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The insula and the cingulate are key brain regions with many heterogenous functions. Both regions are consistently shown to play
integral roles in the processing of affective, cognitive, and interoceptive stimuli. The anterior insula (aINS) and the anterior mid-cingulate
cortex (aMCC) are two key hubs of the salience network (SN). Beyond the aINS and aMCC, previous 3 Tesla (T) magnetic resonance
imaging studies have suggested both structural connectivity (SC) and functional connectivity (FC) between other insular and cingulate
subregions. Here, we investigate the SC and FC between insula and cingulate subregions using ultra-high field 7T diffusion tensor
imaging (DTI) and resting-state functional magnetic resonance imaging (rs-fMRI). DTI revealed strong SC between posterior INS (pINS)
and posterior MCC (pMCC), and rs-fMRI revealed strong FC between the aINS and aMCC that was not supported by SC, indicating the
likelihood of a mediating structure. Finally, the insular pole had the strongest SC to all cingulate subregions, with a slight preference
for the pMCC, indicative of a potential relay node of the insula. Together these finding shed new light on the understanding of insula-

cingulate functioning, both within the SN and other cortical processes, through a lens of its SC and FC.
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Introduction

The insular cortex and anterior and mid-cingulate cortices are
large, highly connected brain regions that are commonly activated
across brain imaging studies (Hofbauer et al. 2001; Taylor et al.
2009; Kurth et al. 2010; Wiech et al. 2014; Zhao et al. 2022). Both
brain regions are unique cortical structures with many heteroge-
nous functions, which has made delineating their precise roles a
challenge. The cingulate has functions in motor behavior (Dum
et al. 2019) and processing spatial stimuli (Rolls 2019), while the
insula has roles in interoceptive awareness (Craig 2003, 2009) and
gustatory regulation (Stephani et al. 2011). There are five pri-
mary subregions of the cingulate cortex: the subgenual anterior-
cingulate cortex (sgACC), rostral anterior-cingulate cortex (rACC),
anterior mid-cingulate cortex (aMCC), posterior mid-cingulate
cortex (pMCC), and the posterior cingulate cortex (PCC) (Vogt
2005). There are four primary subregions of the insula: posterior
insula (pINS), mid insula (mINS), anterior insula (aINS), and the
insular pole (poINS) (Stephani et al. 2011; Cloutman et al. 2012).
One intrinsic brain network comprising regions from both the
insula and cingulate is the salience network (SN), which responds
to attention-grabbing—i.e. salient—stimuli and guides behavior
in response to those stimuli (Seeley et al. 2007). The SN has also
been hypothesized to act as a hub that shifts attentional resources
to external stimuli, specifically acting as a mediator between the
default mode network (DMN) and central executive network (CEN)
(Sridharan et al. 2008; Menon and Uddin 2010; Manuello et al.
2018; Varjacic et al. 2018; Li et al. 2022). In addition to the insula
and cingulate, the SN comprises subcortical regions including

the amygdala, substantia nigra, ventral tegmental area, and the
thalamus (Seeley et al. 2007). The primary connections of the
SN, however, are between its two key nodes: the insula and the
cingulate cortex (Sridharan et al. 2008; Menon and Uddin 2010;
Uddin 2015).

Neuroimaging studies investigating the functional connectivity
(FC) between the insula and cingulate in the SN have consistently
focused on the aINS and the aMCC (Peyron et al. 2000; Craig
2002; Eisenberger et al. 2003; Singer et al. 2004; Singer 2006;
Immordino-Yang et al. 2009; Zaki et al. 2016). These two brain
regions are involved in the processing of stimuli with affective and
motivational components, including nociceptive and empathetic
pain processing (Singer et al. 2004; Zaki et al. 2016), complex
emotional states (Immordino-Yang et al. 2009), social rejection
(Eisenberger et al. 2003), pleasurable touch, hunger, and metabolic
stress (Craig 2002).

Another key region of the insula, the pINS, has been shown to
be consistently involved in sensory and interoceptive processing
(Craig 2003), and receives information such as thirst, hunger, pain,
temperature, and itch (Augustine 1996; Ostrowsky et al. 2002;
Craig 2003; Brooks et al. 2005; Stephani et al. 2011; Lerman et al.
2019). Notably, nonhuman primate tract tracing studies and some
human neuroimaging studies at 1.5 Tesla (1.5 T) and 3 Tesla (3T)
have notidentified dense structural connectivity (SC) between the
PINS and the pMCC (Mufson and Mesulam 1982; Mesulam and
Mufson 1982a, 1982b; Craig 2002, 2003; Taylor et al. 2009; Wiech
et al. 2014; Ghaziri et al. 2015). Although some imaging studies
at 3T have observed both a SC and FC between the pINS and
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the pMCC (Taylor et al. 2009; Wiech et al. 2014), ultra-high field
diffusion-weighted imaging (DWI) scans are better able to discern
discreet white matter tracts given the increased signal-to-noise
ratio in comparison to the more common 3T scanner (Dyvorne
etal. 2016), with better resolution of crossing fibers (Behrens et al.
2007; Mukherjee et al. 2008; Descoteaux et al. 2009).

Here, we used ultra-high field DWI scans from the Human
Connectome Project (HCP) (Van Essen et al. 2013) to identify the
SC between subregions of the insula and cingulate. Additionally,
we investigated the resting state FC between four key insula sub-
regions and three key cingulate subregions to determine whether
there was correspondence between SC and FC. Finally, to comple-
ment predefined insular and cingulate subregions, we performed
a SC-based parcellation to identify subregions of the insula and
cingulate based on their SC profiles to subregions of the insula or
cingulate.

Materials and methods
Participants

All data used in this study were acquired from participants
in the Washington University and University of Minnesota
(WU-Minn) HCP S1200 Release (Van Essen et al. 2013). The
WU-Minn S1200 release is the most recent release involving
healthy young adult neuroimaging to date, and therefore has
the most vigorous quality control of any other HCP cohort
of young adults and their neuroimaging data (S1200 website:
https://www.humanconnectome.org/study/hcp-young-adult/
document/1200-subjects-data-release).

Inclusion and exclusion criteria for the HCP WU-Minn S1200
cohort are provided elsewhere (Van Essen et al. 2012). Briefly,
participants were between the ages of 22 and 36+ years, with no
history of neurological, psychological, or cardiovascular disorders,
obtained a score > 29 on the Mini Mental State Exam (Kurlowicz
and Wallace 1999), and provided informed consent. Exclusion
criteria included any genetic disorders, >2 unprovoked seizures,
or an epilepsy diagnosis, cerebral palsy, multiple sclerosis, stroke,
brain tumor, sickle cell disease, history of head trauma, premature
birth, pregnancy, current chemotherapy, or immunomodulatory
agents, thyroid treatment in the last 12 months, diabetes treat-
ment in the last 12 months, use of migraine medication in the
last 12 months, and MRI contraindications.

All analyses herein were approved by the University of Toronto
Human Research Ethics Board.

