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Abstract: Impaired understanding of others” sensations and emotions as well as abnormal experience
of their own emotions and sensations is frequently reported in individuals with Autism Spectrum Dis-
order (ASD). It is hypothesized that these abnormalities are based on altered connectivity within
“shared” neural networks involved in emotional awareness of self and others. The insula is considered
a central brain region in a network underlying these functions, being located at the transition of infor-
mation about bodily arousal and the physiological state of the body to subjective feelings. The present
study investigated the intrinsic functional connectivity properties of the insula in 14 high-functioning
participants with ASD (HF-ASD) and 15 typically developing (TD) participants in the age range
between 12 and 20 years by means of “resting state” or “nontask” functional magnetic resonance imag-
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ing. Essentially, a distinction was made between anterior and posterior regions of the insular cortex.
The results show a reduced functional connectivity in the HF-ASD group, compared with the TD
group, between anterior as well as posterior insula and specific brain regions involved in emotional
and sensory processing. It is suggested that functional abnormalities in a network involved in emo-
tional and interoceptive awareness might be at the basis of altered emotional experiences and impaired
social abilities in ASD, and that these abnormalities are partly based on the intrinsic functional connec-

tivity properties of such a network. Hum Brain Mapp 32:1013-1028, 2011.

© 2010 Wiley-Liss, Inc.
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INTRODUCTION

Autism Spectrum Disorders (ASD) are chronic develop-
mental neurobiological disorders, whose onset normally
occurs in the first years of life and are characterized by
deficits in social interaction, in verbal and nonverbal com-
munication, and by restricted and stereotyped patterns of
behavior, interests, and activities [e.g. Minshew and
Williams, 2007]. With variable degrees of severity, people
with ASD are impaired in social cognition, like establish-
ing meaningful social communications and bonds, and to
establish visual contact with the world of others, to share
attention with others, and show reduced capabilities of
imitating others” behavior or understanding others’ inten-
tions, emotions, and sensations. As put forward by Gallese
[2006], the early manifestations of ASD share a common
root: “the cognitive skills required to establish meaningful
bonds with others are missing or seriously impaired.”
However, although it is a well-accepted idea that impaired
social cognition is a defining feature of ASD, the dysfunc-
tional neural and cognitive mechanisms underlying these
social deficits are poorly understood.

The capacity to recognize mental states underlying
others” behavior, is considered one of the most important
abilities for intersubjectivity and, hence, social survival. In
particular, emotional awareness of self and others has an
essential role in social understanding, providing basic in-
formation to explain intentional behavior in terms of men-
tal states. Emotional awareness allows the individual to
give a meaning to others’ intentional behavior and, there-
fore, to appropriately adapt one’s own behavior.

A putative mechanism underlying intersubjectivity and
social understanding is embodied simulation. Current neu-
roscientific models of embodied simulation propose that
the same neural structures involved in our own body-
related experiences also contribute to an implicit, auto-
matic, bottom-up understanding of what we observe in
the world around us, like, for instance, others’ emotions,
sensations, and intentions [Gallese, 2005, 2006]. This model
of social understanding is supported by extensive empiri-
cal evidence for a shared neural circuitry in the sensory-
motor system of humans and primates for first and third
person experience in the domains of actions, emotions,
pain, and tactile sensations [e.g. Adolphs et al., 1994; Ave-

nanti et al.,, 2005; Carr et al.,, 2003; Ebisch et al., 2008;
Fogassi et al., 2005; Gallese et al., 1996; Jackson et al., 2006;
Keysers et al., 2004; Rizzolatti et al., 1996; Saarela et al.,
2007; Singer et al., 2004; Sprengelmeyer et al., 1999; Wicker
et al., 2003]. Interestingly, the brain regions that have been
implicated most often in ASD [cerebellum, amygdala,
insula, medial prefrontal cortex, premotor cortex/ inferior
frontal gyrus (IFG)] have mirror/simulation capacities
involved in social cognition, not coincidentally impaired in
ASD [Dapretto et al., 2006; Fecteau et al., 2006; Hadjikhani
et al., 2006, 2007; Pfeifer et al., 2008; Théoret et al., 2005].
Hence, it has been postulated that impaired simulation
processes in shared neural circuits are at the root of social
deficits in ASD, such as impaired affective and motor em-
pathy [Gallese, 2003, 2006; Minio-Paluello et al., 2009;
Oberman and Ramachandran, 2007].

In addition to impaired understanding of others” experi-
ences, abnormal experience of their own emotions and
sensations is frequently reported in individuals with ASD,
too [Ben Shalom et al.,, 2006; Blakemore et al., 2006; Hill
et al., 2004; Hubert et al., 2009; Rieffe et al., 2007]. For
example, autistic children become aroused when exposed
to trivial objects and events, while they often ignored stim-
uli that normally trigger connected emotional responses in
typically developing children [Hirstein et al., 2001]. Evi-
dence from neuroimaging studies suggests that a reduced
emotional awareness in ASD patients is associated with a
dysfunctional limbic system, in particular anterior insula
and amygdala [Silani et al., 2008]. Though this issue has
received much less attention in neuroscientific research, it
may be little surprising in the light of models of embodied
simulation sustaining that emotional awareness of both
self and others share largely similar neural mechanisms.
Based on empirical evidence, some authors have proposed
that connections within neural circuits involved in emo-
tional processing, like connections between sensory
regions and amygdala, may be altered in ASD, eventually
leading to distorted emotional experiences as well as
impaired abilities to recognize others” emotions correctly
[Ramachandran and Oberman, 2006]. Connectivity or tem-
poral binding deficits have been proposed underlying
reduced integrative information processing in general
between brain regions in ASD [e.g. Brock et al., 2002; Just
et al., 2004; Minshew and Williams, 2007]. However,
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although previous studies in ASD showed functional defi-
cits in brain areas within the limbic network and associ-
ated behavioral measures, the functional connectivity
between regions in the limbic network has received little
attention. For instance, it is unknown whether alterations
are present in the intrinsic organization of such a network,
perhaps underlying functional deficits in emotional aware-
ness of self and others.

