral sulcus, 
or sylvian fissure, and concealed by the opercula  [1–5] . 
Over 200 years have passed since Reil first described the 
insula in detail  [6] , yet few detailed in vivo studies of its 
anatomy exist due partly to the methodological difficul-
ties in imaging the opercular cortex. The cytoarchitec-
tonic organization of the primate insula consists of 3 con-
centric agranular, dysgranular and granular zones  [7–9] , 
although their relation to the broader morphology is still 
unclear  [8] . The earliest in vivo studies by Talairach in 
1967, Szikla in 1977 and later Steinmetz and colleagues in 
1989 used techniques such as pneumoencephalography, 
angiography and structural MRI, respectively, to help 
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 Abstract 

  Background:  Interest in the anatomy of the insula is driven 
by its multifunctionality and the need for accurate visualiza-
tion for surgical purposes. Few in vivo studies of human in-
sular anatomy have been conducted due to methodological 
and anatomical challenges.  Objective:  We used brain corti-
cal morphometry tools to accurately reconstruct insular to-
pology and permit a detailed visualization of its gyri in 3 di-
mensions.  Methods:  Sixty healthy subjects (33 females; 37.8 
± 12.8 years) underwent 3-tesla MRI scans. The strategy for 
characterizing the insula was: (1) create 3-dimensional (3-D) 
insula representations for visual analysis; (2) rate topological 
features using a gyral conspicuity index; (3) identify individ-
ual variations across subjects/between groups; (4) compare 
to prior findings.  Results:    Insular reconstruction was achieved 
in 113/120 cases. The anterior short, posterior short, anterior 
long gyri and central sulcus were easily identified. In con-
trast, middle short (MSG), posterior long (PLG) and accessory 
gyri (AG) were highly variable. The MSG, but not the PLG or 
AG, was clearer in males and in the left hemisphere, suggest-
ing sex- and laterality-related differences.  Conclusions:  A 
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identify lateralized morphological differences such as 
greater left-side length of the lateral sulcus and size of the 
operculum  [10] . 

  In contrast to the in vivo   anatomical data, there is sub-
stantial literature on the function of the insula in the 
healthy and diseased state  [11–14] . Its widespread intra- 
and interstructural connections  [5, 15]  are in line with its 
role in many neural processes, for instance related to au-
tonomic control and interoception  [16–18] , gustation 
 [19, 20]  somatosensation and pain  [5, 21–24]  and valua-
tion  [14, 25] . Mapping studies support a strong correla-
tion between insular function and anatomy  [26–28] . For 
example, stimulation experiments in those with epilepsy 
have correlated viscero- and somatosensory functions to 
the anterior and posterior insular regions, respectively 
 [29] . Such findings support a relationship between gross 
anatomy and function at the subregional level.

  Postmortem studies on the insula have examined its 
position relative to the overlying opercula or central sulcus 
 [30] , the lengths of insular gyri  [31]  or the vasculature run-
ning over the insula  [3] , but few studies have characterized 
detailed anatomical features of the insula itself. Nonethe-
less, they have converged upon a standard insular nomen-
clature whereby the insula is delineated by the peri-insular 
sulci (anterior, superior, posterior and inferior) and di-
vided by the central insular sulcus (CIS) into anterior and 
posterior regions  [3, 4, 30–33] . Variations in insular anat-
omy across individuals have been noted, as well as group 
differences including an increased number of gyri in the 
left compared to the right hemisphere  [34]  and in males 
compared to females  [4, 33] . Most studies report the pres-
ence of 5 major gyri including the anterior short (ASG), 
middle short (MSG) and the posterior short gyri (PSG) of 
the anterior insula, and the anterior long (ALG) and pos-
terior long gyri (PLG) of the posterior insula. Another 
commonly noted, but somewhat less identified, gyrus in 
the anterior insula includes the accessory gyrus (AG). 