175 participants with 3T structural, 7T DWI and resting-state
functional magnetic resonance imaging (rs-fMRI) scans (68 males,
107 females; mean age=+SD: 29.6+3.1 years) from HCP’s S1200
young adult database were included in this study (Van Essen et al.
2013). All 184 participants within the HCP’'s S1200 young adult
database with 7T data were screened, and 9 were excluded due
to missing rs-fMRI data or corrupted files.

HCP neuroimaging parameters

All participants underwent imaging in both 7T and 3T MRI scan-
ners. 3T scans were acquired using a customized 3T Siemens
“Connectome Skyra,” which used a standard 32-channel head coil
and a body transmission coil. The 7T scans were acquired with a
Siemens Magnetom scanner at the University of Minnesota’s Cen-
ter for Magnetic Resonance, using a Nova32 32-channel Siemens
receive head coil with a head-only transmit coil incorporated that
surrounds the receive coil from Nova Medical.

Whole brain structural T1- and T2-weighted scans were
acquired only at 3T. The T1 scans were acquired using the

following parameters: echo time (TE)=2.14 ms, repetition time
(TR) =2,400 ms, inversion time (TI) = 1,000 ms, voxel size =0.70 mm
isometric, field of view (FOV) =224 x 224 (Van Essen et al. 2012).

The 7T DWI scans were obtained over four runs with the
following parameters: spin-echo echo-planar imaging (EPI), 132
slices, 1.05 mm isotropic voxels, TR=7,000 ms, TE=71.2 ms,
FOV =210 x 210. Each of the scans were acquired from two sets
of gradients, each with a different b-value. Each set contained
65 diffusion-weighted directions and six nondiffusion weighting
images (BO) distributed across each run. Diffusion weighting
consisted of two shells (b=1,000 and 2,000 s/mm?), interspersed
with an equal number of acquisitions of each shell within each
run (Moeller et al. 2010; Feinberg et al. 2011; Setsompop et al.
2012; Xu et al. 2012). The Emmanuel Caruyer toolbox was used
to help ensure uniform distribution of directions across multiple
g-space shells (Caruyer et al. 2013). Acquisitions were performed
with once posterior-to-anterior and once anterior-to-posterior
encoding polarities (Van Essen et al. 2012).

The 7T rs-fMRI scans were obtained over four runs with the
following parameters: gradient-echo EPI, 1.6 mm isotropic voxels,
TR=1000 ms, TE=22.2 ms, FOV=208 x 208 (Moeller et al. 2010;
Feinberg et al. 2011; Setsompop et al. 2012; Xu et al. 2012). Acqui-
sitions were performed with twice posterior-to-anterior and once
anterior-to-posterior encoding polarities (Van Essen et al. 2012).

MRI and statistical analysis
HCP preprocessing

Preprocessed DWI and rs-fMRI data were downloaded from the
HCP (Jenkinson et al. 2002; Glasser et al. 2013).

The HCP preprocessing pipelines utilize tools from the
FreeSurfer image analysis suite [v.5.3.0-HCP; (Dale et al. 1999)].
T1-weighted scans underwent the HCP PreFreeSurfer pipeline
(v3). This pipeline corrects for gradient distortions then rigidly
aligns the T1 scans (6 degrees of freedom) to the MNI152 template
using FSL’s linear registration algorithm (FLIRT) (Jenkinson and
Smith 2001, Jenkinson et al. 2002).

The generic HCP MR diffusion preprocessing pipeline (v3.19.0)
includes intensity normalization across runs and EPI distortion
correction using FSL's TOPUP and EDDY (v.5.0.10) to account for
motion artifacts and eddy currents (Andersson et al. 2003; Ander-
sson and Sotiropoulos 2015). Scanner gradient nonlinearities were
then corrected by spatially warping the images using scanner
specific information (Jovicich et al. 2006). Finally, mean BO images
were registered, using FLIRT, to native volume T1 images.

The generic HCP MR resting-state preprocessing pipeline
(v3.21.0) includes gradient distortion correction, FLIRT-based
motion correction, TOPUP-based field map preprocessing, EPI to
T1w registration, spline resampling, and intensity normalization
to a mean of 10,000 (Glasser et al. 2013). Resting-state data also
underwent independent component analysis (ICA)- FMRIB’s ICA-
based X-noisifier (FIX) denoising (Glasser et al. 2013; Griffanti
et al. 2014; Salimi-Khorshidi et al. 2014).

Study specific preprocessing

A summary of the preprocessing steps is provided in Supplemen-
tary Fig. S2. Every participant’s DWI scan underwent track esti-
mation using FSL’s Bayesian Estimation of Diffusion Parameters
Obtained using Sampling Techniques-Crossing Fibers [BEDPOSTX;
(Behrens et al. 2003; Behrens et al. 2007)] tool. BEDPOSTX was
run to estimate fiber orientation of each voxel in the brain, using
a two-fiber model. BEDPOSTx runs a model where the diffusion
coefficient is modeled using a Gamma distribution (Jbabdi et al.
2012).
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Fig. 1. Insula and cingulate subregion masks. Group mask of insula subregions is shown (A) with the subregions: pINS in dark blue, mINS in green, aINS
in red, and poINS in light blue. Group mask of cingulate cortex subregions is shown (B) with the subregions: pMCC in blue, aMCC in green, and rACC in
red. All subregion masks were at a 50% threshold overlap between all participants.

As participants’ rs-fMRI scans were already preprocessed prior
to downloading, the only additional step to run was spatial filter-
ing with a 5 mm full-width at half-maximum (FWHM) Gaussian
kernel.

Region of interest definition
Insula

Parcellation schemes comprising insular subregions were not
available in the parcellations schemes provided with FreeSurfer.
Therefore, subregions were manually delineated in individual par-
ticipant space. Previous literature has functionally segregated the
insula into (i) posterior subregion caudal to the postcentral sulcus
of the insula, (ii) a mid-insula subregion between the postcentral
sulcus and the precentral sulcus of the insula, and (iii) an anterior
subregion rostral to the precentral sulcus of the insula (Stephani
et al. 2011). For this study, the insula was parcellated, bilaterally,
into four subregions: pINS, mINS, aINS, and poINS. The posterior
subregions comprised the posterior long gyrus (caudal to the
postcentral sulcus); the mid subregions comprised the anterior
long gyrus and the posterior short gyrus (between the postcentral
and precentral sulcus); the anterior subregions comprised the
mid and anterior short gyrus (cranial from the precentral sulcus)
(Stephani et al. 2011); and the poINS subregion comprised the
transverse gyrus and limen (Ttre et al. 1999) (Fig. 1A).

A probabilistic atlas of the four insula subregions, from 48 par-
ticipants, was manually delineated by MAC. All insula subregion

masks were visually compared to ensure standardization of sub-
region segmentation across participants. Subregions were then
converted to MNI152 template space, binarized, and combined to
form a probabilistic mask of the insula (see Supplement). This
probabilistic atlas was thresholded at 25%, then nonlinearly regis-
tered to the remaining 127 participants’ native space, using FSL’s
FNIRT (Jenkinson et al. 2012). All subregions were then visually
inspected to ensure correct registration and standardization of
segmentation.

