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Abstract

The human insular cortex is a heterogenous brain structure which plays an integrative rolein
guiding behavior. The cytoarchitectonic organization of the human insula has been investigated
over the last century using postmortem brains but there has been little progress in noninvasivein
vivo mapping of its microstructure and large-scale functional circuitry. Quantitative modeling of
multi-shell diffusion MRI (dMRI) data from 440 HCP participants revealed that human insula
microstructure differs significantly across its functionally defined dorsal anterior, ventral
anterior, and posterior insula subdivisions that serve distinct cognitive and affective functions.
The microstructural organization of the insulawas mirrored in its functionally interconnected
circuits with the anterior cingulate cortex that anchor the salience network, a system important
for adaptive switching of cognitive control systems. Novel validation of the human insula
findings came from quantitative dMRI modeling in macaques which revealed microstructural
features consistent with known primate insula cytoarchitecture. Theoretical analysis and
computer simulations, using realistic 3-dimensional models of neuronal morphology from
postmortem tissue, demonstrated that dMRI signals reflect the cellular organization of cortical
gray matter, and that these signals are sensitive to cell size and the presence of large neurons
such as the von Economo neurons. Crucially, insular microstructural features were linked to
behavior and predicted individual differencesin cognitive control ability. Our findings open new
possibilities for probing psychiatric and neurological disorders impacted by insular cortex
dysfunction, including autism, schizophrenia, and fronto-temporal dementia.
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Statement of Significance

The human insular cortex is a heterogenous brain structure which plays an integrative rolein
identifying salient sensory, affective, and cognitive cues for guiding attention and behavior. It is
also isone of the most widely activated brain regionsin all of human neuroimaging research.
Here we use novel quantitative tools with in vivo diffuson MRI in large group (N=440) of
individuals to uncover several unique microstructural features of the human insulaand its
macrofunctional circuits. Crucialy, microstructural properties of the insular cortex predicted
human cognitive control abilities, in agreement with its crucial role in adaptive human behaviors.
Our findings open new possihilities for probing psychiatric and neurological disorders impacted
by insular dysfunction, including autism, schizophrenia, and fronto-temporal dementia.
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The human insular cortex plays a critical role in identifying salient sensory, affective, and
cognitive cues for guiding attention and behavior(1-4). Critically, it isalso is one of the most
widely activated brain regionsin all of human neuroimaging research(5-7). Dysfunction of the
human insula and its interconnected regions are now thought to be core features of many
psychiatric and neurological disorders(8, 9). However, little is known about the normative
microstructural organization of the human insular cortex and its relation to behavior. Precise
guantitative in vivo characterization of the microstructural organization of the human insular
cortex and linksto its functional circuitry is critical for understanding its function and rolein
development and psychopathol ogy.

Theinsular cortex is a structurally heterogenous brain region with a distinct cytoarchitectonic
profile characterized by less differentiated cortical layers(1, 10, 11). Investigations of the
microstructural features of the human insular cortex have been based solely on postmortem
brains with small samples and limited behavioral characterizations. Insular cytoarchitectonic
organization has been investigated using histological techniques over the last century(12-16).
Stereological analyses of the insula have identified a cellular cortical architecture which differs
considerably from the 6-layer granular architecture seen in most cortical areas(10, 17, 18). Ina
seminal study, Mesulam and Mufson(17) proposed the concept of “granularity”, based on the
presence of an inner granular layer, as akey feature for identifying the anatomical subdivisions
of the insular cortex. In the ensuing years, several histological studies(11, 12, 19) have focused
on demarcating the microstructural properties of insular subdivisions but no consensus has yet
emerged about their precise boundaries because of small sample sizes, limited insular divisions
examined and high degree of variability acrossindividuals. Thusfar, investigations of the
distinct structural features of the human insular cortex have been based solely on postmortem
brains and have not been amenable to characterization using non-invasive brain imaging
techniques. Quantitative modeling of non-invasive in vivo brain imaging are therefore critically
needed to address this major gap.

Despite the lack of consistency and precision across previous histological studies, some general
patterns have emerged regarding the general cytoarchitectonic organization of the insula. The
ventral anterior insula has an agranular structure characterized by undifferentiated layers I1/111
and without afully expressed layer IV compared to the fully developed granular cortex with a
canonical 6-layer architecture. The dysgranular cortex has an intermediate profile that has been
mainly observed in the dorsal anterior aspects of theinsula(19). In contrast, large sections of the
posterior insula show a canonical granular structure(19). A unique aspect of the neuronal
organization of the human insulais the presence of von Economo neurons (VENS) that are
present in the anterior aspects of the insula(9). VENS are projection neurons that differ from the
typical pyramidal neurons by virtue of their large spindle shape and thick basal and apical
dendrites(20, 21), which allow for speeded communication. The presence of VENSs in the human
insulais thought to contribute to its unigue and important role in goal-directed behaviors and
emotional regulation, through rapid processing of attentional, cognitive, interoceptive, emotional,
and autonomic signals(4, 22, 23). The lack of tools for assessing morphological aterationsin the
insulain vivo and its relation to behavior has limited our understanding of the microstructural
organization of theinsulain health and disease.
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Theinsular cortex is also functionally heterogeneous and integrates signals across its cognitive
and affective subdivisions to support adaptive behavior. The anterior aspects of theinsulaare
important for detection of salient external stimuli and for mediating goal-directed cognitive
control while the posterior aspects are important for integrating autonomic and interoceptive
signals(4). Thisfunctional organization is supported by a distinct pattern of long-range
connections: the anterior insulais more strongly connected to brain areasimportant for cognitive
control, most notably the dorsal anterior cingulate cortex (ACC) while the posterior insula has
stronger links with subcortical and limbic regions important for emotion, including the amygdala
and ventral striatum (2, 4, 24). Criticaly, the anterior insula and the dorsal ACC anchor the
salience network (SN), atightly coupled network that is among the most widely co-activated set
of brain regionsin al of human neuroimaging research(5-7). Remarkably, besides the insula, the
only other brain region where VENS are known to be strongly expressed isthe ACC(12, 25). The
link between the microstructural organization of the insulaand its functional circuit propertiesis
currently not known. Furthermore, it is unclear whether these regional functional circuit
properties are mirrored in the long-range connectivity of the insulain the context of the large-
scale organization of AI-ACC circuits that anchor the SN. To the best of our knowledge there
have been no histological investigations of the correspondence between cytoarchitecture features
of the Al and ACC.