  Few studies have used MRI to explore the anatomy of 
the insula. The first of such studies successfully outlined 
the rough 3-dimensional (3-D) topology of a single hu-
man insula using serial axial MR slices on a 1.0-tesla scan-
ner, without revealing much anatomical detail  [35] . Pri-
marily due to technological advancements (e.g. increased 
magnetic field strength and more powerful computing), 
later studies contributed to this literature by demonstrat-
ing a coherence between gross anatomy and MR images 
from both indirect  [4, 33]  and direct comparisons  [8]  – 
using visual comparisons in the former and the coregis-
tration of postmortem and MR slices in the latter. Such 
advancements have allowed for more nuanced in vivo 

analysis, akin to that noted in postmortem studies, and 
have also paved the way for the development of more ad-
vanced 2-D and 3-D reconstructions of the insula for im-
proved visualization and analysis  [36, 37] . Despite these 
advancements, there exists a need for standardized strat-
egies towards the visualization and analysis of insular 
morphology for use particularly in a clinical setting.

  The aim of the current study was to develop a strategy 
for noninvasive, in vivo, neuroimaging of the insula and 
to investigate the feasibility of this approach to assess in-
sular anatomy. Our specific goals were to (a) produce an 
accurate 3-D reconstruction of insular anatomy, (b) visu-
alize precise gyral/sulcal insular anatomy and (c) assess 
variations in the normal anatomy of the insula, including 
sex and laterality differences. 

  Materials and Methods  

 The steps outlining the methodological strategy involved in the 
reconstruction, visualization, and assessment of the insulae are il-
lustrated in  figure 1 . 

  Subjects and Image Acquisition 
 Sixty healthy right-handed volunteers (33 female, 27 male; 

mean age = 37.8 ± 12.8 years) with no history of known neuro-

Preprocessing

Gyral conspicuity
assessment/

characterization
(table 1)

3-D whole-brain
reconstruction
and inflation

(fig. 2)

Manual insular
isolation
(fig. 2)

MRI acquisition:
T1-weighted +

dMRI

60 subjects,
120 insulae

Results
tabulation
(fig. 3, 4
and S1)

Comparison to
automated

insular
parcellation

(fig. 5)

Remove 
artifacts

(7 insulae)

  Fig. 1.  Strategy for assessment of insular anatomy. An outline of 
the pipeline for the acquisition, analysis and visual characteriza-
tion of individual insular anatomy. dMRI = Diffusion magnetic 
resonance imaging. 
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logical or psychiatric disorders had been recruited to participate in 
the study. Informed consent was obtained from each subject for 
procedures approved by the University Health Network Research 
Ethics Board. Each subject had a high-resolution MRI in a 3-tesla 
General Electric scanner (GE Medical Systems, Milwaukee, Wis., 
USA) with an 8-channel head coil. T1-weighted anatomical im-
ages were acquired with an axial fast spoiled gradient (FSPGR) 

sequence, slice thickness = 1 mm, number of slices = 124, repeti-
tion time = 25 ms, echo time = 5 ms, 45° flip angle, matrix = 256 × 
256, field of view = 24 cm.

  Image Processing and 3-D Rendering 
 T1-weighted images were analyzed using Freesurfer software 

found at http://surfer.nmr.mgh.harvard.edu  [38–41] . The pipeline 

  Fig. 2.  Manual isolation and topology of a 
single insula (top panel) and 7 insulae re-
moved for anomalies (bottom panel). Top 
panel: Isolation of a sample insula from a 
right hemisphere is shown.  a  Inflated ren-
derings.  b  Pial renderings.  c  Isolation of the 
insula using 4 cut lines, in order of cutting. 
 d  The final isolated insula in the pial ren-
dering. In this example, of the 6 major in-
sular gyri investigated, 4 can be seen clearly 
(ASG, MSG, PSG, ALG noted in white text) 
and 2 cannot (AG, PLG noted in yellow 
text). The central insular sulcus (CIS) is 
also clearly visible. Red indicates sulci, and 
green indicates gyri. Bottom panel: Ab-
normal gyral truncations (encircled) or 
abrupt/uneven changes in curvature (ar-
rowed) were the criteria by which insular 
reconstruction was considered incom-
plete/incorrect. A = Anterior. 