Cingulate cortex

Cingulate subregions were extracted from the Desikan-Killiany
Atlas (Desikan et al. 2006) implemented in FreeSurfer [v.5.3.0-
HCP; (Dale et al. 1999)]. The atlas comprised four subregions for
the cingulate cortex, of which three were used in this study: the
TACC, the caudal aMCC, and the pMCC (Vogt et al. 2003; Vogt 2016)
(Fig. 1B).

Probabilistic tractography

Insula-cingulate subregion SC

Probabilistic tractography was performed in FSL's Probtrackx
(Behrens et al. 2003; Behrens et al. 2007) to assess direct insula-
cingulate SC. In total, 48 tractograms were constructed in
participants’ native space—24 for each hemisphere. Within the
same hemisphere, two tractograms with opposing directions (i.e.
A-to-B and B-to-A) were constructed for each circuit to account
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for directional biases from acquisition (Van Essen et al. 2014)
and fiber fanning as a feature of tracking direction (Jeurissen
et al. 2019). When generating tractograms, the modified Euler
algorithm was used, with 10,000 streamlines per voxel. To reduce
the likelihood of spurious connections, and unrelated tracts
being delineated, we included an exclusion mask (Supplemen-
tary Fig. S1) that comprised the following to limit and guide
tractography:

(i) a midsagittal exclusion mask to remove tracts crossing the
midline into the other hemisphere;

(ii) an anterior coronal exclusion mask was added to remove
prefrontal radiating tracts leading away from the cingulate.
The mask was drawn as a coronal section anterior to the
rACC;

(iii) a posterior coronal exclusion mask to remove posterior radi-
ating tracts from the insula;

(iv) a partial exclusion mask of the corpus collosum to exclude
crossing fibers, but still retained much of the bundle to
ensure potential tracts directly adjacent to the cingulate
cortex was not excluded;

(v) a thalamus exclusion mask to avoid network connections
between these regions and the thalamus (Seeley et al. 2007);

(vi) similarly, an amygdala mask to reduce network connections
between these regions and the amygdala (Seeley et al. 2007);

(vii) to control for the direction of streamline propagation, we
configured each tractography analysis to propagate toward
and not past the insula for tracts originating from the cingu-
late, or the cingulate as a terminal point for tracts originating
from the insula.

During analysis, bidirectional tractograms were corrected for
seed region-of-interest (ROI) size, averaged and thresholded (See
Quantifying probabilistic tractography outputs) to generate a final
tractogram per circuit, per hemisphere—for a total of 24 for the
whole brain: right and left pINS-rACC, pINS-aMCC, pINS-pMCC;
mINS-rACC, mINS-aMCC, mINS-pMCC; aINS-rACC, aINS-aMCC,
aINS-pMCC; poINS-rACC, poINS-aMCC, and poINS-pMCC.

Seed-to-voxel connectivity and find_the_biggest

To mitigate the limitations of predefining seed regions, a
connectivity-based seed classification using FSL's probabilistic
tractography (Behrens et al. 2003; Johansen-Berg et al. 2004) was
run from each subregion to the whole of the other structure.
For example, aMCC to whole insula, or aINS to whole cingulate.
A total of 24 analyses were run in each participant’s native
space, 12 in each hemisphere, and one for each ROI. A modified
Euler algorithm, with 10,000 streamlines per voxel was used.
Identical exclusion masks were applied as those used in the
ROI-to-ROI analyses (Supplemental Fig. S1). Each tractogram was
corrected for seed size, averaged and thresholded to generate final
tractograms. FSL’s find_the_biggest tool was used to classify seed
voxels according to the target mask with the highest probability
of connection, outputting a final parcellated mask of the insula
or cingulate (Behrens et al. 2003; Johansen-Berg et al. 2004).

Connectivity-based parcellation group mask

To visualize trends in the average seed-to-voxel connectivity
(mentioned in Seed-to-Voxel Connectivity and find_the_biggest), group
masks were created by converting all final tractograms from
participants’ native space to MNI152 template space (Jenkinson
and Smith 2001; Jenkinson et al. 2002). Participant masks were
then binarized, summed, and thresholded at 25%, to make a final
probabilistic group mask.

rs-fMRI analysis

All ROIs were converted from individual participant space to
MNI152, then from FSL MNI152 space to participant’s functional
space, using FLIRT (Jenkinson et al. 2012). Next, the average time-
series for each ROI in functional space were extracted. To quan-
tify resting-state FC between insula and cingulate subregions,
ROI-to-ROI connectivity was calculated by correlating timeseries
between regions (e.g. correlating timeseries between left aMCC
and left aINS) using Spearman’s Rank Correlation. The distribu-
tion of timeseries activity was not normally distributed, and as
such nonparametric testing was used in analysis. Each insula-
cingulate correlation then underwent Fisher Z-Transformation
to standardize individual correlations across all participants and
calculate median correlation before transforming back to undergo
Spearman’s Rank Correlation to determine group average corre-
lations.

Statistical analyses
Quantifying SC from probabilistic tractography outputs

The SC strength was calculated from the waytotal count, which
is the number of fibers sent from the initial ROI that arrived
at the target ROIL Given that we set Probtrackx to send 10,000
streamlines from each voxel of the seed, the number of total
streamlines is equivalent to 10,000 multiplied by the number of
voxels in the seed mask. To normalize the number of streamlines,
due to the uneven number of voxels in each seed, we divided the
waytotal count by the number of voxels in the initial seed region
mask. The normalized tracts from the same pathway (e.g. right
PINS to rACC, right rACC to pINS) were then averaged to control for
directionality. This final value for each tractogram is termed the
connectivity strength and is an arbitrary unit (a.u.). These steps
were repeated for every pair of tracts resulting in 24 connectivity
strength metrics (i.e. waytotal counts) for each participant (these
are the same circuits as listed in the Probabilistic tractography
section). Nonparametric tests by ranks were employed (see below),
which are robust to potential outliers (Hettmansperger 2011),
and, as such, no individual connectivities were excluded from
connectivity strength analyses.

All statistical tests were performed in SPSS Statistics v 28.0.1.1
for Mac (IBM SPSS Statistics, Armonk, NY, USA). Normality was
first tested using the Kolomogrov-Smirnov test, which is robust
for sample sizes with > 50 participants (Mishra et al. 2019). We
found a non-normal distribution (P <0.05), and thus nonpara-
metric tests were used. Related-Samples Friedman’s Two-Way
Analysis of Variance by Ranks was performed to determine the
connectivity strengths between each insula subregion and each
cingulate subregion. Significance was set at o <0.05. Wilcoxon
signed-ranks test was then used to determine significant dif-
ferences in SC between insula and each cingulate subregions,
and vice-versa, with significance set at P <0.05. The SC of each
hemisphere was first analyzed independently, then each insula-
cingulate connectivity was analyzed across hemisphere as well
(e.g.left hemisphere aINS-aMCC vs right hemisphere aINS-aMCC).