Given the challenges inherent in obtaining histological data from postmortem brains, the bulk of
current research on the human insula has focused on its functional organization both in relation
to regional activation by specific cognitive and affective tasks and its distinct patterns of
functional connectivity with other brain regions(5, 26-28). Crucially, non-invasive voxel-wise
guantitative mapping of functional brain connectivity has allowed researchers to identify distinct
subdivisions within the insular cortex(26, 27, 29). Based on their unique fingerprints of
connectivity, three distinct functionally subdivisions of the insular cortex have been identified:
the dorsal anterior (dAl), ventral anterior (VAI), and posterior insula (PI) (9, 26). These
subdivisions also show distinct patterns of intrinsic functional connectivity within the SN, with
the dAI being more tightly linked to the ACC node of the SN(26). Whether functionally-defined
regions of theinsula and its functional circuits associated with the SN have distinct
microstructural featuresis currently not known, and addressing this link has the potential to
contribute to a deeper understanding of structure-function relations in the human brain.

Noninvasive in-vivo investigation of tissue microstructure is akey application of diffusion MRI
(dMRY), but few studies have tapped its potential due to limitations of most previous dMRI
techniques(30). A key discovery that now permits more precise microstructural analysis of
human gray matter arose from the work by Latour et a(31) demonstrating the feasibility of
analyzing cdllular sizein biological tissue with time-dependent diffusion MR. In subsequent
studies, dMRI was used to determine sensitivity of dMRI signalsin gray matter tissue(32, 33).
More recently, dMRI has been used to characterize normal human brain maturation(34) and
cortical microstructure in the preterm infants(35). Building on these studies, multi-shell models
have recently been used to demonstrate regional variability in cortical microstructure(30, 36), as
well as sensitivity of multi-shell dMRI for probing fine-scale and region-specific microstructure
using high angular and spatial resolution diffuson MRI (37, 38).
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Here we leverage recent advances in multi-shell dMRI acquisition protocols and recent signal
reconstruction techniques(39, 40) to determine the microstructural features of insular cortex
using the normalized Return to Origin Probability (RTOP) density index(41, 42). Crucialy, as
we demonstrate, RTOP is sensitive to cell size: the lower the RTOP, the larger the cell size. The
first aspect of our study involved leveraging alarge (N = 440) cohort of adult participants from
the HCP. We evaluated RTOP across three major functional subdivisions of the human insula
and demonstrate that they are microstructurally distinct with profiles consistent with its known
agranular, dysgranular and granular organization. Based on observations that VENSs have larger
cell body than typical pyramidal neurons, and that VENS are more expressed in agranular and
dysgranular, compared to granular, insula, we predicted differential levels of RTOP across
insular subdivisions and smaller RTOP values in regions with agranular and dysgranular
organization. We then examined whether the microstructural distinctions seen in the insular
cortex are mirrored in the ACC node of the salience network, and demonstrate a strong link
between functional circuits linking the insulaand ACC and their microstructural organization.
Finally, we examine whether variation in microstructural features of the insula are related to
behavior and individual differences in cognitive control ability. Stability and cross-validation
analysis are used to demonstrate the robustness of our findings.

The second aspect of our study focused on microstructural features of the macague insular
cortex, drawing on an extensive body of histological studiesin non-human primates(15-17, 17,
43, 44). This allowed us to more precisely determine whether in vivo measurements using RTOP
could reveal microstructural features consistent with the known agranular and dysgranular
organization of the primate insula. Accordingly, we acquired data from two macague monkeys
using dMRI protocols similar to the HCP and deployed the same quantitative modeling approach
as with the human dMRI data.

The third and final aspect of our study involved theoretical analysis and computer simulations
based on known realistic 3-dimensional models of neuronal morphology to determine the
sensitivity of RTOP measures to cell size(39, 41, 42), and in particular to the presence of large
neurons such as the VENs. We synthesize findings from multilevel quantitative analysis and
modeling to elucidate novel properties of the primate insular cortex and its relation to human
cognitive abilities.

Results
I nsula microstructure acrossits functionally defined subdivisions

Insula microstructure was characterized usng RTOP(41) (see SI Materials for details of
mathematical formulation). We focused on awidely used functional parcellation of the insula
(26) consisting of the dorsal anterior insula (dAl), ventral anterior insula (VAI), and posterior
insula (Pl) in each hemisphere (Figure 2A). To determine whether RTOP values differed among
the three insular subdivisions, we conducted an ANOV A with factors subdivision (VAI, dAl and
PI) and hemisphere (left vs. right). We found a significant interaction between hemisphere and
subdivision (F=157.13, p<5.0E-59) and significant main effects of subdivison (F=2850.3,
p<4.7E-14) and hemisphere (F=60.76, p<4.7E-14). Post-hoc t-tests further revealed a gradient of
RTOP values VAl < dAl < Pl in both right and left hemisphere (all ps<2.0E-11, except p=0.036
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in the case of right vAI < dAl), with vAIl and Pl having significantly smaller valuesin right,
compared to the left, hemisphere (ps<1.2E-12) (Figur e 2B).

Next, we examined the stability of these findings as a function of sample size. We found that a
sample size of N=25 was sufficient to achieve a stable differentiation (p<0.01) between Pl and

VAI in both hemispheres, while differentiating the vAl and dAl required alarger sample size of
N=100 (Figure 2C).

Our findings provide robust evidence for distinct microstructural variations across these
functional subdivisions of the insula, and suggests a close correspondence between the
microstructural and functional organization of theinsula.