a b

c d
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included normalization of image intensity, skull stripping of im-
ages, separation of the hemispheres, segmentation of gray matter 
and delineation of CSF-gray matter (pial surface) and gray matter-
white matter (white surface) boundaries. This approach was used 
given prior cortical reconstruction validations in both postmortem 
and in vivo samples  [38, 42, 43] . Processed MRI scans were viewed 
using TkSurfer, a program within Freesurfer. The resulting 3-D 
pial surface rendering of a single hemisphere was examined in an 
inflated view, to expose an unobstructed view of the insula. The 
inflated viewing modality lifts temporal, parietal and frontal oper-
cula that normally cover the insula, and provides visualization of 
the entire hemisphere as a smoothed surface. Curvature overlay 
views were applied to the cortical surface, indicating positive (sul-
ci) and negative (gyri) curvature values at each point on the hemi-
sphere in red and green, respectively  [44] . This facilitated an ac-
curate anatomical localization of the insula. To view the insula in 
isolation, we used the TkSurfer-inflated renderings and manually 
removed all noninsular areas in a stepwise fashion ( fig. 2 ). 

  Four initial boundary definitions were made, and cuts were 
made in the following order: (1) structures superior to the insula, 
as described above; (2) anterior structures; (3) posterior structures; 
(4) inferior structures, which involved cutting along the inferior 
apex of the insula in a short anterior-to-superior line ( fig. 2 c). The 
insula was then returned to a pial rendering where cortical topol-
ogy of the insula could be clearly visualized ( fig. 2 d). 

  Once isolated, we inspected all images to ensure that they con-
tained the insula and no other anatomical structures by visualizing 
each hemisphere as a pial rendering and examining the gyral con-

tours. Confirmation of reconstructed insular anatomy was made 
using postmortem and prior MR atlases  [3, 36] . This helped iden-
tify possible remnants from the medial surface of the hemisphere, 
such as the anterior cingulate cortex, which were manually re-
moved. A rendering was considered complete when the insula was 
viewed in isolation and unobstructed by surrounding structures. 
Insular reconstructions were rejected if major topological errors 
were present, such as discontinuous gyri or uneven cortical surfaces. 

 Characterization of Gyri 
 Whether each reconstructed gyrus or sulcus is present or ab-

sent, when viewed in the pial rendering, is determined using visu-
alization or conspicuity criteria ( table 1 ). However, we noted in-
stances where structures were not identified fully along their pre-
dicted axes – e.g. the gyrus may appear to split or terminate 
sooner than expected. As such, the visualization of gyri and sulci 
was rated using an assessment of conspicuity to distinguish be-
tween such instances. The 6 main gyri (ASG, MSG, PSG, ALG, 
PLG and AG) and CIS were each assessed and identified as ‘un-
seen’, ‘unclear’ or ‘clear’. 

  Four main criteria were considered when identifying the con-
spicuity of a gyrus: (1) clarity of sulcal boundaries; (2) margins 
throughout the course of the gyrus; (3) apparent prominence and 
ease of viewing the gyrus, and (4) the color of the curvature overlay 
on the gyrus. Additional topological anomalies such as bifidity 
(splitting of the gyrus) or apparent hypoplasia (underdevelop-
ment) of the gyri were noted. Hypoplasia of the MSG was noted if 
the gyrus protruded laterally to a lesser degree than the neighbor-
ing ASG and PSG, as determined by a decreased relative color in-
tensity (representing a smaller gyral contour) using the curvature 
overlay. The PLG was rated as either separate, where it was demar-
cated from the ALG by a postcentral insular sulcus, or branched, 
in which case the ALG represented only a short segment associ-
ated with the posteroinferior aspect of the ALG.