Quantifying FC outputs

Once group average correlations were calculated for each insula-
cingulate connectivity, significance could be calculated using Bon-
ferroni correction for 12 independent samples. The Bonferroni
corrected significance threshold was set to P <0.004, meaning a
p of 0.215 is required to achieve significance, based on the sample
size. To measure if age influences FC, Fisher Z-transformation
was run, and a Spearman correlation was used to determine
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any significant differences in FC for each insula-cingulate con-
nection based on age. For sex, a similar method was employed
using a Fisher Z-transformation, then calculating the median
FC. The male and female FC strengths for each insula-cingulate
subregion were compared using a Wilcoxon-signed ranks test to
identify any significant differences. Significance was then cor-
rected for multiple comparisons using the false discovery rate,
with q <0.05.

Results

Insula-cingulate ROI-to-ROI SC
Normality testing

Connectivity strengths between every insula subregion with the
three cingulate subregions for each hemisphere were tested for
normality using a Kolmogorov-Smirnov test. Within both the right
and left hemisphere, at least one insula-cingulate circuit was not
normally distributed (P < 0.05).

Left hemisphere

Within the left hemisphere, the Friedman’s Two-way Analysis
identified significant differences between insula-cingulate con-
nectivities (x?(11) =1208, P < 0.001).

Comparing the median SC strengths (a.u.) between each
insula-cingulate connection (Fig. 2A), it is apparent the poINS has
overall the strongest connections to each cingulate subregion,
with the strongest connection to the pMCC. Further, of the
cingulate subregions, the pMCC tends to have the strongest
connections to insula subregions, followed by the aMCC then
rACC. Overall, the mINS has the lowest median connectivity to
each cingulate subregion. Excluding the poINS, the pINS and aINS
have a relatively strong median connection to the pMCC.

Further analysis directly comparing SC strengths of insula
subregion to each cingulate subregion was conducted using a
Wilcoxon signed-rank test (Table 1, Fig. 2B). All insula subregions
have the strongest connections to the pMCC, followed by the
aMCC, then rACC (P < 001; Fig. 2B), excluding the poINS. The poINS
does show a significantly stronger connection to the pMCC vs
aMCC (P <0.01; Fig. 2B) and stronger connection to the pMCC vs
rACC (P=0.002), but no significant difference in its connection to
the aMCC vs rACC (P=0.061).

When comparing cingulate subregions, Wilcoxon signed-ranks
reveals that only the rACC has significantly different SC to every
insula subregion (Table 1, Fig. 2C). The aMCC has the strongest SC
to the poINS (P <0.001; Fig. 2C), followed by the aINS (P <0.001),
then the pINS and mINS (P=0.758), but the difference in con-
nectivity strength between these two connections (aMCC-pINS vs
aMCC-mINS) was not significantly different. The pMCC has the
strongest connections to the poINS (P < 0.001; Fig. 2C), followed by
the pINS and aINS, which are not significantly different (P =0.309),
then finally the mINS (P < 0.001). The rACC has the same strongest
connection to the poINS, followed by the aINS, pINS then mINS, all
of which are significantly different (P < 0.001; Fig. 2C).

Right hemisphere
Within the right hemisphere, the Friedman’s Two-way Analysis
identified significant differences between insula-cingulate con-
nectivities (x?(11) =1061, P <0.001).

Similar to the left hemisphere, comparing the median SC
strengths (a.u.) between each insula-cingulate connection in
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the right hemisphere (Fig.2A) shows a similar pattern, with
the poINS having the overall the strongest connections to each
cingulate subregion, and the strongest connection to the pMCC.
The pMCC tends to have the strongest connections to insula
subregions, followed by the aMCC then rACC, with the aMCC and
rACC showing similarly weak SC strengths. The mINS and aINS
appear to have the lowest median connectivity to each cingulate
subregion, except to the aMCC, where the mINS has a marginally
stronger connection. Following the poINS, the pINS has a relatively
strong median connection to the pMCC.

Comparing SC strengths of insula subregion to each cingulate
subregion using a Wilcoxon signed-rank test (Table 2, Fig. 2D),
shows that every insula subregion has a statistically significant
difference in its SC to each cingulate subregion. The pINS, mINS,
and alINS all show a strong preferential connection to first the
PMCC, then the aMCC, followed by the rACC (P <0.001; Fig. 2D).
The poINS shows the same patterns with a less drastic difference
in connection to the aMCC vs rACC (effect size=0.247; P=0.005;
Fig. 2D).

Comparing cingulate subregions, Wilcoxon signed-ranks
reveals the same preferential connection to the poINS, except
in the pMCC (Table 2, Fig. 2E). The aMCC shows the strongest
connection to the poINS (P < 0.001; Fig. 2E), followed by the mINS,
then pINS, and aINS, with only the connection to the mINS vs aINS
being significantly different (P=0.024). In the case of the pMCC,
the strongest connection is to both the pINS and poINS, with no
significant difference in SC between the two (P=0.892; Fig. 2E).
The pMCC’s connection to the aINS and mINS is significantly
different compared to the pINS and poINS (P <0.001; Fig. 2E),
but not significantly different between each other (P=0.244). The
rACC shows the strongest SC to the poINS (P <0.001; Fig. 2E),
followed by the pINS (P < 0.001), the aINS, and the mINS (P=0.017).

Bilateral analysis

Comparing both the right and left hemispheres, Friedman'’s Two-
way Analysis identified significant differences between insula-
cingulate connectivities (x2(23)=2,128, P <0.001).

Wilcoxon signed-rank test was used to directly compare insula-
cingulate connections between the left and right hemispheres, to
determine any significant differences in hemispheric SC (Table 3).
In comparing the mINS connection to each cingulate subregion,
the left and right hemispheres do not have any significant differ-
ence in their SC (P > 0.05; Table 3). The pINS shows a stronger SC
to the pMCC in the right vs left hemisphere (P=0.004; Table 3), but
no significant difference between hemispheres in its connection
to the aMCC or rACC (P > 0.05). The left aINS shows a stronger SC
to every cingulate subregion compared to the right hemisphere
(P <0.005; Table 3). The poINS shows a similar pattern, with the
strongest SC to all cingulate regions in the left vs right hemisphere
(P <0.001; Table 3).