Gradient analysis of insula microstructural features along the anterior-posterior and dorsal-
ventral axes

To further delineate the microstructural organization of the human insula, we conducted a
detailed profile analysis and used directional statistics to characterize gradientsin RTOP along
its anterior-posterior and ventral-dorsal axes (Figure 3). Figure 3A shows isolevels of RTOP
valuesin the insula at agroup level. We found a low dispersion of RTOP gradients in both the
left (0.18x £+ 0.09 r, SEM=0.005) and right (0.23x + 0.10 , SEM=0.005) hemispheres. We then
assessed the significance of this finding using the Rayleigh test, against the null hypothesis of a
uniform directional distribution(45). We found strong evidence for both anterior-to-posterior and
ventral-to-dorsal gradient in the left insula (ci=0.02r, Rayleigh statistic = 982, p < 1.0e-10,
N=440, df=3) and a ventral-to-dorsal gradient in theright insula (ci = 0.03x,

Rayleigh statistic = 628, p < 1.0e-10, N=440, df=3) (Figure 3B-C, Table S1). The confidence
interval showed a low dispersion, indicating a consistent pattern of gradients across participants
(Table S1). The lowest values of RTOP were localized to the VAL, convergent with findings
from the analysis of the three functional subdivisions described above. Finally, analysis of
microstructure isolines further revealed gradient ‘fingers' from the vAl extending along a
ventral-dorsal axis (Figure 3D). These results point to a consistent and reliable pattern of
gradients and microstructural organization of the human insula along its anterior-posterior and
dorsal-ventral axes.

Microstructural featuresin theinsula and ACC nodes of the salience network

Theinsular cortex and ACC are the two major cortical nodes of the salience network (SN)(2,
22). Individual functional subdivisions of theinsula have preferential connections to different
subdivisions of the ACC(26, 28, 46, 47), but it is not known whether they share similar
microstructural features. To address this gap, we first conducted a seed-based whole-brain
functional connectivity analysis, where seeds are the three functional subdivisions of the insular
cortex in each hemisphere(26). Consistent with previous findings, the three insular subdivisions
had distinct functional connectivity patterns with the ACC (Figure 4A). Specifically, the vAl
showed stronger connection with the most anterior and ventral ACC (denoted as ACC-vAl), the
dAl showed stronger connection with the middle and dorsal ACC (ACC-dAl), and the Pl showed
stronger connections with the posterior ACC (ACC-PI) (Figure 4B).
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Next, we created functional subdivisions within the ACC based on their differential connectivity
patterns with the dAl, vAl and PI. First, we examined functional connectivity differences
between each pair of seedsin each hemisphere (e.g. left Pl > left dAl, thresholded (p<0.01, FDR
corrected). We then applied alogical AND operation to identify voxels surviving the two
binarized maps that indicated the voxel’s connectivity to one insula subdivision is significantly
greater than the others (e.g. left Pl > left dAI & Ieft Pl > left vAl). Finally, the resulting binarized
maps were overlapped with an ACC mask (Figure 5A).

To determine whether RTOP differs across the ACC functional subdivisions linked to individual
insular divisions we conducted an ANOV A with factors subdivision (ACC-vAI, ACC-dAIl and
ACC-PI) and hemisphere (left vs. right). We found a significant interaction between subdivision
(F=1106.9, p=2.93E-240) and hemisphere, and significant main effects of subdivision

(F=1600.1, p=7.07E-293) and hemisphere (F=359.15, p=6.58E-59). Post-hoc paired t-tests
revealed significant differencesin RTOP: ACC-vAI < ACC-dAl < ACC-PI in both hemispheres
(al ps<2.02E-16) (Figure 5B). Stability analysis demonstrated that these differences were highly
reliable (p<0.01) for samples sizes > N=25. These results demondtrate that the microstructural
organization of the ACC mirrors the microstructural organization of the three insula subdivisons
with which it isdifferentially connected.

I nsula microstructure and relation to cognitive control ability

The human insula plays an important role in detection of salient external stimuli and in

medi ating goal-directed cognitive control(4). We investigated the relationship between
microstructural properties of the insula and cognitive control ability, using canonical correlation
analysis (CCA) with cross-validation and prediction analysis. Mean RTOP values from the six
insular subdivisions, 3 in each hemisphere, were used to predict cognitive-behavioral measures
associated with processing speed, working memory, response inhibition and cognitive flexibility.
We found a significant relation between insula RTOP values and individuals cognitive control
abilities (Pillai’ s trace=0.21, p<0.01). The canonical weights of the 1% latent variable in
microstructural measures were significantly correlated with the canonical weights of the 1% latent
variable in behavioral measures (r=0.31, p<0.001, Figure 6a; Table S2). A leave-one-out cross-
validation procedure further revealed that, based on microstructural properties of the insula, our
CCA model could predict cognitive control ability on unseen data (r=0.18, p<0.001, Figure 6b),
with the strongest predictive weightsin the right Al.

Microstructural organization of insular cortex in macaque brain

Previous histological studies have demonstrated that the macague insula can be clearly
demarcated into agranular, dysgranular and granular subdivisions based on their unique
cytoarchitectural properties with distinct profiles of VENs (43, 44) (Figure 7A). To investigate
whether RTOP measures are sensitive to known cytoarchitectural features of the primate insula,
we acquired dMRI data from two macague monkeys, X77 and X181, using protocols similar to
the HCP, and examined RTOP values in the known cytoarchitectonic subdivisions of the primate
insula. We found that in both macaques, the lateral agranular insula (lal) was the region with the
lowest RTOP values. Specifically, inanimal X77, the RTOP valuesinside theright lal were
significantly lower than other insular regions (Figure 7B, Table S3). In X77’ s left hemisphere,
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the lal had significantly lower RTOP than all other regions (two-sided t-test) except Agranular
Insula (1a) and the posterior-medial agranular insula (lapm) (Figure 7B, Table S3). In X181, the
left 1al showed significantly lower RTOP than other insular regions (Figure 7B, Table S3).
Finally, theright lal had lower RTOP than other regions, except for the la (Figure 7B, Table
S3). Crucially, the granular insular cortex (1g) contained the highest RTOP values in both
monkeys. 1g also has significantly higher RTOP values than other insular regions, with the
exception of the left intermediate agranular insula (lai) in X77 (Table S3). These results
demonstrate that the agranular insula shows the lowest RTOP, demonstrating (i) converging
findings with known cytoarchitectonic studies of the insulain macagues and (ii) sensitivity of
RTOP to average cellular sizein theinsula.

Computational and 3D morphometric modeling of RTOP-derived microstructural features

We used computational modeling and theoretical analysis to examine RTOP sensitivity to cell
size and the presence of VENS. First, analysis using simplified cell geometry revealed that RTOP

scales as =3P () ~173 where ! isthe average characteristic length of the cellular compartment
(see Supplementary Materials).