  Following the visual identification of apparent differences in 
subregional topology, nonparametric statistical tests were carried 
out. These included the Wilcoxon signed-rank test for within-sub-
ject (i.e. lateralized differences between left and right subregions) 
comparisons and the Mann-Whitney test for between-subject (i.e. 
males vs. females) comparisons. 

  Finally, we compared our method of direct insular examina-
tion to the automated anatomical parcellation provided by Free-
surfer. This parcellation does not include a precise localization of 
each gyrus and the CIS, but instead provides an ‘inner’ outline of 
each group of short and long gyri as well as the ‘outer’ boundaries 
(i.e. the limiting sulci) of the insula. We pseudorandomly selected 
one third of our sample (i.e. 37 insulae; excluding those with more 
than 2 structures labeled ‘unseen’) to compare key anatomical fea-
tures as derived by individual examination and automated parcel-
lation. 

  Results 

 Topological 3-D Reproductions of the Insula Yield 
Anatomically Accurate Images 
 To determine whether our technique was able to accu-

rately reproduce 3-D representations of the cortical sur-

 Table 1.  Conspicuity criteria

Area Rating key Visualization

All gyri 3 clear 
2 unclear
1 unseen
single single gyrus
bifid gyrus bifurcatus

CIS 4 clear (continuous)
3 clear (discontinuous)
2 unclear
1 unseen

AG 3 clear 
2 unclear
1 unseen

MSG yes hypoplastic 
no not hypoplastic

PLG separate clearly demarcated from the ALG by 
a postcentral insular sulcus, even if 
that sulcus is hypoplastic

branched appeared to represent a short seg-
ment arising from the posteroinferi-
or aspect of the ALG

Top: criteria used for all gyri; bottom: additional criteria used 
for specific anatomy.
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face of the insula, we first examined all 120 reconstruc-
tions for possible errors guided by standard postmortem 
determined topology  [3] : 113 out of 120 reconstructions 
(94%) showed anatomically reliable representations of the 
insula. The major topological features observed in any sin-
gle subject revealed an insular cortex that was free of inter-
ruptions in the cortical topology, such as sudden gyral 
truncations or cortical thickness anomalies, as represent-
ed by intensity of red/green curvature maps ( fig. 2 ). Re-
constructions containing such distortions were excluded 
from subsequent structural analyses (n = 7;  fig. 2 ). Topo-
logical errors and sudden gyral truncations were easily ob-
served in the excluded images but were absent in the rest 
of the sample, which looked like the example in  figure 2 .

  Variations in Insular Anatomy  
 Visual Characterization of Gyri and Central Sulcus 
across Subjects  
 Differing degrees of variability were noted across insu-

lar gyral subregions. The ASG, PSG, ALG as well as the 

CIS showed high levels of consistency and visibility across 
individuals, while other gyri, such as the AG, MSG and 
PLG were more variable and often difficult to identify 
( fig. 3 ). We used additional visualization assessments to 
note the degree of anatomical variation of the individual 
insular gyri ( table 1 ). ASG, PSG and ALG were all ‘clear’ 
in over 80% of insulae, while AG, MSG and PLG con-
tained the greatest amount of anatomical variation and 
were either ‘unclear’ or ‘unseen’ in over 65% of insulae. 
Also, the majority of gyri were nonbifurcated, while the 
highest rates of bifid gyri were noted in the generally larg-
est and broadest insular structures of the ASG (35%) and 
ALG (27%) (online suppl. table S1; for all online suppl. 
material, see www.karger.com/doi/10.1159/000380826). 

