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Abstract

Meta-analytic summaries of neuroimaging studies point to at least two major functional-anatomic
subdivisions within the anterior insula that contribute to the detection and processing of salient
information: a dorsal region that is routinely active during attention tasks and a ventral region that
is routinely active during affective experience. In two independent samples of cognitively normal
human adults, we used intrinsic functional connectivity magnetic resonance imaging to
demonstrate that the right dorsal and right ventral anterior insula are nodes in separable large-scale
functional networks. Furthermore, stronger intrinsic connectivity within the right dorsal anterior
insula network was associated with better performance on a task involving attention and
processing speed whereas stronger connectivity within the right ventral anterior insula network
was associated with more intense affective experience. These results support the hypothesis that
the identification and manipulation of salient information is subserved by at least two brain
networks anchored in the right anterior insula that exhibit distinct large-scale topography and
dissociable behavioral correlates.
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1. Introduction

The insula is a major cortical region in the human brain buried in the depth of the Sylvian
fissure, enclosed by frontoparietal opercular cortex and superior temporal cortex. Activation
foci in the anterior insula (Al) are among the most commonly found in functional
neuroimaging experiments across both affective and cognitive domains (Nelson et al.,
2010). For example, the Al shows increased activation in studies of affect and emotion
(Bartels and Zeki, 2004; Damasio et al., 2000; Heining et al., 2003; Jabbi et al., 2008; Kober
et al., 2008; Lindquist KA et al., in press; Phan et al., 2004; Small et al., 2001) as well as
visceral sensations that many view as the physiological basis of “feelings” (Craig, 2009,
2011; Critchley, 2009; Critchley et al., 2005) such as temperature sensation (Hua le et al.,
2005), awareness of heartbeat (Critchley et al., 2004), dyspnea (Banzett et al., 2000), and
pain (Brooks et al., 2005; Craig et al., 2000). Additionally, the Al is involved in a variety of
cognitive functions, such as orienting of attention (Corbetta and Shulman, 2002), cognitive
control (Cole and Schneider, 2007), performance monitoring (Dosenbach et al., 2006), and
the detection of salient information (Seeley et al., 2007).

Tract tracing studies in non-human primates show that the Al has reciprocal connections to
many cortical and subcortical structures that are also implicated in affect and attention
(Augustine, 1996). The dysgranular dorsal anterior insula (dAl) is reciprocally connected
with multiple isocortical regions in prefrontal cortex, precentral operculum, parietal, and
temporal cortex. The agranular ventral anterior insula (vAl) is reciprocally connected with
multiple limbic and paralimbic structures including pregenual anterior cingulate cortex
(pgACC), entorhinal and periamygdaloid cortex, temporal pole, and lateral orbitofrontal
cortex (OFC) (Mesulam and Mufson, 1982a, b; Mufson and Mesulam, 1982). Thus, the Al
serves as an integrative paralimbic hub between isocortical and limbic cortical zones.
Although the connectional topography of the Al in the monkey has been known for 30
years, methods have only recently been developed to map human brain anatomic
connectivity. Using probabilistic tractography and diffusion tensor imaging, Cerliani et al.
(2011) examined the insula connectivity in humans and demonstrated that a region within
VAL has strong anatomic connections with subcortical regions such as amygdala,
hippocampus, and entorhinal cortex. Unlike the VAL, a region within dAl had strong
anatomic connections with the inferior frontal gyrus (Cerliani et al., 2011). Consistent with
the findings on the anatomic connectivity, two recent studies mapping the intrinsic
connectivity within the human Al have demonstrated variation in connectivity along the
dorsal/ventral axis (Deen et al., 2011; Nelson et al., 2010), specifically showing that dAl is
connected with dorsal anterior cingulate cortex (dAACC) and other frontal and parietal
regions whereas the VAl is connected with pgACC and superior temporal cortex.

Meta-analytic studies of the neuroimaging literature also point to a functional differentiation
of dAl and vAI (Kurth et al., 2010; Mutschler et al., 2009; Small, 2010; Wager and Barrett,
2004). The dAl appears to be relatively more engaged during attention and executive
function tasks, whereas the VAl appears to be relatively more engaged during affective or
emotional tasks (Kurth et al., 2010; Wager and Barrett, 2004). To our knowledge, this
behavioral dissociation between dAl and VAI has not yet been demonstrated in a single
experiment.

In this study, we used resting state functional connectivity magnetic resonance imaging (rs-
fcMRI) in healthy adults to build upon this prior work. rs-fcMRI reflects the temporal
correlations between low frequency Bold Oxygen Level-Dependent (BOLD) signal
fluctuations of brain areas and as such provides a basis for understanding the large-scale
anatomic organization of brain networks (Buckner, 2010; Deco et al., 2011; Fox and
Raichle, 2007; Vincent et al., 2007). rs-fcMRI provides unique information about the neural
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circuit of interest that goes beyond anatomy and task-driven functional connectivity. The
topography of intrinsic connectivity networks revealed by rs-fcMRI is constrained by
anatomy and is fairly stable across individuals and resting state conditions (Damoiseaux et
al., 2006; Van Dijk et al., 2010). Yet the strength of intrinsic connectivity can be modulated
by previous experience (Stevens et al., 2010; Tambini et al., 2010) and provides measures
that relate to individual differences in behavior (Di Martino et al., 2009; Fox et al., 2007,
Hampson et al., 2006; Lewis et al., 2009; Seeley et al., 2007; Wang et al., 2010a; Wang et
al., 2010b). Here, in two separate samples, we first replicated and expanded the finding that
distinct dAl and vAl regions are nodes in separable large-scale functional-anatomic
networks, with preferential connections between the dAl and frontoparietal regions
implicated in attention and between the VAl and regions implicated in affect such as pgACC,
OFC, and amygdala. Second, we hypothesized that stronger connectivity within the dAl
network would be specifically associated with individual differences in attention whereas
stronger connectivity within the vAIl network would be specifically associated with
individual differences in the intensity of affective experience.

