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Abstract: The insula, hidden deep within the Sylvian fissures, has proven difficult to study from a
connectivity perspective. Most of our current information on the anatomical connectivity of the insula
comes from studies of nonhuman primates and post mortem human dissections. To date, only two
neuroimaging studies have successfully examined the connectivity of the insula. Here we examine
how the connectivity of the insula develops between ages 12 and 30, in 307 young adolescent and
adult subjects scanned with 4-Tesla high angular resolution diffusion imaging (HARDI). The density
of fiber connections between the insula and the frontal and parietal cortex decreased with age, but the
connection density between the insula and the temporal cortex generally increased with age. This tra-
jectory is in line with well-known patterns of cortical development in these regions. In addition, males
and females showed different developmental trajectories for the connection between the left insula
and the left precentral gyrus. The insula plays many different roles, some of them affected in
neuropsychiatric disorders; this information on the insula’s connectivity may help efforts to
elucidate mechanisms of brain disorders in which it is implicated. Hum Brain Mapp 35:1790-1800,
2014.  © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The insula, located deep in the lateral sulcus of the Syl-
vian fissure and spanning Brodmann areas 13 through 16
[Augustine, 1996], is a relatively old structure evolutionar-
ily [Mega et al., 1997] and develops earlier than the frontal
cortex [Benes, 1994]. The structure of the insula differenti-
ates early [Benes, 1994; Chi et al., 1977] and its fibers are
some of the earliest to form [Huang et al., 2006], but its
structure has a protracted development, like many other
cortical areas [Hasan et al., 2009; Herting et al., 2012;
Kalani et al., 2009; Muftuler et al., 2011; Paus et al., 1999].
Our current understanding of the structural connectivity
of the insula comes primarily from studies of non-human
primates and post mortem human studies. Only two studies
have detailed the structural connectivity of the insula in
humans in vivo [Cerliani et al., 2011, Cloutman et al.,
2012].

In humans, the insula is perhaps best known for its role
in emotional processing and anxiety [Etkin and Wager,
2007; Stein et al., 2007]. It is a heterogeneous structure
with many other functions, including interoception, moni-
toring external sensory processes, and autonomic regula-
tion [Augustine, 1996; Craig, 2008]. This diverse range of
functions derives from the many sub-regions of the insula,
distinguished from each other by cytoarchitectonics and
connectivity with other brain regions [Kurth et al., 2010;
Mesulam and Mufson, 1982; Wager and Barrett, 2004]. By
analyzing prior anatomical studies, Wager and Barrett
[2004] divided the insula into an anterior ventral region
involved in emotion, a dorsal anterior region involved in
motivation and goal directed behavior, a posterior region
involved in pain perception, and a mid-insula region for
which they did not assign a specific role. Kurth et al.
[2010] conducted a meta-analysis of functional neuroimag-
ing data and developed a similar parcellation: a dorsal an-
terior aspect involved in cognitive tasks, an anterior
ventral aspect involved in social-emotional tasks, a mid-
insula aspect involved in smell and taste, and a mid-poste-
rior insular aspect involved in sensorimotor tasks.

Research using functional connectivity suggests that the
insula is involved in modulating resting-state functional
network dynamics [Hamilton et al., 2011; Sridharan et al.,
2008]. Sridharan et al. proposed that the insula was re-
sponsible for switching between the default mode and ex-
ecutive control networks. The default mode network, or
‘task-negative” network, is a collection of brain regions
that are more active during rest than during a task. It has
been assigned many roles, ranging from monitoring the
external environment to supporting mind wandering
[Buckner et al., 2008; Fransson, 2005; Gusnard and Raichle,
2001]. The executive control networks, or ‘task-positive’
network, includes a number of prefrontal and parietal
regions and is thought to support executive functions such
as memory and goal-directed behavior [Seeley et al., 2007].
A recent paper by Cauda et al. [2011] details the functional
connectivity of the insular cortex. By dividing the insula

into 10 ‘seeds’ — loci where they assessed functional coher-
ence with activation in other brain regions — they parsed
out separate networks for the ventral-anterior and the dor-
sal-posterior insula. The ventral-anterior insula was func-
tionally linked to the middle and inferior temporal cortex
and to the anterior cingulate cortex, while the dorsal-pos-
terior insula was linked to the premotor, sensorimotor,
supplementary motor and middle-posterior cingulate
cortex.