The insula is considered a central brain region in senso-
rimotor, visceral, interoceptive processing, homeostatic/
allostatic functions, and emotional awareness of self and
others, interacting with limbic, somatosensory, and motor
regions [Craig, 2002; Critchley, 2005; Seminowicz and
Davis, 2007]. Recently, a “nontask” or “resting state” func-
tional magnetic resonance imaging (fMRI) study with
healthy adult participants investigated functional connec-
tivity of the insular cortices and identified distinct func-
tional networks for the insula, in accordance with
anatomical and functional evidence [Taylor et al., 2008].
The authors suggested that a first network comprising the
anterior insula and anterior-mid cingulate cortex (pACC/
aMCC) could be involved in emotional salience monitor-
ing, whereas a second network linking the midposterior
insula with MCC could underlie general environmental
monitoring, response selection, and skeletomotor body ori-
entation. A related distinction between anterior and poste-
rior insula is also described by Craig [2002] proposing that
bilateral midposterior insular cortices receive interoceptive
information about the physiological state of the body. This
information is then projected to the (right) anterior insula
involved in subjective evaluations of internal conditions,
in interaction with other structures underlying subjective
feelings and emotional awareness, like, for example, ACC.
Within a framework provided by peripheral theories of
emotions [Lange, 1885; James, 1894] and the somatic-
marker hypothesis [Damasio, 1994], the insular cortex,
located at the transition of afferent homeostatic informa-
tion to subjective feelings, could be a central node in a
neural circuit underlying emotional awareness.

For this reason, the present study aims at investigating
the intrinsic functional connectivity properties of the insula
in high-functioning participants with ASD (HF-ASD) by
means of “resting state” fMRI, essentially distinguishing
between anterior and posterior regions of the insular cor-
tex. Functional connectivity is operationally defined as the
statistical ~ dependence between blood-oxygen-level-
dependent (BOLD) signals in distant brain regions, and is
considered to represent an index of brain function [Biswal
et al., 1995; Fox and Raichle, 2007; Horwitz, 2003]. Analy-
sis of functional connectivity during a “nontask” or “rest-
ing” state regards spontaneous low-frequency BOLD
fluctuations in brain voxels, and identifies strong tempo-
rally correlated patterns of neural activity across brain
regions that subserve similar or related functions [Birn,
2007].

It can be hypothesized that, compared with typically
developing (TD) individuals, individuals with ASD show

altered functional connectivity patterns of the insular corti-
ces being at the transition/gateway of sensory-visceromo-
tor-interoceptive  and  emotional-limbic  processing.
Alternatively, activation levels, but not intrinsic connectiv-
ity may be altered in ASD individuals.

The present results verify the presence of altered func-
tional connectivity of insular cortices with amygdala and
somatosensory regions in HF-ASD and suggest that abnor-
malities are present in the intrinsic functional connectivity
properties of a network involved in emotional awareness.

METHODS
Participants

Fourteen HF-ASD (four females) and 15 healthy TD par-
ticipants (two females; age 12-20 years) matched for intel-
ligence quotient (IQ), age, gender, handedness participated
in the present study. All participants and their parents
gave written informed consent to the procedures approved
by the local ethics committee and conducted in accordance
with the 1964 Declaration of Helsinki. Demographic and
diagnostic information of the participants is presented in
Table I. No significant differences were present between
the TD and HF-ASD group with respect to these demo-
graphic variables. Handedness was determined by means
of the Edinburgh Handedness Inventory [Oldfield, 1971].
Depending on the age of the participant, IQ was measured
using the Wechsler Adult Intelligence Scale or Wechsler
Intelligence Scale for Children (WAIS-R/WISC-III) [Wechs-
ler, 1981, 1991]. To control for differences in head move-
ment measures between the TD and HF-ASD groups,
participants with excessive movement during fMRI scan-
ning were excluded from data analysis and the groups
were compared with respect to motion parameters (root
mean squared variance, rmsvariance) [Church et al., 2009].
Average subject rmsvariance of motion was 0.259 mm (SD
= 0.125) in the TD group and 0.214 mm (SD = 0.163) in
the HF-ASD group, and not significantly different between
the groups (P = 0.41). Clinical diagnosis of ASD was per-
formed by an experienced child psychiatrist according to
standard criteria of autistic disorder (N = 10) or Asperger
syndrome (N = 4) (DSM-IV) [American Psychiatric Associ-
ation, 1994]. In line with current practice, clinical diagnosis
of the participants in the HF-ASD group was confirmed
by means of a structured diagnostic interview with the
caretakers, the Autism Diagnostic Interview—Revised
(ADI-R) [Lord et al.,, 1994]. With respect to comorbidity
and medication in the HF-ASD group, one patient was
also diagnosed with Gilles de la Tourette syndrome, two
with Attention Deficit Hyperactivity Disorder, and one
with dysthemia, two patients were on Fluoxetine, one on
Risperidone, and one on Concerta. To verify the absence
of psychiatric symptoms related to ASD in TD participants
the Social Communication Questionnaire (SCQ) [Berument
et al, 1999] was administered to their parents, using a
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TABLE I. Demographic information about the typically developing (TD)
and high-functioning ASD (HF-ASD) group