  Of the 97 (out of 113) observed PLG, 66% were 
branched off from the ALG, while 34% were distinctly 
separate from the ALG. Branched PLG were visually 
 differentiated from bifid ALG by point of branching. 
Branched PLG began at a more ventral aspect of the ALG, 
while ALG were observed to bifurcate starting from a 
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more dorsal aspect of the gyrus. It is noted that all PLG 
appeared less prominent in relation to the adjacent ALG. 
The MSG was observed in 81% of the examined insulae, 
and appeared less prominent relative to adjacent gyri in 
55% of the cases. The PSG and CIS appeared to be the 
most consistent structures in the insula, as they were rat-
ed ‘clear’ in 95 and 91% of cases, respectively, with the CIS 
being fully continuous in 83% (i.e. in 86 of 103 of those 
labeled ‘clear’). Only 1 insula contained no observable 
CIS ( fig. 2 ). The AG could be recognized by its character-
istic truncation at a level more ventral to that of the other 
short insular gyri. Visualization of the AG was highly 
variable, ranging from ‘unseen’ (39%) to ‘unclear’ (25%) 
and ‘clear’ (36%). 

  A Closer Look at MSG and AG Variability 
 Given the visually apparent sex- and laterality-related 

differences, as noted in  figure 3  and online supplemen-
tary figure S1, further nonparametric statistical analyses 
were carried out within the MSG and AG subregions 
( fig. 4 a, b). The PLG was not considered further given the 
especially low percentage of ‘clear’ ratings. 

  For the MSG ( fig. 4 a), the Wilcoxon signed-rank test, 
used to identify within-group differences, showed that 
the visibility of male MSG was similar between sides (Z = 
–1.508, p = 0.132) while female right MSG were more dif-
ficult to identify clearly (Z = –1.964, p = 0.05). The Mann-

Whitney test for between-group comparisons showed no 
difference of the left (U = 297, Z = –1.250, p = 0.221) or 
right (U = 267, Z = –1.840, p = 0.066) MSG between sex-
es, although there was a trend toward decreased char-
acterization of the right female MSG compared to the 
male – which is consistent with the difference noted with-
in female participants alone.

  For the AG ( fig.  4 b), the Wilcoxon signed-rank test 
showed that the visibility of male (Z = –0.722, p = 0.470) 
and female (Z = –0.431, p = 0.666) MSG was similar be-
tween sides. The Mann-Whitney test for between-group 
comparisons showed no difference of the left (U = 345,
Z = –0.335, p = 0.738) or right (U = 360, Z = –0.055, p = 
0.956) AG between sexes.

  Atlas Comparison 
 To compare the described method with the automated 

Freesurfer atlas, we visualized the major boundaries of 
the insula as determined by our strategy with those calcu-
lated by the automated anatomical parcellation method 
in Freesurfer. Manual identification was generally supe-
rior to automated parcellation, as the latter was only able 
to outline the boundaries of the outer limiting sulci and 
the inner short and long gyri. However, both methods 
were able to clearly identify the CIS, and we observed a 
near-exact positional match in 35 out of 37 cases, with 
minor variation in the remaining 2. In contrast, the auto-
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mated atlas was found to mislabel MSG and PLG as limit-
ing sulci in all 37 cases. Typical examples can be seen in 
 figure 5 . 

  Discussion  

 The present strategy used for this study demonstrated 
that: (1) a noninvasive 3-D reconstruction of the insula is 
feasible and comparable to invasive techniques, such as 
postmortem studies; (2) a visualization strategy can ac-
curately outline the features of an individual insula and 
help identify variability in the gyri. Going forward, the 
accurate identification of variability across insular subre-
gions will be of significant importance for neurosurgical 
planning, and for clinical research focused on insular 
structure and function. This is emphasized by findings 
that conspicuity may be linked to differences in overall 
surface area  [44]  and by reiterating that the insula’s poly-
modal functions are strongly linked to differential insular 
subdivisions  [7, 26, 27] . The strategy presented here, 
which outlines a pipeline for the accurate 3-D reconstruc-
tion, visual assessment and characterization of insular 
 topology, is a significant improvement on current strate-
gies – ranging from the simple inspection of MR images 
in a neurosurgical context  [4]  to the highly technically 
complex analysis employed in some neuroscience exper-

iments  [8] , which may be less feasible for use in neurosur-
gical or clinical studies. 