There have not been many in vivo investigations of
structural connectivity in humans that report results for
the insula [Cerliani et al., 2011; Cloutman et al., 2012;
Uddin et al., 2010; van den Heuvel et al., 2009]. Tract trac-
ing in nonhuman primates shows that the insula is exten-
sively connected to the surrounding cortex, basal ganglia,
amygdala, limbic areas, and thalami [Augustine, 1996]. In
the frontal lobe, the frontal operculum, orbital, orbitofron-
tal, and prefrontal cortices all have reciprocal connections
with the insula. The premotor cortex, inferior frontal
gyrus, and ventral granular frontal cortex all receive effer-
ents from the insula but do not send afferents to the
insula. In the parietal lobe, the anterior inferior parietal
cortex, parietal operculum, somatosensory cortex, and ret-
roinsular cortex all have reciprocal connections with the
insula. In the temporal lobe, the temporal pole and supe-
rior temporal sulcus have reciprocal connections with the
insula. The insula receives fibers from the auditory cortices
and temporal operculum and sends to the supratemporal
plane and temporopolar cortex. In the cingulate cortex,
Brodmann areas 23 and 24 both have reciprocal connec-
tions with the insula. In addition, the insula also has many
local connections with itself. Among subcortical regions,
the insula also has connections with the basal nuclei,
amygdala, hippocampus, entorhinal cortex, and thalamus
[Augustine, 1996]. Post mortem gross dissection in humans
reveals a variety of connections between the insula and
the rest of cerebral cortex, as well as numerous subcortical
structures [Angevine et al.,, 1962; Le Gros Clark et al,
1939; Klinger and Gloor, 1960; Yakovlev et al., 1960]. These
known connections and those discussed below are sum-
marized in Figure 1.

To date, only two studies have successfully imaged the
structural connectivity of the insula in humans in vivo.
Cerliani et al. [2011] examined the voxel-wise structural
connectivity of the insula in 10 adult males using 3-Tesla
15-gradient diffusion-weighted imaging and probabilistic
tractography, and found two separate networks. The ante-
rior insula was primarily connected to limbic and paralim-
bic regions, and the inferior frontal gyrus, while the
caudal insula was primarily connected to the parietal and
posterior temporal cortices. Cloutman et al. [2012] exam-
ined the connectivity of the insula in 24 adult participants
using 3-Tesla 61-gradient diffusion-weighted imaging and
probabilistic tractography from seven anatomically defined
insular ROIs (regions of interest). Similarly, they were able
to define two separate networks that the insula partici-
pated in: anterior portions of the insula were connected
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vd tractography

Figure 1.

Connections of the insula discovered by previous researchers.
Connections in blue have been identified with diffusion-weighted
imaging [Cerliani et al., 2011; Cloutman et al., 2012]. Those in
red are known through either tract tracing [Augustine, 1996] or
gross dissection [Angevine et al., 1962; Le Gros Clark et al,

with orbital frontal, inferior frontal, and temporal regions
via a ventral pathway, while posterior portions of the
insula were connected with mostly posterior temporal
regions via both dorsal and ventral pathways. Both Cer-
liani et al. [2011] and Cloutman et al. [2012] found a transi-
tional area of the insula, possibly the dysgranular insula,
which showed a more heterogeneous, hybrid connectivity
pattern. Both of these studies were limited in sample size
(N = 10 males; N = 24 adults), so we set out to look at a
larger, cross sectional cohort (N = 307) with a high angu-
lar resolution diffusion-weighted scan (4-Tesla, 94-gra-
dients) with a greater ability to resolve crossing fibers.

In this study, we characterize how the structural connec-
tivity of the insula changes over adolescence using high
angular resolution diffusion imaging (HARDI) in three
separate age cohorts—12 year olds, 16 year olds, and 20-
30 year olds. We expected to identify many of the same
connections observed in prior studies, but expected that
we might also find some cortical connections that have not
yet been characterized. The insula develops relatively
early, earlier than the frontal cortex [Benes, 1994; Chi
et al, 1977, Huang et al., 2006], but has a protracted
maturational period [Kalani et al., 2009; Hasan et al., 2009;
Herting et al., 2012; Muftuler et al., 2011; Paus et al., 1999].

1939; Klinger and Gloor, 1960; Yakovlev et al., 1960]. Arrow-
heads convey directionality of the connection; where there is no
arrowhead, no directional information was known. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Thus, we hypothesized that we would be able to detect
age effects in the age range studied here. During this stage
of development, the connections to and from the frontal
cortex tend to decrease in fiber density, while those of the
temporal cortex tend to increase in fiber density [Dennis
et al., 2012]. Given this, we expected to see reductions in
the density of the connections between the insula and the
frontal cortex, and increases in the density of the connec-
tions between the insula and the temporal cortex.