TD group (N = 15)

HF-ASD group (N = 14)

Age 15.95 (+1.65) 15.79 (+1.93)
1Q 104.9 (£8.45) 106.5 (£20.01)
Handedness score 78.7 (+47.5) 66.8 (+£58.1)
Male/female 13/2 10/4
Diagnosis NA Autistic disorder (N = 10),
Asperger syndrome (N = 4)

Social interaction

ADI-R scale A (subj. 1-14) NA 10-12-22-14-21-19-24-19-10-13-19-13-9-28
Comunication and language

ADI-R scale B (subj. 1-14) NA 12-7-14-4-15-16-20-14-9-10-14-6-9-19
Nonverbal

ADI-R scale B N.V. (subj. 1-14) NA 10-6-9-1-10-7-14-10-6-6-8-4-6-16
Repetitive, restricted and stereotyped

interests and behavior

ADI-R scale C (subj. 1-14) NA 0-1-5-5-5-4-3-3-0-1-6-4-9-8
Other

ADI-R scale D (subj. 1-14) NA 1-1-1-3-2-2-2-2-1-1-3-3-2-5
Co-morbitity NA ADHD (N = 2), Gilles de la Tourette

(N = 1), dysthemia (N = 1)

Medication NA Fluoxetine (N = 2), Risperidone (N = 1),

Concerta (N = 1)

cutoff score of 9 as exclusion criterion for participating in
the present study.

Data Acquisition

For each subject, BOLD contrast functional imaging was
performed with a Siemens Magnetom Avanto syngo MR
B15 scanner at the Donders Institute for Brain, Cognition
and Behavior with 1.5T field strength by T2*-weighted
echo-planar imaging (EPI) free induction decay (FID)
sequences with the following parameters: TR = 1,990 ms,
TE = 45 ms, matrix size 64 x 64, Field of View (FoV) =
224 mm, 23 transaxial slices with interleaved acquisition
order, in-plane voxel size = 3.5 x 3.5 mm, flip angle = 83
degrees, slice thickness = 5.0 mm, and no gap. A standard
“birdcage” head coil was used and the subject’s head was
fixed with foam pads to reduce involuntary movement.
Two hundred sixty functional volumes were acquired for
a duration of 8.6 minutes. All participants were instructed
to relax (but not sleep), keep their eyes closed, and think
of nothing in particular during fMRI scanning.

A high-resolution structural volume was acquired at the
end of the session via an ascending single shot sequence
with the following features: TR = 2,250 ms, TE = 2.95 ms,
176 sagittal slices, FoV 256 mm, slice thickness 1.0 mm, in-
plane voxel size 1.0 x 1.0 mm, flip angle 15 degrees.

Data Analysis

Raw data were analyzed with the Brain Voyager QX 1.9
software (Brain Innovation, Maastricht, The Netherlands)
at the ITAB. Because of T1 saturation effects, the first five
scans of each run were discarded from the analysis. Pre-

processing of functional data included slice scan time cor-
rection, three-dimensional motion correction, and removal
of linear trends from voxel time series. Preprocessed func-
tional volumes of a participant were coregistered with the
corresponding structural dataset. As the four-dimensional
functional and three-dimensional structural measurements
were acquired in the same session, the coregistration trans-
formation was determined using the Siemens slice position
parameters of the functional images and those of the struc-
tural volume. Both structural and functional volumes were
then transformed into the Talairach space [Talairach and
Tournoux, 1988] using a piecewise affine and continuous
transformation. Functional volumes were resampled at a
voxel size of 3 x 3 x 3 mm>. A modest spatial smoothing
with a Gaussian kernel of 6.0 mm full-width half-maxi-
mum was applied to functional images corresponding to
two voxels in the resampled data to account for intersub-
ject variability, though maintaining a relatively high spa-
tial resolution.

Before functional connectivity analysis, the BOLD time
series were preprocessed by means of MATLAB software
(The Mathworks Inc., Natick, MA) according to the proce-
dure described in Fox et al. [2005, see also Fox and
Raichle, 2007]. The preprocessing steps included (1) band-
pass filtering between 0.009 and 0.08 Hz; (2) regression of
global, white matter, and ventricle signals, and their first
derivatives; and (3) regression of three-dimensional motion
parameters, and their first derivatives.

Functional connectivity analysis in the present study
was restricted to the frequency band between 0.009 and
0.08 Hz in accordance with a large body of literature
reporting that long-range communication processes in
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resting state networks as detected from fMRI signals oscil-
late in this ultra-low frequency range [e.g. Cordes et al.,
2001; Fox and Raichle, 2007; Fox et al., 2005, 2006a,b; Vin-
cent et al., 2006, 2008]. Band-pass filtering is applied to
attenuate the contribution of nonphysiological noise. For
example, frequencies below 0.01 Hz may be partly related
to very slow drifts in hardware, and are also excluded in
classical fMRI analysis for task-related experiments. On
the other hand, higher frequencies (e.g. >0.1 Hz) are likely
to receive the contribution of cardiac and respiratory activ-
ity [e.g. Auer, 2008], and should be possibly attenuated
[Fox and Raichle, 2007].