7T us 3T SC analysis

In a subset of 48 participants, SC was compared using 3T and
7T scans to determine any key differences in the two image
resolutions (Supplementary Fig. S3). Overall, both the 3T and 7T
scans show a similar pattern of connectivity. Notably, they both
show a strong SC between the poINS to all cingulate subregions,
with the strongest to the pMCC. Additionally, they both show
a strong aINS connection to the pMCC, and a relatively strong
connection to the aMCC. However, the 3T scans appear to show
an overall higher connectivity strength (a.u.) compared to the
7T scans. A key difference between the two scans is the 3T
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Fig. 2. SC strengths between insula-cingulate subregions. Left and right hemisphere connectivity correlation matrix (A) between insula and cingulate
subregions. Functional connectome maps of left insula to cingulate subregions (B), left cingulate to insula subregions (C), right insula to cingulate
subregions (D), and right cingulate to insula subregions (E). Connectome maps created from connectivity strength ranking from Wilcoxon-signed ranks
analysis. Line thickness represents a stronger relative connectivity compared to other regions. Variation in thickness represents significant differences

in connectivity, while identical thickness indicates no significant differences.

scans show a stronger relative SC between the left poINS and
aMCC, while the 7T scans show a stronger relative SC between
the right pINS and pMCC. Each scan was taken on different
scanners, therefore direct comparisons cannot be reliably
concluded.

Insula-cingulate SC-based parcellation

Left insula

SC-based parcellation of the left insula is present in Fig. 3. Par-
cellation of the insula from pMCC connections indicates a strong
SC to primarily the aINS and rostral poINS. It also has some
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Table 1. Pairwise comparison of connectivity strength of insula and cingulate subregions in the left hemisphere. Wilcoxon signed-rank
test comparing the connectivity strength (a.u.) of insula subregions to each cingulate subregion, and cingulate to each insula

subregion.
Statistic (W) P Effect size
Insula to Cingulate
pINS aMCC vs pMCC 1,200 <0.001 —0.844
aMCC vs rACC 14,004 <0.001 0.819
PMCC vs TACC 15,259 <0.001 0.982
mINS aMCC vs pMCC 1,590 <0.001 —0.794
aMCC vs rACC 14,212 <0.001 0.846
PMCC vs TACC 15,063 <0.001 0.956
aINS aMCC vs pMCC 2,091 <0.001 —-0.728
aMCC vs rACC 13,941 <0.001 0.811
PMCC vs TACC 14,964 <0.001 0.943
PoINS aMCC vs pMCC 5,450 <0.001 —-0.292
aMCC vs rACC 8,957 0.061 0.163
PMCC vs TACC 9,748 0.002 0.266
Cingulate to Insula
aMCC PINS vs mINS 7,907 0.758 0.0269
PINS vs aINS 3,906 <0.001 —0.4927
PINS vs poINS 785 <0.001 —0.8981
mINS vs aINS 3,204 <0.001 —0.5839
mINS vs poINS 804 <0.001 —0.8956
aINS vs poINS 816 <0.001 —0.894
pMCC PINS vs mINS 10,641 <0.001 0.3819
PINS vs aINS 7,017 0.309 —0.0887
PINS vs poINS 3,267 <0.001 —0.5757
mINS vs aINS 3,933 <0.001 —0.4892
mINS vs poINS 1,254 <0.001 —0.8371
aINS vs poINS 1,614 <0.001 —0.7904
rACC PINS vs mINS 10,163 <0.001 0.3199
PINS vs aINS 5,363 <0.001 —0.3035
PINS vs poINS 407 <0.001 —0.9471
mINS vs aINS 3,236 <0.001 -0.5797
mINS vs poINS 74 <0.001 —0.9904
aINS vs poINS 67 <0.001 —0.9913

Effect size was calculated using rank biserial correlation (Kerby 2014). Abbrevations: pINS, posterior insula; mINS, mid insula; aINS, anterior insula; poINS,
insular pole; aMCC, anterior mid-cingulate cortex; pMCC, posterior mid-cingulate cortex; rACC, rostral anterior-cingulate cortex.

weaker connections to the dorsal region of mINS for the pINS.
Parcellation from the aMCC clusters around the aINS and poINS,
with some spurious connections to the dorsal mINS. rACC to
insula parcellation indicates a strong preferential connection to
the poINS. Overall, the pMCC has the most voxels indicating the
strongest primary SC to most of the insula, followed by the aMCC
then rACC. The pMCC is the only cingulate region that appears
to have strong preferential connections to the posterior regions of
the insula.

Right insula

SC-based parcellation of the right insula is present in Fig. 3.
Parcellation of the insula from the pMCC indicates a preferential
SC to the dorsal pINS, mINS, and aINS, as well as the rostral
PoINS. Parcellation from the aMCC is clustered primarily around
the aINS, and rostral poINS, with some spurious connections
through the dorsal mINS. Parcellation from the rACC is isolated
to the poINS. Both the pMCC and aMCC have similar voxel counts,
indicating both have similar primary SC to the insula, followed
by the rACC. SC-parcellation shows an isolation of the aMCC to
primarily the anterior regions of the insula, while the pMCC has
connection to both posterior and anterior regions.

Left cingulate cortex

SC-based parcellation of the left cingulate cortex is present in
Fig. 4. Parcellation of the cingulate cortex from the pINS indicates

strong SC to the pMCC and aMCC, with preference for the posterior
regions of the cingulate. The pINS also shows some spurious
connections into the rACC. Parcellation from the mINS indicates
a preferential SC to the pMCC, with weaker connections into
the aMCC. Parcellation from the poINS has strong connection to
all cingulate subregions, and is the insula region with primary
connections to the rACC. Parcellation from the aINS appears to
be relatively equally connected to the pMCC and aMCC, with the
primary focus of the connections on the border of the two regions.
It also shows some spurious connections into the rACC. Overall,
the poINS shows the strongest connections based on voxel count,
followed by the pINS, then the aINS and mINS, which are relatively
similar.

Right cingulate cortex

SC-based parcellation of the right cingulate cortex is present in
Fig. 5. Parcellation of the cingulate cortex from the pINS shows
a strong preference for posterior regions of the cingulate, more
specifically the pMCC, with some spurious connections into the
aMCC. Parcellation from the mINS shows a similar preferential
SC to the pMCC, with weaker connection to the posterior region
of the aMCC. Parcellation from the poINS shows strong SC to
all cingulate subregions, making it the only insula subregion
showing strong SC into the rACC. Parcellation from the aINS shows
preferential connection to the aMCC, some to the pMCC, and very
weak connection to the rACC.
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Table 2. Pairwise comparison of connectivity strength of insula and cingulate subregions in the right hemisphere. Wilcoxon
signed-rank test comparing the connectivity strength (a.u.) of insula subregions to each cingulate subregion, and cingulate to each
insula subregion.