MATERIALS AND METHODS
Participants

Participants were recruited as part of a large-scale imag-
ing genetics project in Australia involving twins. Our anal-
ysis included 307 subjects (adult cohort: 150 females/90
males, average age= 23.9, SD = 1.9; 16 year old cohort: 21
females/16 males, average age = 16.2, SD = 0.35; 12-year-
old cohort: 14 females/16 males, average age =1 2.4, SD =
0.19). While we refer to them as different age cohorts, this
is only because of sparse sampling; age was treated as a
continuous variable in our statistical analyses. Our popula-
tion included 109 monozygotic (MZ) twins, 174 dizygotic
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TABLE I. Demographic information listing the number
of subjects in each age group, sex breakdown, and
zygosity breakdown

N M/F Mz Dz SIB
Adults (20-30 yo) 240 90/150 93 123 24
16 yo 37 16/21 9 28 0
12 yo 30 16/14 7 23 0

MZ, monozygotic; DZ, dizygotic; SIB, sibling; yo, year olds. In
some cases, singleton twins may be included, leading to an odd
number of subjects in the MZ and DZ groups.

(DZ) twins, and 24 nontwin siblings from 204 families.
This information is summarized in Table I. The population
was homogeneous ethnically; 100% of the sample was
Caucasian. In genetic analyses, for which the cohort was
originally recruited, a homogeneous population is pre-
ferred as common alleles can have different frequencies in
different racial/ethnic groups. No subject had a history of
significant head injury, neurological or psychiatric illness,
substance abuse or dependence, or had a first-degree rela-
tive with a psychiatric disorder. Subjects also completed a
neurocognitive exam to screen for possible brain pathology
[de Zubicaray et al., 2008]. All participants were right-
handed, as assessed by 12 items on Annett’s Handedness
Questionnaire [Annett, 1970].

Scan Acquisition

Whole-brain anatomical and high angular resolution dif-
fusion images (HARDI) were collected with a 4T Bruker
Medspec MRI scanner. T1-weighted whole-brain anatomi-
cal images were acquired with an inversion recovery rapid
gradient echo sequence. Acquisition parameters were: TI/
TR/TE = 700/1500/3.35 ms; flip angle = 8 degrees; slice
thickness = 0.9 mm, with a 256x256 acquisition matrix.
Diffusion-weighted images (DWI) were acquired using sin-
gle-shot echo planar imaging with a twice-refocused spin
echo sequence to reduce eddy-current induced distortions.
Imaging parameters were: 23cm FOV, TR/TE 6090/91.7
ms, with a 128x128 acquisition matrix. Each 3D volume
consisted of 55 2-mm thick axial slices with no gap and
1.79x.1.79 mm? in-plane resolution. 105 images were
acquired per subject: 11 with no diffusion sensitization
(i.e., T2-weighted b, images) and 94 diffusion-weighted
(DW) images (b = 1159 s/ mm?) with gradient directions
evenly distributed on the hemisphere. The younger sub-
jects” HARDI scans were acquired with a 77-gradient pro-
tocol (69 DWL; 8 by; b = 1177 s/mm?), as the 105-gradient
protocol was too long them to sit through. We have previ-
ously undertaken several detailed studies [Zhan et al.,
2009a, 2012, 2013a] verifying that we can reliably recon-
struct crossing ODFs (orientation distribution functions)
with these parameters, and to determine how angular and
spatial resolution affect brain connectivity maps; the

results and the stability of connectivity maps at high num-
bers of diffusion gradients are reported in those papers.
The number of gradients affects the accuracy of recon-
struction of the diffusion profile, but by the time 50-60 gra-
dients are reached, the primary measures of diffusion,
including the principal eigenvector, have converged [Zhan
et al, 2008, 2009b,c]. The connectivity matrix depends
more on the voxel size than the number of gradients
[Zhan et al.,, 2012], and the voxel size was kept the same
in the adolescents. Scan time for the 105-gradient HARDI
scan was 14.2 min. Scan time for the 77-gradient HARDI
scan was 10.8 min. Motion artifacts were assessed through
detailed visual inspection of all the DWI scans, which
occurred in addition to the standard motion correction of
the diffusion-weighted image series via registration. The
DWTI data were pre-processed and visually inspected prior
to this study, so the number of subjects discarded for
motion artifacts was not mentioned as they were never
considered for this analysis.