After this preprocessing, a selection of regions of interest
(ROIs) was performed; among them, right hemisphere an-
terior insula (RH alC), left hemisphere anterior insula (LH
alC), RH posterior insula (RH pIC), and LH posterior
insula (LH pIC) were determined using the Talairach coor-
dinates reported by Taylor et al. [2008] (Table II). As con-
trol measures, connectivity maps were calculated for seed
ROIs that did not result in different connectivity maps
between HF-ASD and TD participants in previous studies
[Kennedy and Courchesne, 2008]: left intraparietal sulcus
(—25,-57,46), right superior precentral sulcus (25,—13,50),
and left middle temporal region (—45,—69,—2). For each
ROI, a representative BOLD time-course was obtained by
averaging the signals of the voxels within a sphere of 6
mm radius corresponding to two voxels in the resampled
data. This size has been shown to be a reliable and effi-
cient size for seed ROIs [e.g. Fox et al., 2005], whereas a
larger radius also would increase the risk to include other
adjacent brain regions, like those close to the insular
cortices.

Specific whole-brain seed-based connectivity maps of
the aforementioned ROIs were created for all individual
participants, by calculating correlations between the ROI
time-course (i.e. time-course in each of the insula ROIs)
and all the time-courses of the brain voxels [Fox et al.,
2005]. After applying Fisher’s r-to-z transformation [Zar,
1996] to each correlation map, random-effect analysis was
performed independently for each of the two groups of
participants in order to reveal consistent functional con-
nectivity patterns that were consistent for both the groups
of participants for each of the insula ROIs [Fox et al.,
2006a]. A similar independent-samples t-test, according to
a random-effect analysis, between the whole-brain connec-
tivity maps for the different insula seed ROIs of the
healthy TD control and HF-ASD groups was used to cal-
culate direct contrasts between HF-ASD patients and the
TD control group.

Statistical significance was assessed using a statistical
threshold corrected by the False Discovery Rate (FDR)
[ < 0.05, approximately corresponding to t > 3.203 and
P < 0.003 at the voxel level; Genovese et al., 2002] and a
minimal cluster volume threshold of 100 mm?.

ROI-based functional connectivity analyses were applied
to verify the results of the seed-based functional connectiv-
ity analysis. In this case, a cross-correlation matrix was cal-

culated for each subject and each insula network using the
ROI time-courses of all clusters functionally connected
with the insula seed ROI. These clusters were defined as
spheres with a 6-mm radius and functionally based on the
peak coordinates of the previously described seed-based
group analysis. Subsequently, the correlations were con-
verted to z-scores by means of the Fisher’s r-to-z transfor-
mation [Zar, 1996]. Group-level analyses for HF-ASD
patients and TD controls were performed by means of in-
dependent-samples t-tests between the cross-correlation
matrices for the different insula seed ROIs of the healthy
TD control and HF-ASD groups.

RESULTS

Functional connectivity analyses based on the seed ROIs
resulted in significantly different connectivity maps for dis-
tinct insula regions in TD participants (FDR corrected). LH
alC and RH alC showed significant functional connectivity
with anterior midcingulate cortex (aMCC) extending to the
border with supplementary motor area (SMA) and anterior
cingulate cortex (ACC), posterior midcingulate cortex
(pMCC), superior frontal gyrus (SFG), dorsolateral prefron-
tal cortex (DLPFC), precentral gyrus (PreCG), thalamus,
posterior insula, orbitofrontal cortex (OFC), and contralat-
eral alC. Specifically for RH alC, significant connectivity
was also found with midposterior insula, RH intraparietal
sulcus (IPS), and RH amygdala. LH pIC and RH pIC
showed significant functional connectivity with midcingu-
late cortex (MCC) extending to SMA, primary motor cortex
(dPreCG), ventral and dorsal postcentral gyrus (v/
dPostCG, SI), parietal operculum (SII), IFG, thalamus, and
contralateral midposterior insula.

The functional connectivity maps in the HF-ASD group
were largely similar to those of the TD group, although
some differences could be observed qualitatively in the
group statistical maps (i.e. by separate inspection of the
statistical maps of the TD and HF-ASD group): using the
same statistical threshold as for the TD group statistical
maps, no significant connectivity was observed in the HF-
ASD group connectivity maps between RH alC, and
amygdala and thalamus; between LH pIC, and dPostCG
and SPC; between RH pIC and dPostCG; between LH alC,
and OFC and pIC. Table II shows the brain regions signifi-
cantly connected with the seed ROI for the TD as well as
for the HF-ASD group, and statistical values of the peak
coordinates and between-group differences.

Statistical comparisons between the whole-brain connec-
tivity group maps of RH alC, RH pIC, and LH pIC
showed significant connectivity differences between the
TD and HF-ASD (Fig. 1). No significant between-group
differences are found for functional connectivity of LH alC
and the control seed ROIs (left intraparietal sulcus, right
superior precentral sulcus; left middle temporal region).
Multivariate tests regarding the cross-correlation matrices
confirmed significant differences in connectivity of the RH
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TABLE Il. Brain regions showing seed-based functional connectivity at a significance level of P < 0.05 (FDR
corrected) with seed regions of interest (ROls)

Brain region Talairach
functionally coordinates
connected peak value t-Score t-Score t-Score P value