Statistic (W) P Effect size
Insula to Cingulate
PINS aMCC vs pMCC 331 <0.001 —0.957
aMCC vs TACC 13,931 <0.001 0.851
PMCC vs TACC 15,263 <0.001 0.982
mINS aMCC vs pMCC 2,217 <0.001 -0.709
aMCC vs rACC 14,906 <0.001 0.936
PMCC vs rACC 15,231 <0.001 0.978
aINS aMCC vs pMCC 1,692 <0.001 -0.78
aMCC vs TACC 13,908 <0.001 0.827
PMCC vs TACC 15,004 <0.001 0.949
poINS aMCC vs pMCC 3,309 <0.001 -0.57
aMCC vs rACC 9,490 0.005 0.247
pMCC vs TACC 11,304 <0.001 0.468
Cingulate to Insula
aMCC PINS vs mINS 7,224 0.479 —0.0618
PINS vs aINS 8,683 0.108 0.1406
PINS vs poINS 2,737 <0.001 —0.6405
mINS vs aINS 9,219 0.024 0.1973
mINS vs poINS 2,439 <0.001 —0.6832
aINS vs poINS 1,078 <0.001 —0.8584
pMCC PINS vs mINS 11,850 <0.001 0.539
PINS vs aINS 11,404 <0.001 0.481
PINS vs poINS 7,792 0.892 0.0119
mINS vs aINS 8,483 0.244 0.1017
mINS vs poINS 2,502 <0.001 —0.6751
aINS vs poINS 1,645 <0.001 —0.7864
rACC PINS vs mINS 11,803 <0.001 0.5505
PINS vs aINS 10,774 <0.001 0.4153
PINS vs poINS 1,771 <0.001 —0.7674
mINS vs aINS 6,027 0.017 —0.2083
mINS vs poINS 148 <0.001 —0.9806
aINS vs poINS 403 <0.001 —0.9471

Effect size calculated using rank biserial correlation (Kerby 2014). Abbrevations: pINS, posterior insula; mINS, mid insula; aINS, anterior insula; poINS, insular
pole; aMCC, anterior mid-cingulate cortex; pMCC, posterior mid-cingulate cortex; rACC, rostral anterior-cingulate cortex.

Table 3. Insula-cingulate connectivity strength comparison between hemispheres: Wilcoxon signed-rank test comparing the
connectivity strength (a.u) of insula-cingulate connectivities in the left vs right hemisphere.

Statistic (W) P Effect size
PINS to aMCC Left vs Right 7,038 0.324 —0.0860
PINS to pMCC 5,740 0.004 —0.2545
PINS to rACC 7,154 0.416 —0.0709
mINS to aMCC 6,691 0.133 —0.1310
mINS to pMCC 6,777 0.169 —0.1199
mINS to rACC 8,846 0.088 0.1488
aINS to aMCC 10,781 <0.001 0.4001
aINS to pMCC 9,617 0.004 0.2490
aINS to rACC 10,898 <0.001 0.4153
PoINS to aMCC 10,668 <0.001 0.3855
PoINS to pMCC 10,101 <0.001 0.3118
POINS to rACC 10,732 <0.001 0.3938

Effect size calculated using rank biserial correlation (Kerby 2014). Abbrevations: pINS, posterior insula; mINS, mid insula; aINS, anterior insula; poINS, insular
pole; aMCC, anterior mid-cingulate cortex; pMCC, posterior mid-cingulate cortex; rACC, rostral anterior-cingulate cortex.

Insula-cingulate ROI-to-ROI FC Left hemisphere

All FC analyses were conducted within their respective hemi- Left hemisphere FC between each insula-cingulate connectivity is
spheres. Analyses were run on an ROI-to-ROI basis determining presented in Fig. 6. The effect of age on FC was tested, finding sig-
the relative correlation in activity between each insula and cin- nificant differences in the poINS-pMCC (p =0.0019; P=0.0229) and

gulate subregion. POINS-rACC (p=0.0033; P=0. 0359) connectivities. The effect of
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each subregion.
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Fig. 4. Left cingulate SC-based parcellation. Group mask of cingulate
cortex parcellation based on maximum connectivity probability to insula
subregions. Masks thresholded at 25% after creation of mask. Total voxel
count of each parcellation included for each subregion. The sagittal brain
slice is shown at Y=-2.

sex was also tested, finding significant differences in poINS-pMCC
(mean differences=—0.0832; P=0.0066) and poINS-rACC (mean
difference =—0.0874; P=0.0287) connectivities in males compared
to females. Every insula-cingulate dyad shows significant FC,
apart from the rACC’s connection to the aINS, mINS, and pINS.
Of the insula subregions, the poINS has significant correlations in
activity to the aMCC, pMCC, and rACC (P <0.00417; Fig. 6), with a
slightly stronger FC to the aMCC. The aINS shows a significant FC
to both the aMCC and pMCC (P < 0.00417; Fig. 6), with a stronger
connection to the aMCC. The mINS and pINS show the same
pattern with a significant FC to the aMCC and pMCC (P <0.00417;
Fig. 6), again with a stronger connection to the aMCC. Overall, the
aINS has the strongest FC to the aMCC, the pINS with the pMCC,
and the poINS with the pMCC (Fig. 6).

IS
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9066 voxels

PpINS to Cingulate Cortex
8838 voxels

~

alNSs to Cingulate Cortex
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polNS to Cingulate Cortex
11852 voxels

Fig. 5. Right cingulate SC-based parcellation. Group mask of cingulate
cortex parcellation based on maximum connectivity probability to insula
subregions. Masks thresholded at 25% after creation of mask. Total voxel
count of each parcellation included for each subregion. The sagittal brain
slice is shown at Y=2.

Right hemisphere

Right FC between each insula-cingulate connectivity is presented
in Fig. 6. The effect of age was tested, finding significant dif-
ferences in the poINS-pMCC (p =0.0005; P=0.0056) connectivity.
Additionally, the effect of sex was tested, finding no significant
effect. Similar to the left hemisphere, every insula-cingulate con-
nection shows significant FC, except for the rACC’s connection to
the aINS, mINS, and pINS. The poINS has significant correlations
in activity to the aMCC, pMCC, and rACC (P < 0.00417; Fig. 6), with
the strongest FC to the aMCC. The aINS, mINS, and pINS show
significant FC to both the aMCC and pMCC (P <0.00417; Fig. 6),
with the strongest connections to the aMCC. The aINS shows the
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strongest FC to the aMCC, while the poINS has the strongest FC to
both the pMCC and rACC (Fig. 6).

Discussion

In the present study, we aimed to determine the SC and FC
between two of the most activated brain regions across all
domains of neuroimaging, the insula, and cingulate cortex, and
their potential connections within heterogenous networks. Our
results highlight significant connectivity differences between
insula subregions and the cingulate, as well as significant
differences in connectivity strengths within each region.

Many of the models explaining the interaction between
the posterior and anterior regions of the insula remains
relatively hypothetical. Simply, the aINS responds exclusively to
behaviorally salient stimuli, while the pINS responds to intero-
ceptive signals (Frot et al. 2022). With this, we propose that the
dense connectivity between the aINS and the aMCC/pMCC are
related to their role as key nodes of the SN, as shown previously
(Sridharan et al. 2008; Menon and Uddin 2010; Uddin 2015), and
function to adjust attention to behaviorally relevant stimuli. We
further propose that the strong connection between the pINS
and mINS with the pMCC may play a role in interoception. For
example, regarding crosstalk in intensity encoding of nociceptive
and thermosensory perception (Erpelding et al. 2012; Vogt 2016).
Finally, the strong SC of the poINS to all subregions of the
cingulate suggests the poINS region may function to relay
information from insular subregions to the cingulate, or perhaps
other cortical regions.