Second, we investigated whether RTOP can provide quantitative metrics of regiona gray matter
organization in multi-shell diffusion-weighted MRI (AMRI) HCP data. Briefly, wefit a
regularized harmonic function representation(39, 40) to represent the dMRI signal. At each
voxel, and for each participant we fixed model parameters using generalized cross-validation.
We then calculated RTOP analytically from the underlying signal representation. In contrast to
recent analyses of the multi-shell dMRI signal in the cortex(36), our model doesn’t require an
inverse model fitting which is be prone to model degeneracies(48). We then tested the hypothesis
that RTOP is senditive to pyramidal neurons and VENSs and that both induce an attenuation larger
than the background signal to noise ratio. Based on simplified models of the pyramidal neuron
and VEN somas as spheres(44) we found that the dMRI signal is sensitive to the presence of
these neurons. Notably, enlarged VEN volume can induce signal decay of up to 88% in the HCP
dMRI signals (see Supplementary Materials, Figure S1).

Next, to more precisely determine RTOP sensitivity to the presence of large neurons, we then
used 3D digitally reconstructed models of fronto-insular human VEN and pyramidal neurons
from NeuroMorpho.Org (12, 49), a Central Resource for Neuronal Morphologies. We simulated
the HCP dMRI acquisition protocol (50) using a 3-D finite element model of the Block-Torrey
equation (51). dMRI signals were estimated from 15 VENs and 9 pyramidal neurons. We found
that, even at the lowest gradient strength used in the HCP protocol (50), 56 mT/m, i.e. b-value
=1,000 mm?, VENSsinduce a significant decay of 60% in the dMRI signal (Figure 8).
Furthermore, VENSs showed lower RTOP compared to pyramidal neurons (Mann-Whitney U test
U=35, nven=15 Npyramida=9, p < 0.05) (Figure S2).

Taken together, these results provide theoretical and in silico evidence that both pyramidal
neurons and VENS attenuate the dM RI and modulate RTOP signals, and that RTOP measures are
particularly sensitive to the presence of VENSs.

Discussion
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We leveraged recent advances in diffusion weighted imaging of gray matter and large high-
guality samples from the HCP to investigate the microstructural properties of the insular cortex
and its macrofunctional circuits associated with the salience network. Novel quantitative
modeling of in vivo dMRI and fMRI signals allowed us to probe links between the functional
subdivisions of the insula and its microstructure properties, overcoming limitations of
postmortem studies. We found that the human insular cortex is characterized by a systematic
profile of microstructural variation across its distinct functional subdivisions. Beyond the
boundaries of the functionally defined subdivisions, our analysis revealed gradients along the
anterior-posterior axis as well as dorsal-ventral axis that are consistent with known
cytoarchitectonic differences in the insula derived from studies of post-mortem brains(11, 52).
Notably, we observed significant hemispheric differences with the right hemisphere showing
lower RTOP values consistent with reports of larger neurons in the right hemisphere. Critically,
the microstructural organization of the insulawas mirrored in the dorsal ACC which together
forms the backbone of the salience network, a system important for rapid orienting of attention
and adaptive switching of cognitive control systems(53). Remarkably, microstructural properties
of the insula were not only correlated with cognitive control abilities, but also predicted these
abilitiesin aleft-out sample. Our findings provide novel insights into human insular cortex
architecture and its contribution to human cognition.

I nsula microstructure differs across functionally defined subdivisions

We used multi-shell dMRI data from a large cohort of 440 participantsto characterize the
microstructural properties of the human insular cortex in relation to its major functional
subdivisions. There currently are no known landmarks that can distinguish different subdivisions
of the insula on the basis of anatomical MRI data. To overcome this problem and provide a better
link with its underlying functional organization, we took advantage of recent advancesin
functional parcellation of the human insular cortex(26, 27, 29). Resting-state fMRI studies have
identified distinct functional subdivisionsin theinsular cortex based on differential patterns of
intrinsic functional connectivity (26, 27, 29). These subdivisions have been widely used to
determine the cognitive and affective role of the insula, and therefore serves asabasis for linking
microstructure features of the insulawith its functional subdivisons. The most widely used
parcellation divides the insulainto three functional clustersin each hemisphere: the dorsal
anterior insula (dAl), ventral anterior insula (vVAl), and posterior insula (PI) (Figure 2). Our
analysis revealed robust evidence for distinct microstructural variations across these functional
subdivisions of the insula. Specifically, in both the right and left hemispheres, the lowest RTOP
values werein the vAl, followed by the dAl, and the largest in the PI. This pattern is consistent
with the presence of VENsin the ventral and dorsal anterior insula, which form the agranular
insular cortex in humans(9, 11, 25). Novel stability analysis revealed that this pattern was
reproducible and reliable in samples of 50 or more. The stability of our findings based on
functional subdivisions obtained from an independent study(26) thus suggest a close
correspondence between functional organization of the insula and its microstructural
organization.

Anterior-posterior and dorsal-ventral gradientsin insula microstructure
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To further delineate the microstructural organization of the human insula, we conducted a
detailed profile analysis to characterize gradients in RTOP along its anterior-posterior and
ventral-dorsal axes. The lowest values of RTOP were localized to the vAl, convergent with
findings from the analysis of the three functional subdivisions described above. We found strong
evidence of an anterior-to-posterior and ventral-to-dorsal gradient in each subdivision of both the
left insulaand the right insula (Figur e 3B-C). Analysis of microstructure isolines revealed
gradient ‘fingers' from the vAI extending along a ventral-dorsal axis. This pattern is strikingly
consistent with findings from known cytoarchitectonic features in the insula derived from studies
of post-mortem brains(11). The VAI regions where we observed the largest cell size (lower
RTOP) is also consistent with histological studies that have found the highest density of VENsin
thisregion(11, 12, 44) (Figure 3D).

The anterior-posterior-ventral-dorsal gradients and the convergent findings from the three
distinct functional subdivisions provides new quantitative insights into the microstructural
organization of the human insular cortex. The precise anatomical boundaries of the agranular,
dysgranular, and granular architectonic areas within the human insula are not known, and
differences in stereological methods and criteria have led to different segmentation schemes of
the insular cortex in primates(54, 55). However, there is general consensus that the anterior and
most of the mid insula areas are agranular or dysgranular while the posterior most aspects are
granular(9). The spatial gradient of RTOP in the insular cortex along the dorsocaudal-
rostroventral axis provides new metrics for noninvasive in vivo analysis of the general
cytoarchitectonic organization in the insular cortex in the human brain and is an advance over
previous studies that have thus far been based on invasive histological and electrophysiological
data of human and non-human primates(11, 13, 15, 17, 56).