2. Materials and Methods
2.1. Participants

Sample 1 consisted of 89 young adults (44 men) ranging in age from 18 to 33, with a mean
age of 22.4 years (SD = 3.34) [resting state data from these participants have been
previously published in Yeo et al. (2011)]. Sample 2 consisted of 31 young adults ranging in
age from 19 to 32, with a mean of age = 24.2 years (SD = 2.89; 11 men) [subjective reports
of arousal from these participants have been previously published as part of a larger project
on age-related differences in affect and novelty processing (Moriguchi et al., 2011; Weierich
et al., 2010)]. Of the original 31 participants with resting state BOLD data, 30 (11 men) also
reported on their subjective arousal when viewing evocative images [i.e., ratings of
subjective affective arousal made on-line as people viewed affectively potent images from
the International Affective Picture Set (IAPS; Lang et al., 1997)] and 25 (11 men) also
completed the Trail Making Test (Reitan, 1958). All participants in both samples were right-
handed, native English speakers and had normal or corrected-to-normal vision. No
participant reported a history of neurological or psychiatric disorders.

2.2. fMRI data acquisition and preprocessing procedures

Data were collected from a 3 Tesla Tim Trio System (Siemens Medical Systems, Erlangen,
Germany), using a 12-channel phased-array head coil. Structural data were acquired using a
3D T1-weighted magnetization-prepared gradient-echo image (MPRAGE) [Sample 1:
repetition time (TR) = 2200 ms; echo time (TE) = 1.54 ms; flip angle (FA) =7°, 1.2 mm
isotropic voxels; Sample 2: TR = 2530 ms; TE = 3.5 ms; FA =7°, 1.0 mm isotropic voxels].
Whole-brain fMRI data were acquired with echo-planar sequence [Sample 1: TR = 3000 ms;
TE = 30 ms; FA = 85°; 3.0 mm isotropic voxels, 47 slices; Sample 2: TR = 2000 ms; TE =
30 ms; FA =90°; 3.1 X 3.1 X 5.0 mm voxels, 33 slices). Sample 1 involved two (/7=87) or
four (n=2) runs of 124 time points and Sample 2 involved one (/7= 6) or two (/7= 25) runs
of 128 time points. For Sample 2 with two runs, the affective experience task was
administered before the second run. During the resting-state fMRI runs, participants in both
samples were instructed to keep their eyes open. Head motion was minimized using head
restraints, including a pillow and foam padding. Noise was attenuated with ear plugs.

Preprocessing of the fMRI data involved a series of previously established rs-fcMRI
procedures (Biswal et al., 1995; Van Dijk et al., 2010; Vincent et al., 2007) including: (1)
removal of the four volumes to allow for T1 equilibration effects, (2) slice timing correction
(SPM2, Wellcome Department of Cognitive Neurology, London, United Kingdom), and (3)
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head motion correction (FMRIB, Oxford, UK). Data were normalized to the Montreal
Neurological Institute (MNI) atlas space (SPM2, Wellcome Department of Cognitive
Neurology, London, United Kingdom) and re-sampled to 2mm cubic voxels. A low-pass
temporal filter removed frequencies higher than 0.08Hz. Data were spatially smoothed using
a 6 mm full-width half-maximum Gaussian filter. Sources of spurious variance and their
temporal derivatives were removed through linear regression including: (1) six parameters
obtained by rigid-body correction of head motion correction, (2) the signal averaged over
the whole brain, (3) the signal averaged over the ventricles, and (4) the signal averaged over
the deep cerebral white matter.

2.3. Behavioral data acquisition

Affective experience—One hundred thirty-two full-color images were selected from the
International Affective Picture System (Lang et al., 1997) for each of six combinations of
arousal and valence (i.e., high arousal negative, high arousal positive, mid arousal negative,
mid arousal positive, mid arousal neutral, and low arousal neutral images).

The task was run using E-Prime experimental software (Psychology Software Tools,
Pittsburgh, PA) on a PC, from which images were projected onto a screen in the magnet
bore. Participants viewed images via a mirror mounted on the head coil. The task consisted
of five event-related fMRI runs. The first run was a familiarization run. Participants were
familiarized to two images in each stimulus category (12 pictures total). The 12 IAPS
images were each shown 10 times. Throughout four test runs, participants viewed each
familiarized image a total of 10 times and each of the 120 novel images only once. Each run
was 340 sec in length and each image was presented for 3.5 sec, with a stimulus onset
asynchrony that varied from 4 to 16 sec.