The SN, involved in the processing of and orienting to salient
stimuli, has been the focus of many studies (Seeley et al.
2007; Menon and Uddin 2010; Uddin 2015). Early studies by
Downar et al. (2000, 2002, 2003) identified several regions,
specifically the aINS and the mid-cingulate cortex (MCC),
in the task-independent detection of salient changes in the
environment. The aINS is thought to accumulate and process
sensory information in decision-making, which then triggers the
aMCC to select the appropriate behavioral response (Lamichhane
and Dhamala 2015). More recent studies have identified a set
of key nodes, including the aINS, aMCC, dorsomedial thalamus,
hypothalamus, sublenticular extended amygdala, substantia
nigra, periaqueductal gray, and temporal lobe (Seeley et al. 2007).
The SN is an important network in integration of interoceptive
and visceromotor stimuli, as well as visceroautonomic stimuli,
to respond to salient stimuli and guide behavior (Uddin 2015).
Abnormalities in SN functioning, specifically between the aINS
and aMCC, have been tied to anxiety (DeSerisy et al. 2020),
Schizophrenia (SCZ) (White et al. 2010; Spreng et al. 2019), and
cognitive impairment [e.g. Alzheimer’s Disorder (AD)] (Song et al.
2021), indicating a strong link to cognition.

Our findings focus on the connections of the aINS with cingu-
late subregions that can be resolved with ultra-high field MRI. The
strongest FC of the aINS was with the aMCC in both the right and
left hemispheres, consistent with previous studies (Seeley et al.
2007; Taylor et al. 2009; Menon and Uddin 2010; Wiech et al. 2014;
Uddin 2015). Additionally, there was also a significant FC with the
PMCC, indicating the aINS connection with the MCC in SN func-
tioning may not be limited to the aMCC, rather it encapsulates the
MCC. It has been posited that these signals from the aINS project
to the anterior-cingulate cortex (ACC), which includes the rACC
and aMCC, and influence motor activity (Seeley et al. 2011), given
the significant corticospinal tracts originating from this region
(Dum et al. 2019). Alternatively, (Menon 2015) hypothesized that
the pMCC plays a role in motor response to salient stimuli through
the connection with the aMCC. Our SC analysis shows a preferen-
tial SC of the aINS to the pMCC, rather than the aMCC, especially
within the left hemisphere. Additionally, our connectivity-based
parcellation of the cingulate and insula showed that aMCC SC
to the insula was largely to the aINS, while the pMCC connects
to both the pINS/mINS as well as the aINS, especially within the
left hemisphere. Correspondingly, aINS connections were largely
to the aMCC and pMCC. This suggests that the aINS connections
may first reach the pMCC before further projecting to the aMCC,
and onwards to the rACC, in a sort of processing gradient.

Previous studies have found that ascending visceroautonomic
and interoceptive signals were first integrated in the aINS before
projecting to other cortical regions, suggesting that the insula
plays a key role in the guidance of subjective decision-making
(Seeley et al. 2011; Uddin 2015). Further, the aINS is preferentially
activated in response to arousing socioaffective stimuli, indicat-
ing a strong affective-motivational functioning within the aINS
(Han et al. 2018). A recent study found that the pINS connection
with the SN is positively correlated with interoceptive awareness
(Chong et al. 2017). The pINS is a known insular hub that receives
interoceptive and visceroautonomic sensory input, which then
projects to the aINS (Craig 2002; Critchley 2004; Menon 2015).
Though pINS-aINS connection was not directly studied, we did
find a significant FC between the pINS and the aMCC, but a weaker
SC. Paired with findings of cingulate connection with spinal and
subcortical ocular motor areas (Fries 1984), it is posited that
the pINS revives interoceptive and visceroautonomic stimuli pro-
jecting forward to aINS, where it integrates multimodal sensory
information and transmits this information to the aMCC for a
motor response to the sensory input (Menon and Uddin 2010).

The exact path of the multimodal sensory information to
the aINS remains inconclusive, although it is believed that the
insula exhibits gradient processing. Due to the cytoarchitectural
heterogeneity and differing spinothalamic connections of insular
subregions, it is thought that there is hierarchical processing of
sensory inputs: lower processing occurs in the posterior regions of



the insula before transitioning to mid and anterior portions, where
the cognitive-motivational processing of salient stimuli occurs
(Craig 2002; Veréb et al. 2021).

Taken together, the evidence suggests that both the aINS
and pINS play important roles in the processing of salient
information involving crosstalk with the aMCC and pMCC. As
previously proposed by Taylor et al. (2009), there appear to be
two systems within the insula that respond to salient stimuli:
a more general salience response to interoceptive information,
including thermosensory and nociceptive information, involving
the pINS and the pMCC/aMCC; and a second system having key
functions within the larger SN that responds to emotionally and
behaviorally relevant stimuli, involving the aINS and aMCC/pMCC.
This first system involving the pINS functions to first filter
interoceptive information regarding the physiological state of
the entire body before relaying the information beyond to
the aINS and the SN for socioaffective analysis (Craig 2002;
Critchley 2004).

These findings stem from the differences in functioning of the
pINS and the aINS. The aINS has been shown to be activated in
emotion (Blichel et al. 1998; Phillips et al. 1998), empathy (Singer
2006), empathy relating to pain (Fallon et al. 2020; Zhou et al.
2020), emotional components of pain (Peyron et al. 2000), and
complex emotional states along with the aMCC (Immordino-Yang
etal. 2009). The pINS, on the other hand, is involved in the percep-
tion of bodily sensations, processing of interoceptive information,
awareness of internal states (Uddin et al. 2017), as well as the
response to pain intensity with the pMCC (Oertel et al. 2012;
Geuter et al. 2017; Malejko et al. 2018).

The SC of the SN in the literature, with focus on the aMCC and
aINS, is relatively inconsistent. FC is not directly correlated with
white matter connectivity, a notion confirmed by our results: the
SC of the aINS is significantly stronger to the pMCC, especially in
the left hemisphere, and more weakly connected with the aMCC.
These findings are inconsistent with the FC findings of the study
but may indicate a third cortical region that projects white matter
fibers from the aINS to the aMCC, perhaps via the pMCC. Animal
studies have observed some connection between the aINS and
aMCC (Qadir et al. 2018), as both regions are hypothesized to have
similar ascending spinal pathways linked to interoception (Craig
2002, 2003). Previous tractography studies also report inconsis-
tent results regarding the strength of white matter connections
between these regions (Beckmann et al. 2009; van den Heuvel et al.
2009).