Hemispheric asymmetry in microstructural organization of the human insula

Our analysis of the left and right insula revealed a prominent hemispheric asymmetry in
microstructure. RTOP values were significantly lower in the right hemisphere, with the lowest
values among all six subdivisions (three in each hemisphere) being localized to the vAl in the
right hemisphere. Thisis consistent with reports of larger VEN in the right hemisphere in human
postmortem data(12). Smilarly, in the macague insula, a comparison of the number of VENsin
the left and right Al revealed a significantly higher number of VENSs in the right anterior Al (44),
in accordance with the asymmetry reported in the human brain(12). Interestingly, this asymmetry
parallels the differential functional role and engagement of the right Al in cognitive and emotion
control tasks such as the Go-Nogo, Stop signal and Emotional Stroop tasks in the human brain(5,
57, 58). Consistent with these observations, the right Al has been shown to exert significant
causal influences on multiple other brain areas in awide range of cognitive control tasks(5, 57—
59) and lesions to this region are known to impair cognitive control (60). Hemispheric asymmetry
in microstructural organization of theinsula, and its putative links with differential expression of
VENS are cons stent with reports of aleft-right functional asymmetry in theinsula(61).
Specifically, it has been suggested that homeostatic afferent, including hot and cold pain, muscle
and visceral pain, sensual touch and sexual arousal all produce strong right-lateralized activation
in theright Al(62). Heartbeat-related evoked potentials and interoceptive awareness of heartbest
timing, arising from ‘ sympathetic’ homeostatic afferent activity are also associated with Al
activity(23). We suggest that hemispheric asymmetry in microstructural organization of the
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insula may contribute to lateralization of function and in particular the differential role of the
right insulain monitoring internal bodily states and subjective awareness across a wide range of
cognitive and affective processing tasks(62).

Linked microstructural featuresin theinsula and ACC nodes of the salience

Theinsular cortex together with the ACC are the two major cortical nodes that anchor the
salience network (SN)(2, 22). Noninvasive brain imaging studies using both fMRI and DTI have
shown that the insulaand ACC are strongly connected functionally and structurally(5, 12, 22, 53,
63-65), together forming the backbone of the SN. Previous studies have shown that individual
functional subdivisions of the insula have preferential connections to different subdivisions of
the ACC(26, 28, 46, 47). However, it is not known whether functional subdivisions within the
ACC share the similar microstructural properties to the insular subdivisions they connect to. In a
significant advance over previous research, we found a close correspondence between
microstructural organization of the insula and itsinterconnected ACC subdivisions. First, using
whole-brain functional connectivity analysis we discovered three dorsal ACC subdivisions each
with a pattern of preferential functional connectivity with the three insula subdivisions - VAL,

dAl and PI. Crucially, as with the three insula subdivisions, we found that these three
functionally-defined dorsal ACC subdivisions themselves have distinct microstructural
organization. Moreover, the underlying pattern is characterized by a one to one mapping between
their respective RTOP values. The ACC subdivision with low RTOP was strongly connected to
the insular subdivision with low RTOP, and the ACC subdivision with high RTOP is strongly
connected to the insular subdivision with high RTOP. Our findings suggest a strong link between
functional circuits linking the insulaand ACC and their microstructural organization.

Our findings provide novel insightsinto the link between the functional organization of the SN
and its microstructural features. Although there have been no histological investigations of the
correspondence between cytoarchitecture features of the Al and ACC, it is known that both brain
regions are unique in their expression of VENS(12, 25, 66). Fronto-insular VENSs in humans are
known to project to the dorsal ACC(4, 12), and tract-tracing studies in macaques have shown
that the ventral anterior insula receives input from pyramidal neuronsin ipsilateral dorsal
ACC(17). Our findings help link microstructural features of the insulawith its macroscopic
functional connectivity with the ACC for the first time. The correspondence between
microstructural and large-scale functional connectivity profiles across the threeinsulaand ACC
subdivisions suggests that local and large-scale circuit features may together contribute to the
integrity of the SN.

I nsula microstructure predicts cognitive control ability

The human insula has been implicated in a broad range of cognitive functions(2, 3, 5, 20, 67),
but links between its microstructural features and individual differencesin cognitive control
abilities have not been previously examined. Our analysis revealed an association between the
microstructural properties of the insula and individual differencesin cognitive control ability.
Remarkably, machine learning algorithms and cross-validation leveraging the large HCP sample
size also revealed that cognitive control abilities could be predicted in a left-out sample with the
strongest predictive weights in the right anterior insula. Our findings provide nove in vivo
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evidence that the microstructural integrity of theinsulais crucial for implementing cognitive
control. Gray matter lesions and insults to white matter pathways associated with the insular
cortex and pathways linking it to the salience network have also been shown to impair cognitive
control ability(60, 68, 69). In particular, the Al, the key node in the salience network, is one of
the most consistently activated brain regions during tasks involving cognitive control (5, 6).
Moreover, the strength of functional and anatomical connectivity between anterior insulaand
other cognitive control regions is modulated by cognitive demands(57-59, 67, 70—72). Aberrant
connectivity of the anterior insula has been also associated with cognitive deficitsin psychiatric
disorders(73—-75). Integrating these and other related findings, a prominent neurocognitive model
has proposed that the salience network, especially the anterior insula, plays an important rolein
dynamically switching between other core brain networks to facilitate access to cognitive
resources(2). A unique feature of the human insular cortex that is thought support itsrole in fast
switching is the presence of VENS, whose large axons could be fundamental neuronal basis for
rapid signal relay between Al and ACC as well as other brain networks. Our findings provide
convergent support for this hypothesis and demonstrate alink between the unique
microstructural features of the anterior insula and cognitive control function in humans, and they
provide new quantitative metrics for investigating multiple psychiatric and neurol ogical
disorders known to impact the insula transdiagnostically(8).