Cortical Extraction and HARDI Tractography

Connectivity analysis was performed exactly as in Jahan-
shad et al. [2011]. Briefly, non-brain regions were automati-
cally removed from each Tl-weighted MRI scan using
ROBEX [Iglesias et al., 2011], and from a T2-weighted
image from the DWI set, using the FSL tool “BET” (FMRIB
Software Library, http://fsl.fmrib.ox.ac.uk/fsl/). Intracra-
nial volume estimates were obtained from the full brain
mask, and included cerebral, cerebellar, and brain stem
regions. All Tl-weighted images were linearly aligned
using FSL (with 9 DOF) to a common space [Holmes et al.,
1998] with 1 mm isotropic voxels and a 220x220x220
voxel matrix. Raw diffusion-weighted images were cor-
rected for eddy current distortions using the FSL tool,
“eddy_correct”. For each subject, the 11 eddy-corrected
images with no diffusion sensitization were averaged, line-
arly aligned and resampled to a downsampled version of
their corresponding T1 image (110x110x110, 2x2x2mm).
Averaged by maps were elastically registered to the struc-
tural scan using a mutual information cost function [Leow
et al., 2005] to compensate for EPI-induced susceptibility
artifacts. Higher field strength DWI images are susceptible
to EPI-induced artifacts. We have been studying this in
detail as we recently published a study of a sample of nor-
mal subject scanned at both 7-Tesla and 3-Tesla with DTI
[Zhan et al., 2012]. In that study, the connectivity pattern
was largely similar at higher field.

Thirty-four cortical labels per hemisphere, as listed in
the Desikan-Killiany atlas [Desikan et al., 2006], were auto-
matically extracted from all aligned T1-weighted structural
MRI scans using FreeSurfer (http://surfer.nmr.mgh.har-
vard.edu/). As a linear registration is performed by the
software, the resulting T1-weighted images and cortical
models were aligned to the original Tl-weighted input
image space and down-sampled using nearest neighbor
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interpolation (to avoid intermixing of labels) to the space
of the DWIs. To ensure tracts would intersect cortical la-
beled boundaries, labels were dilated with an isotropic
box kernel of width 5 voxels. Since we were interested
only in fibers with at least one terminus in the insula for
the current study, we thresholded each subject’s cortical
models to only include left and right insula (kept as sepa-
rate cortical labels). At this step, the insula masks were
visually inspected for quality. Masks were included only if
they had complete coverage of the insula (with no areas of
the mask with gaps in coverage). Additional reasons for
exclusion were failed tractography or very sparse tractog-
raphy. This resulted in 125 scans (from a total of 432 origi-
nal subjects) being excluded, all of which were of adults.

The transformation matrix from the linear alignment of
the mean b, image to the T1-weighted volume was applied
to each of the 94 gradient directions to properly reorient the
orientation distribution functions (ODFs). At each HARDI
voxel, ODFs were computed using the normalized and
dimensionless ODF estimator, derived for g-ball imaging
(QBI) in [Aganj et al., 2010]. We performed HARDI tractog-
raphy on the linearly aligned sets of DWI volumes using
these ODFs. Tractography was performed using the Hough
transform method as described in [Aganj et al., 2011].

Elastic deformations obtained from the EPI distortion
correction, mapping the average b, image to the T1-
weighted image, were then applied to the tracts” 3D
coordinates for accurate alignment of the anatomy. Each
subject’s dataset contained 3,500-5,000 useable fibers
(8D curves). At this stage, all 68 cortical labels were used
to determine the targets of the tracts originating in the
insula. Fibers were filtered to eliminate those that may
have arbitrarily been drawn on the brain-boundary due to
noise and high FA. All duplicate fibers were removed.
Tracts with fewer than 2 points were filtered out, as they
were considered to be noise.

After tractography, the left and right outputs were com-
bined to create one 2 x 68 connectivity matrix for each
subject. Each element described the proportion of the total
number of fibers connecting the left or right insula to each
of the 34 labels per hemisphere. These values were calcu-
lated as a proportion—they were normalized to the total
number of fibers traced for each person in the study—so
that results were not skewed by raw fiber count.

Age Regression

Age-related effects on insular structural connectivity
were estimated using a general linear mixed model, as
some related subjects were included in our analysis:

2 x 68 matrix elements ~ A + B,; Age + B, Sex
+ BievICV +a+¢ (1)

Here, “2x68 matrix elements” is the 2x68 matrix describing
the proportional fiber density between the left and right

insula and all 68 cortical labels. These matrices were tested
on an element-by-element basis. Any statistical effects on
the fiber connection matrices were corrected for multiple
comparisons using the conventional FDR method [false
discovery rate, Benjamini and Hochberg, 1995]. In the
regression equation, A is the constant fiber density term,
the fs are the covariate regression coefficients, and « is a
coefficient that accounts for random effects. Random effects
were used to account for familial relatedness. We modeled
these variables (age, sex, ICV) as fixed effects. We also
tested age”® to check for any nonlinear age effects, and an
interaction term, age*sex, as well. ICV denotes intracranial
volume, in mm®. The analysis was implemented in the R
statistical package (version 2.9.2; http://www.r-project.
org/) using the ‘nlme’ library [Pinheiro and Bates, 2000].