Seed ROI with seed ROI (x, v, 2) TD group HEF-ASD group TD vs. HF-ASD TD vs. HF-ASD
alC RH (Talairach coordinates: 36, 16, 2)

alC LH —40,12,5 18.43 11.68

dACC RH 5,8, 44 13.96 6.36

PMSFG RH 6,9, 52 12.74 6.80

pIC RH 36, -8, —4 9.76 5.26

ACC RH 4, 33, 26 10.66 6.03

SFG RH 34, 44, 28 14.06 7.85

PreCG RH 39, -5, 48 8.74 5.57

IFG RH 38, 2,30 941 NS

Amygd RH 29, —6, —22 3.43 NS 4.35 0.0009

aMCC LH —13, 2,40 10.82 3.30

pMCC RH 4, —24, 38 8.25 NS

SFG LH —32, 49, 29 7.23 5.48

OFC RH 23,49, 3 6.87 3.69

IPS RH 41, —52, 47 478 NS

Thal RH 7,-16,9 7.32 NS
alC LH (Talairach coordinates: —34, 14, 2)

alC RH 36,24,5 15.24 10.06

dACC RH 7,25, 34 11.75 9.95

dMSFG RH 4,18, 50 12.63 5.59

aMCC RH 2,7,44 11.40 6.44

aMCC LH —3,13, 41 11.30 6.06

SFG RH 32, 45,25 10.62 4.66

SFG LH —33, 51,25 9.36 9.38

vPreCG LH —-55, 0, 20 7.35 3.54

mIC LH —42, -12,11 6.64 4.68

OFC LH —30, 48, —1 9.25 NS

Thal LH -9, -12,2 7.15 3.57

pMCC RH 9, —25, 38 6.13 6.26

vPreCG RH 37,2,29 5.89 8.30

IFG RH 35,11, 28 5.81 5.64

DLPFC LH —43,11, 33 6.22 NS

pIC LH —38, —26, 14 492 NS
pIC LH (Talairach coordinates: —38, —12, 7)

mIC LH 43, -2, 12 14.22 8.70

SII LH —46, —27,25 16.18 433

MCC LH —10, —6, 42 13.00 5.20

MCC RH 6, —7,49 14.29 5.63

dPostCG LH —46, —28, 45 6.23 NS 3.62 0.002

vPostCG LH —46, —26, 24 15.55 4.33 3.44 0.002

vPostCG RH 63, —14, 29 11.11 3.47

dPostCG LH —38, —21, 51 9.71 NS 3.38 0.003

dPreCG RH 51, —15, 51 11.53 4.62

SII RH 53, -21, 19 11.98 5.80 3.48 0.002

Thal LH -10, —20, 1 6.59 NS

Thal RH 11, 18,1 7.34 3.99

SPC LH —38, —43, 61 6.90 NS
pIC RH (Talairach coordinates: 38, —10, 7)

pIC LH —45, -23, 16 13.88 6.61

pIC RH 40, —18, 14 14.74 10.44

mIC LH —46, -9, 6 14.09 12.34

vPostCG RH 54, —14, 37 9.79 3.72

vPostCG RH 50, —19, 25 9.68 3.61
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TABLE II. (Continued)

Brain region Talairach
functionally coordinates
connected peak value t-Score t-Score t-Score P value
Seed ROI with seed ROI (x, v, 2) TD group HF-ASD group TD vs. HF-ASD TD vs. HF-ASD

vPostCG RH 63, —6, 24 9.63 5.27
vPostCG LH —54,0, 28 8.90 3.69 3.30 0.01
MCC RH 3, 8,39 7.54 5.13
MCC RH 6,4,39 5.71 3.66
Thal RH 17, 26, 4 6.31 3.22
MCC LH -8, —4, 42 5.15 5.13
dPostCG RH 41, —20, 57 4.48 NS
mIC LH =38, 1,1 11.03 6.88

LH, left hemisphere; RH, right hemisphere; alC, anterior insular cortex; mIC, midinsular cortex; pIC, posterior insular cortex; (a/
p)MCC, (anterior/posterior) midcingulate cortex; (d)ACC, (dorsal) anterior cingulate gyrus; (v/d)PreCG, (ventral/dorsal) precentral
gyrus; Amygd, amygdala; Thal, thalamus; SFG, superior frontal gyrus; IPS, intraparietal sulcus; MSFG, medial superior frontal gyrus;
IFG, inferior frontal gyrus; OFC, orbitofrontal cortex; DLPFC, dorsolateral prefrontal cortex; (v/d)PostCG, (ventral/dorsal) postcentral

gyrus; SII, secondary somatosensory cortex.

alC, RH pIC, and LH pIC with other network nodes
between the TD and HF-ASD group (P < 0.05).

Contrasts between the RH alC connectivity maps of the
TD group and the HF-ASD group showed decreased func-
tional connectivity for the HF-ASD group between RH alC
and RH amygdala (Fig. la). Statistical contrasts between
the RH pIC connectivity maps of the TD group and HF-
ASD group showed reduced functional connectivity for
the HF-ASD group between RH pIC and LH ventral
PostCG/somatosensory cortex (Fig. 1b). Statistical compar-
isons between the LH pIC connectivity maps of the TD
group and HF-ASD group showed reduced functional con-
nectivity for the HF-ASD group between LH pIC, and LH
ventral and dorsal PostCG/somatosensory cortex and RH
dorsal PostCG (Fig. 1c). Graphics representing 95% confi-
dence intervals (CI) for connectivity measures in both
groups are shown in Figure 2.

With respect to the control ROI-based functional connec-
tivity analysis, Figures 2 to 5 show t-values of cross-corre-
lation connectivity matrices in the TD and HF-ASD group,
functionally based on the peak coordinates and 6 mm ra-
dius of the main network nodes within the RalC, LalC,
RpIC, and LpIC networks, respectively (the cross-correla-
tion values between the same ROIs on the x- and y-axis
are set to zero). Contrasts between the cross-correlation
connectivity matrices of the TD and HF-ASD group of the
main network nodes within the RH alC, RH pIC, and LH
pIC networks confirmed the between-group differences
described above for the seed-based analysis (Figs. 2-5). To
control for the possibility that the results could be specific
for the choice of ROIs with a particular size, the analyses
also were repeated with various radii in the range of 4 to
8 mm. However, these provided similar results.