RTOP captures known microstructural features of the agranular insular cortex in macaques

Because of the paucity of histological data from the human insular cortex, we then sought to
determine whether in vivo measurements using RTOP can reveal known microstructural features
of the macague brain. Recently, Evrard and colleagues have provided a detailed account of the
macaque insula architecture which can be summarized as follows: agranular areas contain VENS,
but no granule cells while granular insula regions have alarge number of granule cells but few, if
any, VENSs(43). Histological studiesin the macaque brain have shown that VENSs are on average
50% and 70% larger than local pyramidal neurons and are concentrated within lateral agranular
insula(43) (lal). Consequently, we predicted that compared to granular insular cortex, RTOP
values would be lower in agranular insula, reflecting the presence of large neurons such asthe
VENSs. We found that RTOP values are indeed significantly lowest in the lal in both right and
left hemispheres, with more prominent effects in the right hemisphere where theright Ial had
lowest values compared to the rest of the right insular cortex. In the left insular cortex, the lowest
values of RTOP were found in the lal, agranular insula (1a) and posterior-media agranular insula
(lapm), the three agranular regions (la, lapm, lal) which adjoin each other (Figure 7). These
findings are consistent with histological findings that the agranular cortex contains a greater
population of VEN cells and a smaller population of small granule cells(43). The presence of
larger VENSs increases the average cell size, thus decreasing restriction on the diffusion of water
molecules, thereby resulting in lower RTOP values. Taken together, our analysis of the macaque
brain provides new evidence that RTOP is sengitive to the presence of VENSs and, critically, that
it reflects the known cytoarchitectonic organization of the primate insular cortex.

Computational and morphometric modeling revealsthat microstructural measures are
sensitive to large neurons and VENs
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Finally, we used computational modeling and theoretical analysis to demonstrate RTOP
sengitivity to cell size and the presence of VENS. In biological tissue, the dMRI signal(31) and
RTOP density are known to be sensitive to volume, surface-to-volume ratio(41, 42), and
mesoscopic organization of cells(76). Three different analyses yielded consistent findings linking
RTOP with cell size. First, theoretical analysis using smplified cell geometry revealed that

RTOP scalesas [=3P(D)~1"% where | isthe average characteristic length of the cellular
compartment. Second, based on simplified models of the pyramidal neuron and VEN somas as
spheres(44) we found that the dMRI signal is sengitive to the presence of these neurons with
reductionsin RTOP of up to 88%. Third, using realistic models of fronto-insular human VEN
and pyramidal neurons from NeuroMorpho.Org, we found that VENSs induce a significant decay
of 60% in the dMRI signal. Furthermore, using extensive simulations we verified that compared
to soma, the neuronal cell body, dendrites and axons, have a minimal effect on RTOP signals,
consistent with previous reports(77). These quantitative results demonstrate that quantitative
analysis of multi-shell dMRI data provides reliable and replicable noninvasive in vivo measures
of gray matter microstructure and sensitivity to the presence of large neurons such asthe VENSs.

Conclusion

Our novel quantitative analysis of multi-shell dMRI data provides reliable and replicable
noninvasive in vivo measures of gray matter microstructure. We identified several unique
microstructural features of the human insula and functional circuits associated with the salience
network. Convergent findings from two macagues revealed microstructural features cons stent
with the known granular and dysgranular cytoarchitectural features of the primate insular cortex.
Together with computational modeling of dMRI signals, results point to a gradient profile
consistent with the presence of large VENSs in the agranular anterior insula and histological data.
Crucially, microstructural properties of theinsular cortex are behaviorally relevant as they
predicted human cognitive control abilities, in agreement with its crucia role in adaptive human
behaviors. Our study provides a novel template for non-invasive investigations of microstructural
heterogeneity of the human insula and the salience network, and how its distinct organization
may impact human cognition, emotion and interoception. Our findings also open new
possibilities for probing psychiatric and neurological disorders that are known to be impacted by
insular and cingulate cortex dysfunction, including autism, schizophrenia, depression and fronto-
temporal dementia (56, 78-81).

Methods and M aterials

Human and monkey datasets

Data acquisition for the Human Connectome Project (HCP) was approved by the Institution
Review Board of the Washington University in St. Louis (IRB #201204036), and all open access
data were deidentified. We also used data from two male rhesus macagues (M acaca mulatta).
The Princeton University Animal Care and Use Committee approved all procedures, which
conformed to the National Institutes of Health guidelines for the humane care and use of
laboratory animals. Details of the data acquisition, preprocessing and analysis steps are in the
Supplementary Materials, see also Figure 1.
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HCP diffuson MRI data acquisition and preprocessing

Minimal preprocessed diffusion MRI data(50) from 440 participants (22-36 years old, 261
female/179 male) were obtained from the HCP Q1-Q6 Data Release. Details of the acquisition
protocol and preprocessing steps are described by Sotiropoulos et al(50).

Computing RTOP from diffusion MRI data

The dMRI signal characterizes the probability that water molecules within a voxel experience a
net displacement after a given diffusion time. This enables the measurement of the probability
that, after adiffusion timet, water in avoxel arein the vicinity of their starting position, namely
the RTOP density(41). To compute RTOP we evaluated aregularized representation of the signal
based on the Mean Average Propagator formalism with Laplacian regularization(40) (MAPL)
included in the dipy open-source software package (http://nipy.org/dipy). The regularization
parameter was selected through generalized cross validation and RTOP was computed
analytically from the fitted MAPL parameters. Finally, to render the Return-To-Origin
probability comparable across subjects, we normalized it by the average ventricular Return-To-
Origin probability of each subject’s cortico-spinal fluid in the ventricles. In this way the
normalized RTOP quantifies the enhancement ratio over free diffusion(41, 42) specific to each
subject.

RTOP stability analysis

To evaluate stability of our findings regarding RTOP differences between ROIs, we used
subsampling procedures and determined minimum sample sizes that consistently reproduced
findings.

RTOP gradient analysis

To determine whether RTOP values followed an anterior-to-posterior and inferior-to-superior
cytoarchitectonic organization of the insular cortex(1, 9, 11), we computed a RTOP gradient
field along the insular surface of each participant. To assess that the main gradient directions
obtained for each participant were following a common direction, their mean and its confidence
interval was computed. Furthermore, we used a Rayleigh test to reject the hypothesis that
participants main gradient directions were uniformity distributed.