Permutation Testing

As we have sparse sampling of certain ages, nonpara-
metric methods may be considered more appropriate that
statistical methods described above. Accordingly, we ran
1,000 permutations, permuting age but maintaining the
twin structure of our subject pool. This was done by per-
muting families together—twins were permuted together,
family groups of three were permuted together, and Indi-
viduals were permuted with other individuals. To gener-
ate permutation corrected P values, we then used the
following formula: P = (b + 1)/(m + 1), where b is the
number of test statistics tperm more significant than the
observed statistic tops, and m is the number of permuta-
tions performed. With 1,000 permutations, the minimum P
value possible is 0.000999, or 0.0010, if none of the tperm is
more significant than the typs [Smyth and Phipson, 2010].
We then used FDR to test which connections survived cor-
rection for multiple comparisons.

RESULTS

To assess developmental effects on insula connectivity,
we tested connections for which in at least one of the
groups (adults or adolescents), 75% of subjects had con-
nections. For example, a connection that existed in 95% of
adolescents but only in 50% of adults would be included.
This is not 75% averaged across both groups. We chose a
threshold of 75% because we wanted to be able to assess
both connections that were present in both groups but
changed in density, as well as those that were detected
more in one group than the other. We thought the results
of both of these questions would interest researchers and
chose 75% as a threshold that could both assess change,
while still being rigorous enough to not include connec-
tions existing in only a small subset of subjects. This
resulted in 21 of 136 possible connections being tested,
with being 14 significant with the original FDR threshold
(when modeled by Eq. 1). There were significant age-
related decreases in proportional fiber density between the
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left insula and the left postcentral gyrus (b=-0.0011,
p:4.9x10'8), the left insula and the left precentral gyrus
(b=-0.0012, p:3.6x10’12), the left insula and the left tempo-
ral pole (b=-0.0020, p:4.2x10'6), the left insula and the left
supramarginal gyrus (b=-0.0020, p=1.1x107), the right
insula and the right supramarginal gyrus (b=-0.0036,
p=5.8x10"), the right insula and the right postcentral
gyrus (b=-0.0013, p=0.0047), and the right insula and the
right precentral gyrus (b=-0.0018, p=0.00031), the right
insula and the right medial orbitofrontal gyrus (b=-0.0011,
p=7.0x10"%), the right insula and the right pars opercularis
(b=-0.0026, p=0.0020), and the right insula and the right
pars triangularis (b=-0.0035, p=2.0x10"°). There was an age-
related increase in proportional fiber density between the
left insula and the left superior temporal gyrus (b=0.0041,
p=0.0054), the left insula and the left transverse temporal
gyrus (b=0.0039, p=1.4x10""), the right insula and the right
superior temporal gyrus (b=0.0041, p=0.0098), and the
right insula and the right inferior temporal gyrus
(b=0.0019, p=0.00050). These results are summarized in
Table II. All results were corrected for multiple compari-
sons across all connections tested within the model
(9<0.05). In other words, because many connections are
tested for age effects, we only reported age effects strong
enough to overcome the correction for multiple testing
that is implicit when analyzing an entire connectivity ma-
trix. After permutation testing, all connections listed above
were still significant. Additionally, one connection that
was suggestively significant using the parametric model

TABLE Il. Linear age effects on insular connectivity,
when analyses were restricted to connections
detectable in at least 75% of subjects in at least one of
the two groups (adults and/or children)

Linear age effects
Left Insula

perm. corr.
b p P value

Left postcentral —0.0011 49x10°® 0.0010
Left precentral —0.0012 3.6 x 10712 0.0010
Left pars opercularis® —0.00062 0.035 0.035

Left temporal pole —0.0020 42x107° 0.0010
Left superior temporal 0.0041 0.0054 0.0030
Left supramarginal —0.0020 1.1x107° 0.0020
Left transverse temporal 0.0039 1.4x 107 0.0010