In our rs-fMRI analysis, the aINS exhibited nonsignificant FC,
and a weak SC, with the rACC. Previous studies have shown that
the rACC acts as a key hub of the DMN and the strength of
white matter connectivity with the aINS has been observed as a
predictor of depression improvement (Whitton et al. 2019). The
SN acts as a hub shifting activity from the DMN to the CEN,
in response to salient stimuli (Sridharan et al. 2008; Menon and
Uddin 2010; Manuello et al. 2018; Varjacic et al. 2018; Li et al.
2022). Therefore, it would be assumed that the aINS and rACC
would have a strong FC, as they are consistently co-activated in
the functioning of SN shifting of the DMN. Dysfunction in DMN
and SN functional coupling has been shown in Parkinson’s disease
(Putcha et al. 2016), indicating the key role the SN has in cognition.
Additionally, both SC and FC alterations have been shown to be
implicated in SCZ and Major Depressive Disorder (Shao et al.
2018). Although it is possible the lack of FC between the aINS and
rACC, observed in this study, could be due to a lack of demand
of the SN during resting-state imaging, previous studies have
still implicated changes in the regions during rs-fMRI imaging
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(Shao et al. 2018). Therefore, another possible explanation for
the lack of SC and FC seen between these two regions is that
the crosstalk between the SN and DMN may not be isolated to
the aINS-rACC connection and could instead occur through other
regions of each network. Alternatively, the significant SC and FC
between the poINS (sometimes referred to as the ventral aINS)
and the rACC, as well as the strong preferential connection of
the rACC to the poINS region in the SC-based parcellation of
the insula, could indicate that the poINS is a region of the SN
directly responsible for the shift between the DMN and CEN.
Previously the dorsal aINS was hypothesized to have this function
(Uddin 2016).

Beyond the classical SN, (Taylor et al. 2009) proposed that the
entire insula’s connectivity to specifically the pMCC is involved in
general salience and response selection. The finding of a general
strong connection between insular subregions and the pMCC was
only seen within the SC findings and were not replicated within
FC. In contrast to their findings, we instead found a general bilat-
eral FC preference of insula subregions to the aMCC, while finding
a SC preference to the pMCC. This could indicate that perhaps this
general salience functioning involving the entire insula may in
fact be the relaying of salient information to the general SN from
the pINS to the aINS, through to the aMCC, perhaps being relayed
through the pMCC. Further research is needed to determine the
presence of a distinct general salience versus emotional SN, rather
than the relaying of general interoceptive stimuli from the pINS,
and perhaps the pMCC, to the aINS and aMCC for subjective
analysis.

Insula and cingulate connectivity in nociception
and thermosensation

Studies have determined that the insula is involved in all
dimensions of pain, including pain affect and intensity (Treede
et al. 1999; Hofbauer et al. 2001). Our study found significant FC
between the pINS, aINS, and aMCC, consistent with the hypothesis
of a gradient transition from sensory-discriminative of pain, in the
PINS, to affective-motivational dimensions, in the aINS, before
transitioning beyond to the aMCC (Starr et al. 2009; Veréb et al.
2021).

Some argue that the primary pain, or at least initial pain,
and thermosensory cortex may be processed in the pINS (Brooks
et al. 2002; Ostrowsky et al. 2002; Friebel et al. 2011; Stephani
et al. 2011; Lerman et al. 2019), while a slightly later affective
response occurs within the aINS (Garcia-Larrea and Bastuji 2018).
Additionally, nociceptive neurons have been identified, both in
vivo (Hutchison et al. 1999) and ex vivo (Dum et al. 2009), within
the pMCC, and have been hypothesized to play a role in the early
processing of pain intensity alongside the pINS (Biichel et al.
2002; Vogt 2016; Geuter et al. 2017), although its role is less clear.
Our findings show a strong SC between the pINS and pMCC,
particularly within the right hemisphere, similar to what has been
shown in lower resolution studies (Wiech et al. 2014). This con-
nection between the pMCC and pINS could indicate a key struc-
tural substrate for noxious stimuli, although further research is
needed.

poINS as a relay node

We also found significant SC from the poINS to all cingulate sub-
regions, which was further confirmed using connectivity-based
parcellation of the cingulate cortex. The homogeneity of poINS SC
to all cingulate subregions indicates a potential relay node in the
ventral aINS. Interestingly, any significant difference in FC when
comparing age or sex was isolated to poINS connectivities with
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the pMCC and rACC in the left hemisphere, but only significant
differences in FC comparing ages were seen in the poINS connec-
tion with the pMCC in the right hemisphere.

Research on the poINS is limited, with most insula studies
focusing on the pINS or aINS. Studies typically refer to the pole
as the ventral aINS (Uddin 2015; Klugah et al. 2022), while other
insular parcellation studies classify it based on its anatomical
name: the transverse insular gyrus (Richardson and Fridriksson
2016). A study by Ghaziri et al. (2015) analyzed the SC of 19
bilateral insular subregions and found that within the cingu-
late, the poINS was only connected with the anterior cingulate.
Another study found that the poINS has the strongest SC with the
TACC (Deen et al. 2011). Although our DWI findings did not show
a slight preferential connection to the pMCC, our connectivity-
based parcellation of the insula showed that rACC connection is
clustered to the poINS, supporting these previous lower resolution
findings. These findings could suggest insular tracts first enter
the cingulate at the pMCC before traveling anteriorly to the aMCC
and rACC. A more recent high-resolution study found that the
left poINS has strong connectivity with the frontoparietal network
and was related to working memory, while in the right hemisphere
this connectivity was shown to be involved in pain (Klugah et al.
2022). Working memory increases have been shown to increase
SN connectivity with the DMN and CEN (Liang et al. 2016). Our FC
findings along with the findings of Klugah et al. (2022) indicate
that the poINS may have connections with the SN. In the direct
scope of our study, we propose, consistent with Veréb et al. (2021),
that sensory stimuli enter the pINS, transition to the aINS, and
finally transverse through the poINS, acting as a relay node,
toward the cingulate.

Limitations

The directionality of the identified connections remains unknown
and is a limitation of the study. No conclusions regarding the
causal connectivity between these regions can be discerned.
Direct FC and SC between different insula subregions with
each other cannot be discerned. Further research on the causal
connection between insula and cingulate subregions in SN,
nociceptive processing, and pain-related networks, and the poINS
relay node is needed.

Conclusion

Our study used ultra-high field DWI and rs-fMRI data to highlight
the key pathways between the insula and cingulate cortex. We
found corroborative evidence of an aINS and aMCC connection
consistent with that proposed in the SN. The relatively weaker SC
between these two regions could indicate a third region between
the direct communication of the aINS and aMCC. We found a
strong SC and FC between the pINS and pMCC, which could
have a potential role in nociceptive processing, specifically pain
intensity. However, further research is needed using both direct
pain stimulation and the whole brain analysis to identify other
regions that respond to noxious stimuli. Lastly, we identified the
poINS as a potential relay node for structural white matter tracts
to the cingulate, although further research is required to confirm
this hypothesis.

Supplementary material

Supplementary material can be found at Cerebral Cortex online.
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