Participants used a 3-button response to rate how aroused (1 = low, 2 = mid, 3 = high) each
image made them feel. The subjective arousal ratings were then averaged to create
composite measures of affective experience for use in behavioral correlation analyses.
Subjective arousal ratings to high arousal novel and high arousal familiarized negative
images were averaged to create a composite measure of negative affective experience.
Subjective arousal ratings to high arousal positive images were averaged to create a
composite measure of positive affective experience.

Attention—Attention was measured with the Trail Making Test administered before the
scans (Reitan, 1958; Strauss et al., 2006). The Trail Making Test is commonly used for
neuropsychological assessment of attention, processing speed, and set-switching (Strauss et
al., 2006), processes that consistently activate areas within the dAl (Dosenbach et al., 2007;
Mutschler et al., 2009; Nelson et al., 2010; Wager and Barrett, 2004). For each participant,
the Trail Making Test A (or Trail Making Test B) score reflected the time in seconds taken
to complete the part A (or B) of the test. Trail Making Test A time is thought to require
processing speed, motor speed, and visual search, whereas Trail Making Test B additionally
requires set-switching (Strauss et al., 2006).

2.4. Functional connectivity analysis

2.4.1. Analysis of the topography and strength of insular subregion
connectivity—To explore the topography of functional connectivity of the Al, we used
whole brain seed-based rs-fcMRI analysis in Sample 1. Two spherical regions of interest
(ROIs) (4-mm radius) were used as seed regions, right dAl (right dAl coordinates: +36, 21,
1, MNI) and right vAI (right vAl coordinates: + 28, 17, —15). The coordinates of the two
Algeegs Were determined from a meta-analysis of Al activations (Kurth et al., 2010), showing
that the dAl is preferentially activated in working memory tasks, whereas the VAl is
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preferentially activated in emotion tasks. To examine the functional connectivity of the right
dAlgeeq and right vAlgeeq, We computed Pearson’s productmoment correlations, 7, between
the mean signal time course of the Alggeqs and the time course of all voxels across the brain.
The resulting correlation maps were converted to z-values, using Fisher’s r~to-z
transformation and were averaged across subjects. The locations of the right dAl and right
VAl correlation peaks were determined with visual inspection of each of the two correlation
maps independently, using the FSL view toolbox (http://www.fmrib.ox.ac.uk/fsl). The
minimum threshold was set to Z(7) = 0.2 (Van Dijk et al., 2010). Using FSL’s Harvard-
Oxford cortical and subcortical structural probabilistic atlases
(http:/lwww.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html), a voxel with the highest 2/
value was located within each anatomical structure.

To quantify the strength of functional connectivity between the seed and target regions, we
created spherical ROIs (4-mm radius) around each correlation peak. Fisher’s r~to-z
correlation coefficients were then calculated between each pair of seed-to-target ROIs
(dAlgeeq-to-dAlgrgets and VAlgeeq-to-VAlrgets). Next, for each network, we calculated three
summary connectivity measures for use in reliability and behavioral analyses. To define
metrics of connectivity strength for the dAl network, we computed: a) a dAl-to-dACC/
paracingulate connectivity measure, i.e., a single pairwise connectivity measure of 27
values between the dAlgeeq and its target region in dACC/paracingulate cortex that
represents a major node of the “cingulo-operculum control” network (Dosenbach et al.,
2006); b) a dAl-to-frontoparietal ROIs connectivity measure, i.e., a composite pairwise
connectivity measure of Z(7) values between the dAlgq and its target sites in or around
other major regions of the “frontoparietal control” network as delineated by Vincent et al.
(2008), including dACC/paracingulate, supramarginal gyrus (SMG), and middle frontal
gyrus (MFG); and c¢) a dAlgeeq-t0-dAlarget ROIS connectivity measure, i.e., a connectivity
measure of Z(r) values between the dAlgeeq and all of its target regions. Correspondingly, to
define a metric of connectivity strength for the vAl network, we calculated: a) a vAl-to-
pgACC connectivity measure, i.e., a single pairwise connectivity measure of Z(7) values
between the VAlgeeq and its target region in pgACC, two major components of the “salience
network” described by Seeley et al. (2007), termed frontoinsula and dACC in that
manuscript; b) a vAl-to-fronto-limbic-striatal ROIs connectivity measure, i.e., a composite
pairwise connectivity measure of Z(7) values between the vAlgeeq region and target sites in or
around other major regions of the “salience network” (Seeley et al., 2007), including
frontopolar area (FPA), pgACC, and ventral striatum; and ¢) a VAlseed-t0-VAl(argets
connectivity measure, i.e., a connectivity measure of Z(7) values between the vAlgeq and all
of its target regions.

To directly compare the spatial topography of the dAl and vAI networks, we binarized the
group-level dAl and vAI connectivity maps and computed their spatial disjunction and
conjunction. We also visualized these maps in FreeSurfer on the fsaverage cortical surface
template (http://surfer.nmr.mgh.harvard.edu).