Right Insula

Right postcentral —0.0013 0.0047 0.011

Right precentral —0.0018 0.00031 0.0020
Right inferior temporal 0.0019 0.00050 0.0010
Right medial orbitofrontal ~ —0.0011 70x 10712 0.0010
Right pars opercularis —0.0026 0.0020 0.0040
Right pars triangularis —0.0035 20x107° 0.0010
Right superior temporal 0.0041 0.0098 0.015

Right supramarginal —0.0036 58x107° 0.0010

“Indicates connection that was suggestively significant with initial
parametric model, but passed FDR after nonparametric tests.

passed FDR after nonparametric tests — we also saw an
age related decrease in fiber density between the left
insula and left pars opercularis (b=-0.00062, p=0.035). All
age-related results are presented in Figure 2. We also
examined the raw fiber count matrices to determine if
these were in fact increases and decreases in fiber density,
or if perhaps a decrease found above was in fact an
increase whose rate was slower than the overall changes
in the rest of the brain. We found that most of our
increases and decreases were in fact true increases or
decreases in fiber count. When examining the fiber den-
sities, the age effect on the connection between the left
insula and the left superior temporal gyrus now registered
as a decrease (b = —9.8, P = 0.020). A few of our signifi-
cant connections no longer were significant when examin-
ing the raw fiber density matrices.

We found one connection with a significant age-by-sex
interaction. The connection between the left insula and the
left precentral gyrus existed in 84% of adolescents and
31% of adults and showed a sharper age-related decrease
in proportional fiber density in females than in males (b =
—0.0012, P = 2.8 x 10~°) (Fig. 3). This appeared to be due
to a sex difference in adolescents that was no longer de-
tectable in adults.

DISCUSSION

Here, we examined how the structural connectivity of
the insula changes between ages 12 and 30, in 307 subjects
scanned with HARDI. The insula and its fibers develop
relatively early [Benes, 1994; Chi et al., 1977, Huang et al.,
2006], but have a protracted maturational period [Kalani
et al., 2009; Hasan et al., 2009; Herting et al., 2012; Muftu-
ler et al., 2011; Paus et al., 1999]. Both adults and adoles-
cents show activation in the insula when anxious [Shah
et al., 2009; Strawn et al., 2012]. Our prior study examining
functional connectivity of the default mode network
(DMN) in a different cohort found that the left insula was
the only area of overlap between children and adults
when self-reported anxiety during the resting-state scan
was used as a regressor [Dennis et al., 2011].

Here we were able to determine a number of age-related
effects on insular connectivity. These were largely
decreases in fiber density for connections to or from the
insula,' as both the left and right insula showed a decrease
in the proportion of fibers passing through them. These
were in fact absolute decreases in the number of fibers
tracked to or from the insula, as found by examining the
raw fiber density matrices. The main exception was con-
nections with the temporal cortex. This is consistent with
prior studies finding age-related decreases in the volume

'Unlike TMS and EEG, diffusion imaging can pick up a fiber connec-
tion, but not its direction. Both afferent and efferent connections are
identified but not differentiated.
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1 Left Sup Temporal
2 Left Precentral

3 Left Temp Pole

4 Left Supramarginal
5 Left Postcentral

6 Left Transverse Temp
7 Right Postcentral

8 Right Precentral

9 Right Supramarginal
10 Right Sup Temporal

11 Right Inf Temgoral
12 Right Med Orl

itofrontal
13 Right pars triangularis
14 Right pars opercularis
15 Left pars opercularis*

Figure 2.

Summary figure of age-related effects in proportional fiber den-
sity between left and right insula and other nodes. Connections
shown are those from Table Il. Nodes are numbered as indi-
cated in the figure. The two largest nodes are the left and right
insula. Paths in blue decreased in density across development,
those in red increased in density across development. A legend

of the insula bilaterally, albeit across a larger age range
[20-95 years; Takahashi et al., 2011].

Out of 15 connections showing developmental effects, 11
showed significant decreases in proportional fiber density
and 4 showed significant increases (Fig. 2). Decreases in

is included below. *Indicates connection that was suggestively
significant with initial parametric model, but passed FDR after
nonparametric tests. In the center image, left in the image is left
in the brain. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

fiber density with age could reflect synaptic pruning [Hut-
tenlocher, 1979] or continued myelination [Bartzokis et al.,
2010]. All age-related increases in fiber density were found
in the temporal cortex. One of these, upon examination of
the raw fiber density matrices, switched directions. Of the

0.06 T n -
Age x Sex Interaction - fiber density between
(] left insula and left precentral gyrus
0.05 H
O
g 0.04 g
2
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Figure 3.
Scatter plot showing the age by sex (male = |, female = 2) “0” does not necessarily indicate absence of that connection.