Importantly, significant positive functional connectivity
was found with the insula seed ROIs in the TD group, and
most single TD participants, for all the brain regions show-
ing between-group differences, whereas connectivity was

consistently decreased or even absent in the HF-ASD
group (see also Table II and CI graphics in Fig. 1). Covari-
ance analysis in both the TD and HF-ASD group detected
no correlations between age and connectivity in the brain
regions that were altered in the HF-ASD group.

The HE-ASD group in the present study included autis-
tic disorder as well as Asperger syndrome. To take into
account possible differences in brain function between
these two groups, direct ROI-based comparisons were per-
formed between the cross-correlation matrices for the dif-
ferent insula seed-ROIs of these groups. Cross-correlation
matrices were functionally based on the peak coordinates
and 6 mm radius of the main network nodes within
the RalC, LalC, RpIC, and LpIC networks. A significant
difference could be detected in the RH alC network.
Participants with autistic disorder showed significantly
decreased functional connectivity between RH alC, and
RH dACC (t = 4.16, 0.004; Talairach coordinates: 5, 8, 44),
compared with participants with Asperger syndrome as
well as compared with the TD group, whereas functional
connectivity between RH alC and amygdala was signifi-
cantly reduced in both HF-ASD subgroups. Functional
connectivity between RH alC and dACC in all four
patients with Asperger syndrome was in the same range
as the TD group.

DISCUSSION

The present study investigated the intrinsic functional
connectivity properties of the insula in HF-ASD by means
of “resting state” or “nontask” fMRI taking into account
an anterior-posterior distinction of the insular cortex. The
results show different functional connectivity networks for
anterior and posterior insular cortices in the TD group.
The networks obtained for the different insula regions are
largely consistent with those reported by Taylor et al.
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Figure 1.

Group statistical maps showing brain regions with significant dif-
ferences (random effect analysis, P < 0.05 FDR corrected)
between connectivity maps of the TD and HF-ASD group based
on: (A) seed ROI “right anterior insular cortex” (RH alC) (x =
36,y = 16, z = 2); (B) seed ROI “right posterior insular cortex”

[2008] in healthy adults, principally showing a similar an-
terior-posterior distinction of the cingulate cortices and
connectivity between posterior insula and somatosensory
cortices; in accordance with other studies, additional func-
tional connectivity in the present study was found
between anterior insula, and thalamus and amygdala
[Robinson et al., 2010; Seeley et al., 2007]. The functional
connectivity patterns reported here also correspond to the
anatomical connections of the insular cortices [Augustine,
1996; Craig, 2002, 2009; Critchley, 2005]. Extending previ-
ous studies, this study reveals altered intrinsic functional
connectivity patterns for different insula regions in HF-
ASD, compared with TD participants. HF-ASD partici-
pants showed reduced intrinsic functional connectivity of
bilateral posterior insular cortices with ventral and dorsal
somatosensory cortices, and between anterior insular corti-
ces (RH, but not LH) and amygdala. These brain regions

(RH pIC) (x = 38,y = —10, z = 7); (C) seed ROI “left poste-
rior insular cortex” (LH pIC) (x = =38,y = —12, z = 7); corre-
sponding graphics showing 95% confidence intervals (Cl) of
functional connectivity in the TD and HF-ASD group.

showing differential connectivity patterns between TD and
HF-ASD participants in this study all have clearly
described afferent (e.g. dPostCG) or reciprocal connections
(e.g. amygdala, vPostCG, SII) with the insular cortices and,
therefore, plausibly reflect anatomical connectivity [Augus-
tine, 1996; Craig, 2009; Heimer and Van Hoesen, 2006;
Hoistad and Barbas, 2008]. Moreover, in accordance with
previous studies [Kennedy and Courchesne, 2008] differ-
ences between the TD and HF-ASD group were specific
for the insular seed regions and were not detected for the
control seed ROIs.

The insula is considered a multimodal region involved
in sensorimotor, allostatic/homeostatic, emotional, and
cognitive functions. According to Craig [2002], thalamo-
cortical pathways provide a direct representation of
homeostatic afferent information to the posterior insular
cortex that engenders distinct bodily or interoceptive
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the typically developing (TD) and high-functioning autism spec-
trum disorder (HF-ASD) group, based on the peak coordinates

and 6 mm radius of the main network nodes.

30

D

20 group

Seed ROI: RH pIC

Seed: RH pIC
LH pIC

RH pIC2
LHmIC

LH vPostCG
RH vPostCG1
RH vPostCG2
LH vPreCG

RH vPostCG3
RH MCC
RH Thal

RH MCC2
LH MCC

RH dPostCG
LHmIC

Seed: RH pIC

Seed: RH pIC

group

HF-ASD

LH pIC
RH plc2
LHmIC

5

LH vPostCG

LH piC
RH pIC2

LH mIC
LH vPostCG

LH vPreCG

RH MCC

RH Thal
RH MCC2

LH MCC
RH dPostCG

t-value

15

4 RH vPostCG1
4 RH vPostCG2

4 RH vPostCG3

LH mIC |

I
L

RH vPostCG1

RH vPostCG2
LH vPreCG

RH vPostCG3

RHMCC -

RH Thal

RH MCC2

LH MCC -

RH dPostCG -

thmic ]

Seed: RH piC

3 TD
group
versus

group

HF-ASD|

Seed: RH piC |
LH piC
RH piC2
LH miC
LH vPostC

H vPostCG

RH vPostCG2
LH vPreCG

RH vPostCG3 -

LHpiC |
RH plc2

LH miC .