2.4.2. Reliability of distinct large-scale networks anchored in the Al—To test the
reliability of the spatial topography of the two Al networks, we used the ROIs defined in
Sample 1 and tested whether the dAl and vAI maps replicate in an independent sample
(Sample 2). In all other respects, the analysis procedure was identical to that used in Sample
1. To assess the reliability of the strength of connectivity of the two networks, we computed
intraclass correlation coefficients (ICC) (two way random effects with absolute agreement)
between the averaged () values of each seed-to-target ROI pair (dAlseeq-to-dAlargets and
VAlgeed-10-VAlgargets) in Sample 1 and the averaged (/) values of each seed-to-target ROI
pair (dAlseeq-to-dAlargets and VAl seeq-t0-VAliargets) in Sample 2, using PASW Statistics 18,
Release Version 18.0.0 (SPSS, Inc., 2009, Chicago, IL, www.spss.com).
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2.5. Behavioral correlation analyses

We examined in Sample 2 whether the connectivity strength of the right dAl and right vAl
networks predicted individual differences in attention and affective experience, respectively.
To test the convergent validity predictions for the right dAl network, we used the three
summary connectivity measures for the right dAl network as independent variables and
examined their ability to predict variation in two attention dependent variables (Trail
Making Test A time and Trail Making Test B time). To test the convergent validity
predictions for the right vAI network, we used the three summary right vAl network
connectivity measures as independent variables and examined their ability to predict
variation in the two affective dependent variables (the intensity of subjective affective
experiences when viewing positive or negative pictures). Correspondingly, we evaluated the
discriminant validity for each network by examining how well right dAl connectivity
predicted the intensity of affective experience and how well right vAl connectivity predicted
Trail Making Test performance.

3. Results

3.1. Distinct large-scale networks anchored in the right dAl and right vAl

Similar to prior work (Deen et al., 2011; Nelson et al., 2010), we found that dAl and VAl
were nodes in separable large-scale functional-anatomic networks. Sample 1 revealed two
large-scale Al networks of distinct spatial topography (Figure 1). Intrinsic BOLD signal
fluctuations within the right dAls.q Were preferentially correlated with signal fluctuations in
frontal, parietal, and dACC/paracingulate regions bilaterally. Frontal targets included FPA,
MFG, inferior frontal gyrus, supplementary motor area, and precentral gyrus. Bilateral
parietal regions included parietal operculum, superior parietal lobule, and anterior and
posterior parts of SMG. Medially, intrinsic BOLD signal fluctuations within the right
dAlgeeq Were correlated with signal fluctuations in dACC/mid cingulate and adjacent
paracingulate cortex. Furthermore, within the insula itself, right dAl signal correlated with
signal fluctuations in bilateral mid and posterior insular regions as well as adjacent frontal
operculum and central operculum. Other right dAlrgets were found in lateral occipital
cortex, superior temporal pole, and dorsal putamen.

As predicted, the intrinsic BOLD signal fluctuations within the right vAlgeeq had less
extensive connectivity with cortical regions, with connectivity largely in pgACC extending
to dACC/paracingulate cortex, lateral OFC, posterior cingulate cortex, superior frontal
gyrus, and medial FPA. At the subcortical level, intrinsic signal fluctuations within the right
VAlgeeq Were correlated with signal fluctuations in ventral putamen, and substantia
innominata.

Since maps at our a priori threshold of Z7) = 0.2 did not reveal any target voxels in the
amygdala, yet the amygdala is consistently engaged during affective experience (Lindquist
KA etal., in press), we employed a region of interest approach to examine the dAl and vAl
connectivity to amygdala at a reduced threshold of Z7) = 0.1. We selected this relatively low
threshold to enable the identification of the subcortical regions which, compared to cortical
regions, tend to have weaker low frequency BOLD signals (Cole et al., 2010). As predicted,
intrinsic signal fluctuations within the right vAlgeeq, but not within the right dAlgeeq,
correlated with signal fluctuations in the amygdala (right amygdala coordinates: + 20, -4,
—15, My =0.08, SDy = 0.16) (Figure S1 in supplemental material).

Although the two networks appeared topographically distinct, they did show some overlap
(see Figure 1 in purple). Regions of overlap between the two Al networks included right
lateral OFC, bilateral vAl around the right vAlgeq and adjacent frontal operculum, bilateral
dACC/paracingulate cortex as well as a small region in ventral putamen.
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Tables 1 and 2 list the strength of connectivity between each insular seed region and
network targets. As can be seen from data column 1, there was wide variation in the strength
of connectivity between each Algeeq and the targets in the rest of its network. Amidst this
variability, the average within-network correlations were significant stronger than the
between network correlations (see Table 3). Within-network correlation coefficients were
significantly greater than between-network correlation coefficients as revealed by paired-
sample ttests [£(88) = 19.13, p< 0.01 for the dAlrgets- dAlseeq as compared to dAlgrgets-
VAlseeq connectivity and #88) = 16.55, p < 0.01 for the VAlgrgets-dAlseeq as compared to
VAlgrgets-VAlseed cONnectivity]. In addition, the central tendencies of the distributions of
within- and between-network connectivity were non-overlapping, further demonstrating that
the two networks are distinct (Figure 2).