  In vivo Visualization of Insular Features across 
Individuals  
 Although gyral variation has not previously been ex-

amined in this level of detail in vivo, we explored previous 
studies in this field to determine any similarities or differ-
ences in description of the gyri. These comparisons are 
important in validating our strategy and help establish it 
as a useful strategy when compared with direct anatomi-
cal assessments of the insula. Accordingly, we observed 
that the CIS was clearly seen in 91% of cases, similar to 
other studies where the CIS was easily identified in 90 and 
95% of cases  [30, 31] . Further, we observed increased 
variability in the anterior lobe of the insula, with the more 
variable gyrus being the MSG, as is consistent with prior 
findings  [4, 31, 33, 34] . Although broadly consistent with 
prior literature, our approach revealed subtle similarities 
and differences in insular morphology across individuals 
which should be considered by investigators in this area. 

  Visual assessment revealed that some of the insular 
gyri (ALG, ASG and PSG) are consistently observed while 
others (AG, MSG and PLG) have a much higher degree 
of structural variability. We observed laterality and a 
trend toward sex-related differences in the MSG, with a 
tendency toward increased visibility on the left side in 

  Fig. 5.  Automated parcellation of insular 
topology is inferior to manual identifica-
tion. Sample automated insular parcella-
tions show inconsistent identification of 
subregions. However, identification of the 
CIS (the line between black and peach) is 
highly consistent. The MSG is cropped in 
all test cases – i.e. not included in the out-
line of short gyri (peach color) and exclud-
ed by the limiting sulcus border (light blue 
color). The PLG is also cropped in all cas-
es – i.e. not included in the outline of long 
gyri (black) and excluded by the limiting 
sulcus (pink).                 
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males. Interestingly, various studies of emotion, pain and 
self-awareness have reported relevant functional lateral-
ity differences, although these reports have thus far been 
unable to pinpoint specific gyri  [11, 23, 45, 46] . The high-
ly variable MSG is a region known for having viscerosen-
sory and gustatory sensory roles, giving rise to the ques-
tion of whether the integration of these functions shows 
corresponding variability across individuals. This is of 
particular interest when considering the role of the in-
sula in more integrative functions such as interoception 
 [16, 47] , affective-sensory pain signaling  [21, 45]  and gus-
tatory processing  [47] . Although no studies have yet in-
vestigated laterality- or sex-related differences in the 
MSG, 2 human studies using direct electrical stimulation 
have identified this region bilaterally in the production of 
speech and the sensory component of pain  [48, 49] . 

  The high variability of other structures, the AG and 
PLG, did not appear clearly related to sex or laterality dif-
ferences in our sample. For instance, variability of the 
PLG may be due to differences in its separation from the 
ALG, where most ‘clear’ PLG (34%) were separate from 
the ALG instead of branching off it. The AG variability 
has been reported elsewhere as being well developed 
(48%), underdeveloped (34%) or absent (18%) in a sam-
ple of 25 healthy postmortem brains  [30] , which is gener-
ally consistent with our findings. This proportion differs 
slightly from our study, however, where we see a much 
larger number of instances where the AG is absent in 
nearly 40% of cases ( fig. 4 b). Additionally, the dorsal bor-
der of the AG in our study consistently did not extend as 
far as the adjacent short gyri (see  fig. 2  for reference). The 
reason for the differences between our study and the post-
mortem study is unclear but may be due to random sam-
pling of a small number of subjects in the postmortem 
study and/or the ex vivo procedures involved, such as the 
preservation of brains over a 2-month period before in-
vestigation. 