LH vPostCG |
RH vPostCG1

RH vPostCG2 F
LH vPreCG
4 RH vPostCG3

RH MCC

RH Thal
RH MCC2

LHMCC
RH dPostCG |

RH MCC |-

RH Thal -

RH MCC2+

LH MCC

Figure 5.
Cross-correlation matrices showing color-coded t-values of con-
nectivity between brain regions within the RH pIC network for
the typically developing (TD) and high-functioning autism spec-
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feelings by projections onto the right anterior insula for an
emotional evaluation [see also Cechetto and Saper, 1987;
Crichley, 2005; Saper, 2002]. In convergence with the
somatic-marker hypothesis of consciousness [Damasio,
1994], these feelings could represent the “material me” in
the sense of a mental interoceptive representation of the
sentient self [Craig, 2002]. This idea can be traced back to
19th century peripheral theories of emotion, postulating
that afferent bodily arousal information is intrinsically
related to emotional experiences. For example, the James-
Lange theory argues that changes in afferent feedback
about bodily arousal are necessary for emotional aware-
ness and determining for the intensity of our emotional
experiences [Lange, 1885; James, 1894]. Although emo-
tional experiences certainly involve a more extended net-
work that comprises also OFC, ACC, and amygdala, all
anatomically connected with the anterior insula [Augus-
tine, 1996; Heimer and Van Hoesen, 2006; Hoistad and
Barbas, 2008], the right anterior insula could be at the ba-
sis of emotional awareness originating from interoceptive
feelings processed in posterior insula [Craig, 2009; Critch-
ley et al., 2004]. Correspondingly, recent anatomical and
functional neuroimaging evidence suggests that anterior
insula is responsible for the degree to which healthy indi-
viduals and patients with ASD are more or less aware of,
or susceptible to, their emotions [Borsci et al., 2009; Iaria
et al., 2008; Silani et al., 2008]. Quite relevantly, in the light
of models of embodied simulation and impaired empathic
abilities in ASD, the anterior insula and related emotional
network, including amygdala, OFC, and ACC, are also
involved in the understanding of others” emotional experi-
ences, like pain, disgust, or fear [Carr et al., 2003; Jackson
et al, 2006, Saarela et al., 2007; Singer et al, 2004;
Sprengelmeyer et al., 1999; Wicker et al., 2003].

Only recently intrinsic functional connectivity of the in-
sular cortex has been investigated by some research
groups. Slightly different functional explanations have
been offered for the role of the insula in neural networks.
For example, Seeley et al. [2007] proposed that the insula
is part of a “salience network” comprising also ACC, OFC,
and limbic structures responding to the amount of perso-
nal salience. Also Dosenbach et al. [2007] distinguished a
similar network comprising insula and ACC calling it
“core network.” An alternative possibility is offered by
Taylor et al. [2008] investigating the intrinsic functional
connectivity of the insular cortex based on an anatomical
anterior-posterior distinction. They identified an anterior
insula network involved in emotional salience detection,
and a midposterior insula network believed to be involved
in more general detection of salient perceptual stimuli,
skeletomotor orientation, and response selection.

In this study, a reduced functional connectivity was
found for the HF-ASD group between posterior insular
cortices and somatosensory cortices. This result was
largely consistent for LH pIC and RH pIC. In line with
previous evidence for functional interactions described
above and reciprocal anatomical connections [Augustine,

1996] between posterior insula MCC, thalamus, somato-
sensory (SI and SII), and motor cortices, the TD group
showed strong functional connectivity among these
regions. Within the framework provided by the somatic
marker hypothesis and the James-Lange theory for emo-
tional awareness, this could reflect a network involved in
homeostasis and interoceptive awareness at the basis of a
subsequent emotional evaluation in right anterior insula
[Craig, 2002; Damasio, 1994; James, 1894; Khalsa et al,,
2009; Lange, 1885]. In support of this close relationship
between emotions and changes in bodily arousal, func-
tional neuroimaging and neurophysiological studies show
engagement of somatosensory, insula, and brainstem
regions during self-generated as well as stimulus-induced
emotions, and a correlation between interoceptive aware-
ness and intensity of induced feelings [Damasio et al.,
2000; Pollatos et al., 2007]. In accordance with the model
of embodied simulation, somatosensory cortices play a
role in the visual recognition of others’ emotions and feel-
ings, too [Adolphs et al., 2000; Avenanti et al., 2005; Ebisch
et al., 2008; Gallese, 2003, 2006]. Altered intrinsic func-
tional connectivity between posterior insula and somato-
sensory cortices in the HF-ASD group as found in this
study could therefore be interpreted as evidence for a dys-
functional network underlying interoceptive awareness in
ASD, likely to ground altered subjective feelings.
Regarding the anterior insula, the current results show a
reduced functional connectivity between right anterior
insula and amygdala in the HF-ASD group. Functional
connectivity between anterior insular cortex and amygdala
is likely to reflect anatomical connectivity [Augustine,
1996; see also Hoistad and Barbas, 2008, for a more exten-
sive discussion of information transfer between insula and
amygdala]. Given the putative role of the anterior insula
underlying subjective feelings and emotional salience
detection, it could be argued that this may lead to altera-
tions in attributing emotional valence to external events.
This valence could be grounded in past experiences, given
the strong relationship between amygdala and memory of
emotional experiences [e.g. Buchanan et al., 2006]. A more
abstract valence function is also proposed for the amyg-
dala in the detection of particularly salient, like emotion-
ally relevant, stimuli [Adolphs, 2008; see also Anderson
and Phelps, 2001]. For example, a relationship has been
demonstrated between both amygdala lesions and volu-
metric measures, and the inability to fixate the eye region
of others’ faces spontaneously, and fear recognition from
facial expressions [Adolphs et al, 1994; Spezio et al,
2007a]. Interestingly, both the ability to make spontane-
ously eye contact with other individuals and the under-
standing of others” emotional expressions are impaired in
ASD [Dalton et al., 2005; Spezio et al., 2007b]. Therefore,
differently from the posterior insula, it could be argued
that the anterior insula network may rather function as
part of a valence network, coding in particular emotional
saliency in the context of personal interests, needs, and
desires [see also Seeley et al., 2007]. Such functions could
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be reasonably reconciled with evidence for a role of the
right anterior insula in switching between a resting state
Default Mode Network (DMN) and central executive net-
works (for instance, reflecting a switch from a resting state
to an active state for interaction with the environment)
[Sridharan et al., 2008]. In the context of the vital represen-
tation of the physiological state of the body in the insular
cortex and its interaction with “limbic motor cortex”/ACC
[Craig, 2009], this could have an obvious evolutionary
value for survival.