The summary connectivity indices for each network are computed as follows: a) a dAl-to-
dACC/paracingulate connectivity measure of Z(/) values between the dAlgeq and its target
region in dACC/paracingulate cortex (right dACC/paracingulate coordinates: + 4, 16, 46;
left dACC/paracingulate coordinates: —2, 14, 46); b) a dAl-to-fronto-parietal ROIs
connectivity measure of Z(7) values between the dAlgeq and its target sites in or around the
dACC/paracingulate (right dACC/paracingulate coordinates: + 4, 16, 46; left JACC/
paracingulate coordinates: + —2, 14, 46), MFG (right MFG coordinates: + 40, 32, 46; left
MFG coordinates: —36, 34, 36), and SMG (right anterior SMG coordinates: + 58, =30, 48;
left anterior SMG coordinates: —58, =36, 42); and ¢) @ dAlsgeq-t0-dAlarget ROIS
connectivity measure of Z(7) values between the dAlgq and all of its target regions.
Correspondingly, for the vAI network we calculated the following measures: a) a vAl-to-
pgACC connectivity measure of Z(/) values between the VAlgeq and its target region in
pgACC (right pgACC coordinates: + 2, 36, 16; left pgACC coordinates: -2, 36, 16); b) a
vAlI-to-fronto-limbic-striatal ROIs connectivity measure of Z(r) values between the VAlgeeq
region and target sites in or around the FPA (right FPA coordinates: + 22, 54, 28), pgACC
(right pgACC coordinates: + 2, 36, 16; left pgACC coordinates: + -2, 36, 16), and ventral
striatum (right ventral putamen coordinates: + 18, 8, —8; left ventral putamen coordinates:
=18, 6, —8); and c) a VAlggeq-t0-VAlargets cONNectivity measure of (/) values between the
VAlgeq and all of its target regions. The means and standard deviations of the summary
connectivity measures for the dAl and vAI network in Sample 1 are shown in Table 3 (data
columns 1 and 2 and Figure S2 in supplemental material). As predicted, the within-network
summary connectivity measures were higher than the summary measures of between-
network connectivity.

3.2. Reliability of the right dAl and right vAI networks

Using the regions of interest defined in Sample 1, we estimated the reliability of the right
dAl and right vAl networks in Sample 2. As expected, every index we computed
demonstrated the stability of the right dAl and right vAI networks in our second independent
sample of participants. The connectivity maps for Sample 2 were highly similar to those
maps for Sample 1 (Figure 3). The correlation coefficients between Algrgets and Algeeqs are
presented in Table 1 and 2, columns 3 and 4. The average within-network correlations were
significant stronger than the between-network correlations (see Table 3) [#31)=9.57, p<
0.01 for the dAlrgets-dAlseeq as compared to dAlgrgets-VAlseed; #(32) = 8.65, p < 0.01 for
the VAliargets-dAlseeq @ compared to VAlgargets-VAlseed]- As in Sample 1, the central
tendencies of distributions of within- and between-network connectivity in Sample 2 were
non-overlapping (Figure 2). The three summary connectivity measures described above
were very similar in the two samples (Table 3; Figure 4; Figure S2). These results support
the generalizability of the observations that the two networks are reliably distinct from each
other regardless of exactly how the strength of connectivity is computed. Most importantly,
the intraclass correlation coefficients (ICC) demonstrated high reliability for the right dAl
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network (ICC = 0.97, two-way random effects, p < 0.01) and the right vAl network (ICC =
0.95, two-way random effects, p < 0.01) across the two samples.

As with Sample 1, we reduced the threshold from #7) = 0.2 to Z(#) = 0.1 to examine
amygdala connectivity within the two networks. Replicating Sample 1, the amygdala was
weakly connected to the right VAI network (M, = 0.07, SD, = 0.19). In addition,
however, the amygdala showed weak connectivity within the right dAl network in Sample 2
(Mzp = 0.06, SDp = 0.22)(see supplemental material Figure S1 and page 1 for discussion).

3.3. The relation between strength of connectivity and behavior

As predicted, the strength of connectivity between each Algeeq and its major connection in
the ACC was moderately and specifically related to the behavioral variables (see Table 4).
Scatterplots of these results are presented in Figure 5. The means and standard deviations of
the behavioral measures are shown in Table S1 in supplemental material. Consistent with
our hypotheses, individuals with stronger connectivity within the dAl network performed
faster on Trail Making Test A and Trail B but did not have stronger subjective experiences
of arousal when viewing evocative negative images. The strength of connectivity between
the dAl and dACC/paracingulate cortex explained 16% of the variance in Trail Making Test
B time (r=-0.40, p < 0.05) but only 4% of the variance in arousal ratings to evocative
images (r=0.20, p=0.30) (see also supplemental material).

In contrast, individuals with stronger connectivity within the right vAl network had more
intense subjective experiences of arousal when viewing evocative negative images but did
not perform faster on Trail Making Test. The strength of connectivity between the vAl and
pgACC explained 20 % of the variance in arousal ratings to negative pictures (r=0.45, p<
0.05) as opposed to 2% of the variance in Trail Making Test B time (r=-0.14, p=0.51).

There was no relationship between vAI-pgACC connectivity and arousal ratings to positive
pictures. It has been suggested that there are lateralization differences in positive and
negative affect involving the Al and ACC, such that the right AI-ACC connection is
preferentially involved in negative feelings associated with sympathetic activity increase
whereas the left AI-ACC connection is preferentially involved in positive feelings associated
with parasympathetic increase (Craig, 2005). To explore this possibility we performed a post
hoc intrinsic connectivity analysis using a left vAl seed (left vAl coordinates: — 28, 17, —15)
and examined whether left vAI connectivity predicted the intensity of positive affective
experience (see page 1 in the supplemental material). Our results showed that the strength of
connectivity between the left vAl and its major connection in ACC was significantly related
to the intensity of subjective arousal experiences in response to negative but not positive
pictures (see supplemental material Table S2 and page 1).