HCP resting-state fMRI data acquisition and processing

Minimal preprocessed resting-state fMRI data (session: fMRI_REST1 _LR) from 440
participants was obtained from the HCP Q1-Q6 Data Release. During scanning, each participant
had they eyes fixated on a projected crosshair on the screen. Spatial smoothing with a Gaussian
kernel of 6mm FWHM was first applied to the minimal preprocessed data to improve signal-to-
noise ratio as well as anatomy correspondence between individuals. A bandpass temporal
filtering (0.008 Hz < f < 0.1 Hz) was then applied.

fMRI connectivity analysis

Seed-based functional connectivity analyses were conducted to examine whole-brain
connectivity pattern of each insular subdivision. First, time series across all the voxels within
each insular subdivision were extracted and averaged. The resulting averaged time series were
then used a covariate of interest in alinear regression of the whole-brain analysis. A global time
series, computed across all brain voxels, along with six motion parameters were used as
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additional covariates to remove confounding effects of physiological noise and participant
movement. Linear regression was conducted at the individual level. A group map was generated
using one-samplet tests (p<0.01, FDR corrected). Last paired t tests were applied at the group
level to identify brain regions significantly more correlated with one subdivision than the other
(p<0.01, FDR corrected).

Functional subdivisionsin anterior cingulate cortex

fMRI connectivity analysis was used to identity functional subdivisions of the ACC that were
differentially connected to each of the insular subdivisions. First, maps of paired comparison
between functional connectivity of different insular subdivisions were thresholded (p<0.01, FDR
corrected) and binarized. Second, logical AND operation was applied to identify voxels
surviving two paired comparisons for an insular subdivision versus the others (e.g. left Pl > |eft
dAl & left Pl > left vAl). Last, the resulting mask was overlapped with an ACC mask from
Harvard-Oxford Probabilistic Atlas of Human Cortical Area
(http://www.cma.mgh.harvard.edu/fdl_atlas.html).

Relation between insula microstructure and behavior

The relationship between brain and behavioral measures was examined using Canonical
Correation Analysis (CCA) and a cross-validation with prediction approach(82). Brain measures
consisted of RTOP values for each subdivision of the insular cortex in each hemisphere (6
variables in total). Behavioral measures consisted of in- and out-scanner variables that are highly
relevant to cognitive control capacity. In-scanner behavioral task measures included n-back
working memory task accuracy and reaction time (RT), relational task accuracy and RT, and
gambling task percentage accuracy and RT for larger choice. Out-of-scanner behavioral
measures consisted of performance on List sorting, Flanker, Card sorting, Picture sequence tasks
from the NIH toolbox as well as the processing speed. Together, there were 11 behavioral
measures. Prediction analysis was performed using leave-one-out cross-validation. Pearson’s
correlation was used to the evaluate the correlation between the predicted brain and behavioral
measures.

Macagque MRI data acquisition and processing

We scanned two male rhesus macaques (M acaca mulatta, ages = 4 yrs, body weights = 5.6/6.8
kg). For al scan sessions, animals were first sedated with ketamine (10mg/kg IM) and
maintained with isoflurane gas (2.5-3.0%) using an M R-compatible anesthesia workstation
(Integra SP 11, DRE Inc, Louisville KY). Data were collected to resemble the HCP dMRI
protocol as close as possible. Specifically, we acquired the whole brain on a Siemens 3T
MAGNETOM Prisma (80 mT/m @ 200 T/m/s gradient strength) using a surface coil (11cm
Loop Coil; Siemens AG, Erlangen Germany) secured above the head. Nine T1-weighted
volumes were collected for averaging to obtain a high-quality structural volume and diffusion
images were acquired using a double spin-echo EPI readout pulse sequence. Four datasets of 271
gradient directions were collected using a monopolar gradient diffusion scheme with b values
distributed optimally across 3 spherical shells. All macaque MRI data will be/is publicly
available on the NKI PRIMatE Data Exchange database(83). The T1-weighted images were
registered to the D99 atlas through the NMT—NIMH Macaque Template allowing to subdivide
the insulainto granular, dysgranular, and agranular areas along with smaller subdivisions of each
parcel. RTOP was computed using similar procedures as the human dMRI data.
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Computational modeling and simulation of dMRI signals using 3-dimensional microscopic
reconstructions of VEN and pyramidal neurons