interaction in the proportional fiber density of the connection
between the left insula and the left precentral gyrus, indicating
steeper decline with age in girls; includes image with precentral
gyrus in blue and insula in green. Values for proportional fiber
density are normalized by ICV (intracranial volume). A value of

Most likely, it indicates that we are unable to trace that connec-
tion in those subjects, perhaps because other fibers predomi-
nate, making it harder to resolve. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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five significant developmental effects in the temporal cor-
tex, four were increases in fiber density, and one was a
decrease in fiber density. Prior work has shown different
developmental trajectories across the cortex [Sowell et al.,
2003; Gogtay et al., 2004] and these results of more age-
related increases in connections of the temporal cortex and
decreases in connections of the frontal cortex are consistent
with previous results found in a larger, overlapping cohort
when the whole connectome was examined [Dennis et al.,
2012]. The differences we found could be partly due to dif-
ferences in the developmental trajectories of the frontal
and temporal cortex and their connections. Giedd et al.
[1999] found the temporal cortex had a later age of peak
when measuring gray matter volume than other cortices.
In Sowell et al. [2003], we found the gray matter density
(GMD) of the superior frontal sulcus decreased from age 7
on, but the GMD of the superior temporal sulcus increased
until age 30. Sowell et al. [2002] also found that the poste-
rior-superior temporal and inferior parietal cortices
increased the most in gray matter density between ages
7-30. The insula is one of the first cortical structures to de-
velop [Chi et al., 1977], but it continues to mature through-
out childhood, with continued cortical thinning across
ages 6-10 [Muftuler et al., 2011]. Similarly, the limbic fibers
are among the first to develop [Huang et al., 2006], but the
afferent and efferent connections of the insula also con-
tinue to develop into adulthood. These include the unci-
nate fasciculus [Hasan et al., 2009; Kalani et al., 2009],
internal capsule fibers, and the arcuate fasciculus [Paus
et al., 1999]. Additionally, the white matter of the insula
itself changes with age; as Herting et al. [2012], for exam-
ple, found the FA of the right insula increased with puber-
tal status.

As the insular connections develop, so too do the roles
the insula plays functionally. In trying to find differences
in the brains of adolescents that may influence their risk-
taking behavior, Van Leijenhorst et al. [2010] found that
the anterior insula was more active during anticipation in
adolescents than adults. Similarly, Smith et al. [2011]
found age-related decreases in insula activation during a
sustained attention task. It could be that the maturation of
this activity is due in part to the maturation of fibers con-
necting the insula and the frontal cortex, of which we
found five significant age-related trends. As the frontal
cortex controls many aspects of higher order cognition
such as executive control, sustained attention, and risk
analysis [Buchsbaum, 2004], maturation of these connec-
tions would likely affect the functional circuits involving
both.

We found one connection that showed a significant age
x sex interaction effect. The proportional fiber density of
the connection between the left insula and the left precen-
tral gyrus showed a steeper decline in females than in
males (Fig. 3). Abe et al. [2010] found males had a steeper
decline with age than females in the FA of the white mat-
ter of the left precentral gyrus, which is contrary to our
finding, although we were concerned with the fiber den-

sity of this connection rather than its FA. We were examin-
ing a different age group, however - Abe et al. [2010]
examined a cohort of 245 healthy subjects, aged 21-71. The
fact that we could detect this connection in 84% of our
young subjects and 31% of our adult subjects could either
be due to an actual developmental change in the fiber den-
sity of this path, or could be due to it being traced more
accurately in one sample than the other. As the scan pa-
rameters for both samples were almost identical and data
were analyzed in the same way, the first explanation is
perhaps more likely. It remains to be seen whether these
sex differences have any functional consequences, such as
differences in vulnerability to insula-involved neuro-
psychiatric disorders, such as anxiety. An alternative ex-
planation is non-proportional scaling of brain sub-
structures relative to overall brain size [Brun et al., 2009].
Men generally have larger brains as they are, on average,
larger overall. There is an implicit assumption in aligning
data to a template, namely that brain structures in each
sex occupy the same proportion relative to overall brain
size. Even so, it is possible that substructures scale nonli-
nearly to total brain volume (TBV), rather than proportion-
ally. For example, in a study of 100 young adults, Brun
et al. [2009] found that the occipital cortex and the frontal
cortex scaled nonlinearly, such that individuals with large
TBVs tended to have proportionally larger occipital corti-
ces, while those with small TBVs tended to have propor-
tionally larger frontal cortices.