Although the correlations between behavioral measures and other dAl and vAI connectivity
measures did not reach conventional levels of significance, all were in the hypothesized
directions (see Table 4).

4. Discussion

4.1. The distinct topographic anatomy of right dAl vs. right vAl large-scale networks

Two prior studies are particularly relevant to the present results, since they compared dAl
versus VAl intrinsic connectivity using rs-fcMRI (Deen et al., 2011; Nelson et al., 2010).
Our results on the topography of the networks are largely similar to theirs with a few key
differences. The right dAl network we identified comprised dACC, rostral dorsolateral
prefrontal, rostral inferior parietal, and dorsal striatal regions. The dAl networks identified in
the prior studies—which focused specifically on corticocortical connectivity—were
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remarkably similar (Deen et al., 2011; Nelson et al., 2010). The right vAI network we
identified comprised pgACC, OFC and ventral striatal regions. The VAl networks identified
in the prior studies were also very similar, although they both found small inferior parietal
and superior temporal regions that we did not observe. Furthermore, it is not clear in those
papers whether OFC regions were identified. These slight differences are likely related to
differences in the placement of seeds, statistical thresholds used to identify correlated
regions, and possibly also differences in processing algorithms.

The “salience” network identified by Seeley et al. (2007) was anchored in the “orbital
frontoinsula” (in a location slightly more lateral, anterior, and dorsal than our vAl) and was
largely similar topographically but also included MFG and supplementary motor area,
regions that in our study were preferentially correlated with the right dAl seed. The
executive control network identified in that prior study was also largely similar
topographically to our right dAl network, primarily centered around dorsolateral
frontoparietal regions as well as dorsomedial prefrontal/paracingulate cortex. Interestingly,
the executive control network in that prior study included a dAl node slightly rostral to ours
when the data were analyzed using a seed-based method similar to ours (employing a
dorsolateral prefrontal seed) but when independent component analysis was used this
network included a much more ventral (orbital frontoinsula) node. There were several
similar areas of convergence between the networks, particularly in frontoinsula/opercular
and anterior cingulate/paracingulate cortex.

The results reported here also extend previous findings to show dorsoventral variation in Al
connectivity to subcortical regions. The right dAl network was connected to dorsal putamen
whereas the right vAI region was connected with ventral putamen, substantia innominata
and to a lesser degree with the amygdala. These findings for the right vAl are largely similar
to those reported by Seeley et al. (2007), except that we found slightly more variable
brainstem connectivity (Figure S3 in supplemental material).

In sum, our findings on the topography of the distinct right Al networks are consistent with
prior functional connectivity data. They are also very similar to tract tracing data from non-
human primate studies (Augustine, 1996; Mesulam and Mufson, 1982a, b) and diffusion
tensor imaging data from humans (Cerliani et al., 2011) showing preferential connections
for the dAl with areas in prefrontal cortex, precentral operculum, and parietal cortex and for
the vAI with areas in limbic and paralimbic structures.

4.2. The distinct behavioral correlates of right dAl vs. right vAl large-scale networks

The major novel contribution of the present study is the demonstration of a behavioral
dissociation between the right dAl and right vAl networks: individual differences in the
right dAl connectivity relate to individual differences in attention and processing speed
whereas individual differences in the right vAl connectivity relate to the intensity of on-line
affective experience in response to negative images. The prior two studies on dAl vs. VAI
networks have demonstrated that both the dAl and the vAl are engaged during task
performance in response to disgusting images (Deen et al., 2011) and to images being
gradually revealed (thought to represent attentional or control processes) (Nelson et al.,
2010), but did not demonstrate behavioral dissociations between the regions themselves or
the larger networks.

We found that the strength of connectivity between the dAI-dACC nodes of the right dAl
network was associated with performance on Trail Making Test B and Trail Making Test A
but not with subjective arousal ratings to negative evocative images. Trail Making Test A is
a task requiring processing speed, visual search, motor control, and attention; Trail Making
Test B adds an additional component of set-shifting (Strauss et al., 2006). This finding is
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generally similar to that reported by Seeley et al. (2007) for their executive control network,
which demonstrated a resting-state functional connectivity correlation with performance on
the Trail Making Test, although their localization of this effect was in the lateral parietal
cortex. This finding is also highly consistent with a task-related fMRI study (Sridharan et al.,
2008) showing that a network comprising the right fronto-insula and dACC is involved in
switching between the central executive network and the default mode network. Our right
dAl network is similar to other intrinsic networks, most notably the “ventral attention”
(Corbetta and Shulman, 2002), the “basal ganglia-fronto-insula” (Shulman et al., 2009), the
“cingulo-operculum control” (Dosenbach et al., 2007; Nelson et al., 2010) and the
“frontoparietal control” networks (Vincent et al., 2008). Task-related fMRI studies have
shown increases in the activity of many regions within dAl network (dACC, MFG, SMG,
FPA) during tasks that require attention/executive function (Barch et al., 1997; Cole and
Schneider, 2007; Corbetta and Shulman, 2002; Dodds et al., 2011; Eichele et al., 2008;
Kaller et al., 2011). Furthermore, a number of task-related fMRI studies have highlighted the
role of the dAl and dACC in attention, including tonic alertness (Sadaghiani et al., 2010),
stimulus-driven shifts of attention toward unexpected stimuli (Corbetta et al., 2008; Corbetta
and Shulman, 2002; Downar et al., 2002; Shulman et al., 2009), top-down control signals
(Cole and Schneider, 2007) related to initiation, task-set maintenance, feedback (Dosenbach
et al., 2008; Dosenbach et al., 2006), mind wandering (Mason et al., 2007) and momentary
lapses in attention (Weissman et al., 2006) as well as in motor programming (Schulz et al.,
2011). The current study extends these findings by showing that, in the absence of a task,
individual differences in connectivity strength within the dAI-dACC system predict
individual differences in attention and processing speed.