We performed simulations on 3-dimensional microscopic reconstructions of VEN and pyramidal
neurons(12). Our smulation followed the same acquisition parameters as the HCP dMRI
protocol. Specifically, finite-element-based simulations were performed using an open-source
package for computational diffusion MRI developed in the FEniCS(85). The methods and
software are described by Nguyen et al(51). Simulations were conducted for the whole neurons
aswell asfor the soma and proceedings separately. Finally, RTOP was computed using similar
procedures as the human dMRI data. All simulation data will be made available upon
publication.
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Figure 1. Flow chart illustrating data analysis pipeline. (A) Main components of human insula microstructure
analysis using dMRI data from 440 Human Connectome Project (HCP) participants. Key steps include: (i)
measurement of microstructure features based on Return to Origin Probability (RTOP), the ratio between the
probability of molecules returning to their starting position in biological tissue versus free diffusion, (ii) demarcation
of functional subdivisionsin insula and its interconnected anterior cingulate cortex (ACC) subdivisions, which
together anchor the salience network, (iii) computation of microstructure features of the insula within its functional
subdivisions and its interconnected ACC subdivisions, (iv) computation of microstructural gradients along the
anterior-posterior and dorsal-ventral axes of the insula, and (v) analysis of relation between insula microstructural
organization and cognitive control abilities. (B) Main components of primate insula microstructure analysis using
dMRI data from two macagues acquired with similar protocols used in the HCP. RTOP values were computed
across granular and dysgranular subdivisions of the macague insular cortex. (C) Computer simulations and
theoretical analysis of RTOP illustrating sensitivity to cell size and presence of large neurons such as the VEN.
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Figure 2. Microstructural properties of functional insular cortex subdivisions. (A) Functional subdivisions
spanning the posterior insula (Pl), dorsal anterior insula (dAl) and ventral anterior insula (vAl) (adapted from Deen
et a). (B) RTOP issignificantly different among PI, dAl and vAl in the left hemisphere and between Pl and dAl or
VALl in the right hemisphere (p<0.001, Bonferroni corrected). The right vAI has the smallest RTOP value among all
the subdivisions (all ps<0.001, except p=0.036 for right vAl < dAl; Bonferroni corrected). (C) Stability of findings
as afunction of sample size. A sample size of N=25 was sufficient to achieve a stable differentiation (p<0.01)
between Pl and VAl in both hemispheres, while differentiating the vAl and dAl required alarger sample size. aPl:
posterior insula; dAl: dorsal anterior insula; vAI: ventral anterior insula.
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A. RTOP Averaged Over All Participants B. Main Gradient Direction in Insula Subdivisions
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Figure 3. Insulamicrostructure gradientsalong itsanterior-posterior and dor sal-ventral axes. (A) RTOP
averaged over al participants (N=440) illustrates inhomogeneity in insula microstructure with a ventral anterior
insula peak, and gradients along the anterior-posterior and dorsal-ventral gradients axes. Larger RTOP indicates
smaller average compartments. There is a prominent gradient from the insular pole towards the posterior insular
section. Note right hemisphere dominance. (B) Main gradient direction, computed using Rayleigh directional
statistics in each functionally defined subdivision. The main directions show an anterior-to-posterior and inferior-to-
superior RTOP organization in the left insular cortex and an anterior-to-posterior organization in the right insular
cortex. The polar plots show the distribution of main gradient directions in each functional subdivision. (C) Gradient
direction histograms. The mean direction is represented with solid lines on top of the distribution histogram; the
shaded region represents the 95% confidence interval. For detailed statistics, please see Table S1. (D) Isocontours of
the population-average RTOP (left) are closely aligned to cytoarchitectonic organization of the insulaand VEN
expression from studies of post-mortem brains (right, based on Morel et a. 2013).
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Figure4. Intrinsic functional connectivity of insula subdivisons dAl, vAl and PI. (A) Whole-brain resting-state
functional connectivity analysis revealed distinct functional connectivity patterns of the insula subdivisions, bilateral
posterior insula (Pl), dorsal anterior insula (dAl) and ventral anterior insula (VAI) (all ps<0.001, FDR corrected).
Insular subdivisions were defined using an independent study (Deen et al., 2011). (B) RTOP differs across the ACC
functional subdivisions linked to individual insular subdivisions.
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Figure5. Microstructural propertiesof anterior cingulate cortex subdivisions which are differentially
connected to functional subdivisonsof theinsula. (A) llustration of ACC subdivisions. Each ACC subdivision
preferentially connects to one of the three insular subdivisions defined in an independent study (Deen et al., 2011).
ACC subdivisions showed significantly greater functional connectivity to one insula subdivision than the others, e.g.
(right Pl > right dAI) & (right PI > right vAl) (all ps<0.01, FDR corrected). (B) RTOP values were significantly
different among three ACC subdivisions in each hemisphere (p<0.001, Bonferroni corrected). The ACC subdivision
differentially connected to VAl has smaller RTOP values than the other subdivisions (all ps<0.001, Bonferroni
corrected). (C) RTOP differences among three ACC subdivisions were robust and reliable at sample sizes of N=25
or more. Pl: posterior insula; dAl: dorsal anterior insula; vAI: ventral anterior insula.
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Figure6. Insula microstructural features predict cognitive control abilities. (A) Canonical correlation analysis
(CCA) revealed arelationship between RTOP and cognitive control measures. CCA weights of RTOP measuresin
Axis 1 has significant correlation with CCA weights of cognitive measuresin CCA Axis 1. (B) Cross-validation
analysis revealed that predicted CCA weights of RTOP and cognitive measures on unseen data are significantly
correlated.
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Figure 7. RTOP measurements validate the cythoar chitectonic organization of the macaqueinsular cortexin
vivo. (A) Cytoarchitectonic subdivisions of the insulain the macaque monkey. (B) Distribution of RTOP values
inside the cytoarchitectonic insular subdivisions for the two monkeys (X77 and X181). RTOP inversely correlates
with expected average neuron size: RTOP is significantly lower in the lateral agranular insula (1al) region (p<0.001)
and adjoining posteromedial agranular insula (Iapm) and agranular insula (18), compared to other insular
subdivisions. Granular insula (1g) region has significantly higher RTOP values than other insular subdivisions,
except for the intermediate agranular insula (1ai) in monkey X77 (p<0.001).


http://dx.doi.org/10.1101/662601

bioRxiv preprint first posted online Jun. 6, 2019; doi: http://dx.doi.org/10.1101/662601. The copyright holder for this preprint (which
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

All rights reserved. No reuse allowed without permission.

A. 3D Reconstructions of Pyramidal neurons and
von Economo neurons (VEN)

mm pyramidal

; I VEN
[;I.
5 ) /_/—\_____ 1 ,
50um X

C. Diffusion Signal Decay and Results of

Mann-Whitney’s U Test Differentiating Neuron Types

1.0

0.8

S [a.u.]

0.4

0.2

0.0

B pyramidal
B VEN

1000.0 2000.0 3000.0
R-value [s/mm?1

B. Signal Attenuation Induced by
Pyramidal neurons and VENs

=&= pyramidal
—8- VEN
-8 free water

500 1000 1500 2000 2500 3000

B-value (s/mm?)

D. RTOP Distribution for Pyramidal neurons and VENs

0.16

0.14

0.12

Frequency
o ‘o
(=] it
@ o

o
[=]
o

0.04

0.02

0.00

IBEEET

2.5 5.0 15 10.0 125

RTOP [a.ul

msm pyramidal
mm VEN

15.0 17.5 2

0.0

Figure 8. Dependence of RTOP on cell size and sensitivity to presence of VENSs. (A) Illustration of three-
dimensional reconstructions of VEN and pyramidal neurons from NeuroMorpho.Org used in the simulations. (B)
Average dMRI signal attenuation as afunction of acquisition parameters used in the human connectome project
(HCP). Across all parameters, dMRI signal attenuation is larger in neuronal compartments compared to free water.
(C) Signal attenuation islarger for VENSs, compared to pyramidal neurons, leading to smaller RTOP values (p <
0.05). (D) Histogram of RTOP values for simulated VENSs and pyramidal neurons.
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