  Other regions were relatively anatomically stable, such 
as the ASG and ALG regions, which are associated with 
gustation/interoception and somatosensory/gustation/
thermosensory functions, respectively  [50–53] . Although 
little else has been reported on the structural-functional 
relationships of these gyri, the ability to easily identify 
them should be conducive to an improved understanding 
of their structural-functional significance in future stud-
ies. The presently proposed strategy involving the nonin-
vasive in vivo   structural study of the insula is intended to 
help bridge this gap in current knowledge by providing a 
path for more detailed analysis correlating the structure 
of the subregional insula with function. 

  Automated Parcellation Does Not Allow for Insular 
Subregional Identification 
 A comparison of segmentation of insular structures 

with the automated Freesurfer atlas and our approach re-
vealed that the position of the CIS in both techniques was 
identical in 95% of cases (see  fig. 5  for examples). How-
ever, the more variable structures of the MSG and PLG 
were mislabeled by the Freesurfer atlas as the limiting sul-
cus or opercula in all instances. In practical terms, this 
implies that the Freesurfer atlas is useful for the study of 
the insula where a simple anterior-posterior division is 
preferred, as the atlas is highly unlikely to erroneously 
delineate the position of the CIS. However, where a more 
nuanced investigation of the insula’s topology is required, 
we recommend the use of the presently proposed strate-
gy, involving the direct visual inspection and assessment 
of an individual 3-D reconstructed insula. We suspect 
that the limitation in automatically identifying the MSG 
and PLG may be, at least partly, due to their relative flat-
ness when compared to surrounding subregions – as this 
is computationally challenging using automated strate-
gies  [54] . 

  Taken together, compared to existing automated strat-
egies, the present improvements allow for two main ben-
efits. First, the combination of accurate noninvasive im-
aging and improved characterization of insular subre-
gions will allow for a greater understanding of possible 
structural variability, and their implications, across a 
range of clinical conditions in which altered insular struc-
ture and/or function is implicated. Moreover, these find-
ings will provide an appreciation of the likelihood of sub-
regional variability in healthy controls, and thus help pre-
vent erroneous assumptions, and false positives, when 
assessing these insular areas in the context of disease.

  Limitations and Conclusion 
 The identification of a so-called ‘normal’ insular topol-

ogy was performed accurately and practically in the pres-
ent study ( fig. 2 ,  3 ). The major topological features ob-
served in any single subject revealed an insular cortex that 
was free of interruptions in the cortical topology, such as 
sudden gyral truncations or cortical thickness anomalies, 
as represented by intensity of red/green curvature maps. 
However, the main limitation is that we are unable to 
know whether our excluded samples (n = 7) were the re-
sult of an abnormal insula in otherwise healthy people 
and/or whether the 3-D reconstructions produced errors 
related to some technical failures (e.g. an undefined error 
during processing with Freesurfer or subtle undetected 
artifacts in the native MR images) – although duplicate 
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analyses produced similar issues in these samples. As 
such, although we believe this strategy to be highly effica-
cious in most cases, we acknowledge that the investiga-
tion of some insular samples will require the standard vi-
sualization of MR images without using 3-D reconstruc-
tions. Importantly, the identification of abnormal insular 
structures, at least as identified through 3-D reconstruc-
tion, was visually obvious ( fig. 2 ). 

  In conclusion, a better understanding of intra- and in-
terindividual differences in the structure and function of 
the insula would aid greatly in the fields of neurosurgery 

and clinical neuroscience. For instance, minor variations 
in insular subregions may be both of structural and func-
tional significance, as suggested by gyral differences as-
sociated with sex and laterality which have been the sub-
ject of attention in recent years and the focus of multiple 
ideas on the lateralization and polymodal functions of the 
insula  [46] . These ideas can be explored more easily using 
the noninvasive strategy described here, with the hopes of 
eventually leading to an increased understanding of the 
physiological basis of some of these differences.
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