We also found that the strength of vAI-pgACC connectivity was preferentially associated
with momentary experiences of arousal in response to evocative negative pictures, but not
with performance on Trail Making Test. These results extend the findings of Seeley et al.
(2007) who reported that the strength of ACC connectivity (a region near our pgACC node)
within their salience network predicted self-reported anxiety prior to MRI scanning.
Momentary experiences of arousal are integral to subjective feelings experienced across
affective, cognitive, or physical task domains (Barrett et al., 2004; Craig, 2002, 2009). Our
work extends knowledge of the vVAI’s role in affective experience and fits well with previous
functional neuroimaging work. Our right vAl network includes pgACC, OFC, ventral
striatum that are routinely active during tasks probing affect and emotion (Barrett and Bliss-
Moreau, 2009; Bartels and Zeki, 2004; Damasio et al., 2000; Heining et al., 2003; Kober et
al., 2008; Lindquist KA et al., in press; Phan et al., 2004; Small et al., 2001; Wager et al.,
2008). Our findings are also consistent with task-related fMRI studies reporting that both
VAl and vVACC commonly increase their activity during interoceptive processing (Gu et al.,
2010; Hua le et al., 2005; Mutschler et al., 2009; Nagai et al., 2004) and in response to
affectively arousing pictures (Craig, 2009; Weierich et al., 2010). The present findings
further support the concept that vAI-pgACC processing might act as a filter to represent
feelings in awareness (Allman et al., 2011; Craig, 2011).

4.3. Implications for Understanding Affect and Cognition

It has been long suggested (Goldman-Rakic, 1988; Mesulam, 1998) and demonstrated with
imaging studies (LaBar et al., 2001; Seeley et al., 2007) that cognitive operations related to
goal-oriented attention and executive function on the one hand, and affective value on the
other, are integrated in certain key association and paralimbic cortical areas including the
Al. One way to understand the present results is that both Al networks contribute to the
processing of salient information, albeit somewhat differently. Consistent with models that
postulate the involvement of the dAI-dACC system in integrating top-down and bottom-up
salient information (Crottaz-Herbette and Menon, 2006; Eckert et al., 2009; Menon and
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Uddin, 2010), the dAl and dACC nodes through their connections with other parts of the
right dAI network are well positioned to regulate goal-driven attention (Menon and Uddin,
2010), enhancing the activation of task-relevant and suppressing task-irrelevant networks
(Spreng et al., 2010; Sridharan et al., 2008) to process whatever information is most relevant
to the goal at hand. In contrast, the vAI and pgACC nodes, through their connections with
other parts of the right vAI network, contribute to salience processing via affect, by
contributing to the generation and interpretation of bodily feelings, so that an individual
becomes aware of the value of information in the context of present needs or goals.
Although distinct aspects of salience processing seem to be preferentially subserved within
these two different networks, their activity ultimately converges through overlapping regions
in Al, OFC, and ACC/paracingulate cortex as part of the larger attentional matrix to “sculpt
sensory experience into a subjective landscape” (Mesulam, 1998). Future research should
investigate both the intrinsic and dynamic coupling within and between these networks to
better understand how distinct aspects of salience processing are optimally balanced to
enable great achievement or are disrupted in neuropsychiatric illnesses.

4.4. Conclusions

Using rs-fcMRI, we showed that the human right dAl and right vAl anchor topographically
distinct large-scale distributed brain networks. Our findings are consistent with several prior
studies (Britz et al., 2010; Cauda et al., 2011; Deen et al., 2011; Nelson et al., 2010; Seeley
et al., 2007; Taylor et al., 2009) and extend them by providing additional detail regarding the
subcortical connectivity of these two networks. Most importantly, however, we
demonstrated here that these two networks have dissociable behavioral correlates with the
right dAl network relating to attention and processing speed and the right vAl network
relating to intensity of affective experience.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

In the exploratory analyses performed using Sample 1, the right dorsal anterior insula seed
(dAlgeeq, blue) and right ventral anterior insula seed (VAlgeeq, red) (A) have distinct patterns
of intrinsic functional connectivity at (/) > 0.2; (B and C) regions that preferentially
correlate with the right dAlgeeq are shown in blue, regions that preferentially correlate with
the right VAlgeeq are shown in red, and regions that correlate with both seeds are shown in
purple. For display purposes, the binarized correlation maps, Z(#) > 0.2, were upsampled
(interpolated) to 1mm and overlaid on the Imm MNI152 T1-standard template image in FSL
and on (D) the inflated cortical surfaces of the left and right hemisphere (the fsaverage
template in FreeSurfer).
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Frequency