The insula is involved in a wide variety of functions
[Augustine, 1996; Craig, 2008] and has been implicated in
a number of neuropsychiatric disorders [Etkin and Wager,
2007; Hamilton et al., 2011; Kubicki et al., 2002; Stein et al.,
2007; Uddin and Menon, 2009]. A number of the roles of
the insula, such as pain perception and taste, are fairly ba-
sic and early to develop, but others, such as emotion and
cognitive tasks, are higher order [Kurth et al., 2010; Wager
and Barrett, 2004]. Given its many roles, researchers have
proposed that the insula is an integrative structure, com-
bining sensory awareness with higher cognition [Craig,
2008; Kurth et al., 2010]. Research on the functional con-
nectivity of the insula suggests that it plays a key role in
regulating network dynamics by switching the dominant
pattern of brain activity between different intrinsic connec-
tivity networks (ICNs) [Hamilton et al.,, 2011; Sridharan
et al., 2008]. Given its purportedly unique role in integrat-
ing disparate functions, investigating the development of
insular connectivity is important in understanding how
the brain develops. The insular cortex develops quite early
in utero, before the frontal and temporal cortices [Chi
et al., 1977] yet its connections with other cortical targets
are still changing throughout adolescence. A number of
neuropsychiatric disorders involve the insula [Etkin and
Wager, 2007; Hamilton et al., 2011; Kubicki et al., 2002;
Stein et al., 2007; Uddin and Menon, 2009], and many of
these disorders have a typical age of onset in adolescence
or later. A number of neurodevelopmental disorders also
involve the insula, including autism [Cheng et al., 2010]
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and ADHD [Durston, 2003]. Aberrant development of in-
sular connectivity, still maturing into early adulthood,
may be a contributing factor.

This study has several limitations. One of the issues
with our study design is the sparse sampling of the ages
due to the availability of subjects at specific ages (12 and
16) but not ages in between these. To address this, we fol-
lowed up our initial analyses with nonparametric permu-
tation testing, which did not affect the conclusions, but
did give permutation corrected P-values. While we discuss
our subjects in terms of distinct age cohorts, we treated
age as a continuous variable in our statistical analyses,
and the adults had a wide range of variation. Nonetheless,
there were some gaps in subject availability for specific
ages (13-14, 17-19). We followed up our initial analyses
with nonparametric permutation testing, which did not
change the results, but did give permutation corrected P-
values. Another limitation is the fact that we did not par-
cellate the insula into sub-regions, which could have given
us finer detail on insular connectivity, especially as prior
studies show that it participates in multiple networks. The
atlas we used (Desikan-Killiany) did not parcellate the
insula further. At this time, there do not seem to be any
widely used automated methods to parcellate the insula
into smaller subregions, but they could be developed.
However, if we included them here, we would be
expected to validate them, and it would be difficult to find
any independent data that could provide an objective cri-
terion for ground truth to determine if the partition was
correct. In the future, the insula might be subdivided effec-
tively based on its connectivity to other regions. Some
studies have advocated the use of connection patterns to
refine segmentation of nuclei, but doing so is challenging
as the large variation in connection patterns across subjects
may require the development of complex rules to assign
all insular regions to appropriate bundles. Obtaining even
higher angular and spatial detail tends to lead to prohibi-
tively long scan times. Ongoing efforts to refine and accel-
erate hybrid diffusion imaging [Zhan et al, 2011] and
diffusion spectrum imaging [van Wedeen et al.,, 2012],
especially at higher field strengths [Zhan et al., 2013b],
may allow progressively finer resolution of anatomical
connectivity in vivo.

CONCLUSIONS

In this study we detailed developmental changes in the
structural connectivity of the insula between ages 12-30.
We found that the proportion of fibers that pass through
either insula decreases with age. In general, connections to
the frontal and parietal cortex decreased with age, while
connections to the temporal cortex mostly increased with
age. This is likely due to both developmental changes in
the insula itself and well-documented changes in the fron-
tal, parietal, and temporal targets. Last, we found an age
by sex interaction effect in the connectivity of the insula. It

remains to be seen if this is associated with any differences
in vulnerability to insula-involved neuropsychiatric dis-
ease or simply nonproportional scaling of brain sub-struc-
tures relative to the overall brain size [Brun et al., 2009].
With the insula’s heterogeneous collection of roles—some
of which are emotion-related—determining the develop-
mental trajectory of the insula and its connections will pro-
vide useful normative data and assist efforts to define the
mechanisms of various neurodevelopmental and neuro-
psychiatric diseases.
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