020 o000 020 040
Within and between vAl network connectivity

060 080

The distributions of within- and between-network connectivity for each ROI pair in both
samples. The central tendencies of the connectivity distributions between the right dAlgeeq
and the dAlrgets (blue) and between the right VAlseeq and the dAlrgets (green) in Sample 1
(Al) and Sample 2 (A2) are not overlapping. Similarly, the central tendencies of the
connectivity distributions between the right VAlgeeq and the VAlgrgets (red) and between the
right dAlgeeq and the VAlgrgets (green) are non-overlapping in Sample 1 (B1) and Sample 2
(B2). ROI pairs that are present in both the right dAl and right vAI networks are indicated in

shaded bars.
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Figure 3.

The confirmatory analysis performed using Sample 2 shows that the (A) right dAlgeeq and
right vAlgeeq (Shown in blue and red, respectively) have distinct patterns of intrinsic
functional connectivity at Z(7) > 0.2; (B and C) regions that preferentially correlate with right
dAlgeeq are shown in blue, regions that preferentially correlate with right vAlgeeq are shown
in red, and regions that correlate with both seeds are shown in purple; (D) the distinct
patterns of connectivity of the right dAlgeq and right VAlgeeq at Z() > 0.2 are displayed on
the lateral and medial inflated surfaces of the left and right hemisphere. Details of the
method of display are the same as in Figure 1.
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Figure 4.

The three summary connectivity measures within the right dAl network (blue) and the right
VAI network (red). The within network correlation coefficients are higher than the between
network correlation coefficients as demonstrated by the connectivity measures in Sample 1
(Al, B1, and C1) and in Sample 2 (A2, B2, and C2).
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Figure5.

Behavioral correlates of the strength of connectivity within right dAl and right vAl
networks. The strength of connectivity between right dAlgeeq and its target region in dACC/
paracingulate region correlated inversely with (A) Trail Making Test B Time (p < 0.05) but
not with arousal ratings to evocative negative images (o = 0.3). The strength of connectivity
between right vAlgeeq and its target region in pgACC region had no relationship with (C)
Trail Making Test B Time (p= 0.51) but, instead, correlated directly with (D) the arousal
ratings to evocative negative images (o < 0.05).
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Table 3
Means and standard deviations of the three summary connectivity measures for the dAl and vAI networks, z(r)
>0.20
Metric of connectivity 2(r)
Sample 1 (n=89) Sample2 (n =31)
dA | geeq VAl geeq dAl seeq VAl seeq
dAl network summary connectivity measures
dAlgeeq — bilateral dACC/paracingulate 0.52 (0.21) 0.11(0.20) 0.43(0.33) 0.12(0.18)
dAleeq — bilateral targets in dACC/paracingulate, middle frontal gyri, and 0.37(0.15) 0.05(0.13) 0.32(0.19) 0.05(0.14)
supramarginal gyri
dAlgeeq — all bilateral dAlgets 0.38(0.22) 0.08(0.18) 0.38(0.25) 0.10(0.22)
VAI network summary connectivity measures
VAlgeeq — bilateral pgACC 0.10 (0.20) 0.34(0.17) 0.07(0.25) 0.19(0.19)
VAlgeeq — right frontal pole, bilateral targets in pgACC, and ventral putamen 0.13(0.13) 0.28(0.11) 0.14(0.15) 0.22(0.12)
VAlgeeq — all bilateral VAligers 0.11(0.20) 0.37(0.19) 0.12(0.24) 0.33(0.23)
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Pearson correlations between the behavioral measures and the three summary connectivity measures for the

dAl and vAl networks, z(r) > 0.20

TrailsA Time

TrailsB Time

Arousal Rating to
Negative Images

Arousal Rating to
Positive Images

dAl network summary connectivity measures

dAlgeeq — bilateral dACC/paracingulate -0.41 (p=0.04) -0.40 (p=0.05) 0.20 (p=10.30) -0.05 (p=10.79)
dAlgeeq — bilateral targets in dACC/ -0.29 (p=0.17) -0.19 (p=0.37) 0.09 (p=0.63) 0.03 (p=0.86)
paracingulate, middle frontal gyri, and

supramarginal gyri

dAleeq — all bilateral dAlggers -0.38 (p=0.06) -.024 (p=0.26) 0.11 (p=0.58) -0.13 (p=10.48)
VAI network summary connectivity measures

VAlgeeq — bilateral pgACC -0.02 (p=0.92) -0.14 (p=0.51) 0.45 (p=0.01) 0.18 (p=0.34)
VAlgeeq — right frontal pole, bilateral 0.05(p=0.82) -0.01(p=0.98) 0.25 (p=0.19) 0.19 (p=0.33)
targets in pgACC, and ventral putamen

VAlgeeq — all bilateral VAl gers -0.09 (p=0.69) -0.02 (p=0.93) 0.23 (p=0.22) 0.13 (p=0.51)
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