Hence, the present results confirm the hypothesis of
altered connectivity between insular cortex, and amygdala
and sensory regions in ASD. As proposed by Ramachan-
dran and Oberman [2006], these altered connections, with
an eventual mediating role of the insula between sensory
and limbic processing [Craig, 2009], could cause a dis-
torted “salience landscape” in ASD. The insular cortex is
considered a principal node in a neural mechanism inte-
grating bodily arousal, autonomic, and valence informa-
tion from sensory, limbic, memory, and motor regions
[e.g. Craig, 2002]. Disruptions of connections of the insular
cortex with somatosensory and limbic brain regions could
plausibly underlie altered awareness of emotions and feel-
ings of self frequently observed in ASD. A similar,
“shared,” mechanism for emotional awareness might
explain an impaired capacity to resonate and understand
these mental states in other individuals as well. This is a
principal characteristic of ASD related to dysfunctional
simulation of others” emotional experiences [Gallese, 2003,
2006]. The specificity of the current findings for right ante-
rior insula (but not left), in contrast to bilateral posterior
insula, is also consistent with the neuroanatomical path-
ways in interoception and afferent visceral control
described by Craig [2009].

Previous fMRI studies in ASD investigated intrinsic func-
tional connectivity within the DMN comprising brain
regions reportedly involved in “mentalizing” or Theory of
Mind (ToM) tasks and within so-called task positive net-
works (TPN), like those involved in sustained attention and
goal-directed cognition. They reported specific alterations
within the DMN, but not in the TPN, although not directly
linked it with relevant functions [e.g. Kennedy and Courch-
esne, 2008]. The results from this study cannot be directly
related to these observations. However, we do not think
that they are conflicting, but may be related to different
aspects of ASD pathology. Moreover, it is not intended that
the present results are the underlying cause of general ASD
pathology. ASD, most likely, is due to concurrent and mul-
tiple physiopathological mechanisms, not confined to ToM
or “mentalizing” regions, like medial prefrontal cortex
[Frith, 2001]. Indeed, underconnectivity [Just et al., 2004;
Minshew and Williams, 2007] or reduced temporal binding
[Brock et al., 2002] between brain regions has been pro-
posed as a more general integrative processing deficit in
ASD that may not be confined to specific functions.

Different from the DMN, the networks investigated in
this study likely contribute to integrative processing

underlying emotional awareness and valence monitoring,
and automatic bottom-up aspects of affective empathy,
putatively grounded in “resonance” or simulation mecha-
nisms. Accordingly, neuroimaging studies suggest that an-
terior insula and amygdala might be involved in
emotional awareness of self and others, and its disruption
in ASD [Pfeifer et al., 2008; Silani et al., 2008], but not
DMN/ToM regions. The latter could be involved in more
inferential and cognitive aspects of empathy, such as
“mentalizing” [Baron-Cohen, 2009; Frith, 2001]. However,
these affective/simulation and cognitive/inferential net-
works possibly subserve complementary functions under-
lying full-blown social cognition abilities, that are clearly
distinct, but both affected in ASD [e.g. Baron-Cohen 2009;
de Lange et al., 2008; Minio-Paluello et al., 2009]. In this
sense, this study complements previous functional connec-
tivity studies that specifically investigated the functional
connectivity properties of ToM/DMN regions in ASD.
Moreover, neuroimaging evidence suggested a close, even-
tually antagonistic, interaction between the insula network
(in particular, right anterior insula) and the DMN [Srid-
haran et al., 2008; Uddin et al., 2008]. The functionality of
this interaction deserves further investigation in this
context.

Some other issues should be mentioned. First, the partic-
ipants in this study were in the age range between 12 and
20 years. Although this age range includes different devel-
opmental stages, it is not plausible that the detected differ-
ences between the TD and HF-ASD group can be
explained by this relatively wide range because the groups
were well matched and the results consistent across the
participants in the different groups. Furthermore, although
developmental changes in functional connectivity have
been reported between childhood and adulthood [Fair
et al., 2007], the absence of a relationship between age and
altered functional connectivity in this study suggests that
the between-group differences are not due to developmen-
tal changes in the TD-group or a deviant development in
the HF-ASD group, at least during adolescence. The
results rather suggest that these alterations could already
be present before the onset of adolescence and emerge
during preceding developmental stages. The interaction
between developmental changes and alterations of func-
tional connectivity in developmental disorders is a crucial
topic for further investigation and it is suggested that also
earlier developmental stages should be included.

Second, one could argue that HF-ASD is characterized
by a heterogeneous manifestation plausibly reflecting dif-
ferences in brain function. Symptoms and their severity
may vary between patients, and the HF-ASD group in this
study included autistic disorder as well as Asperger syn-
drome. Importantly, social deficits are defining features for
both diagnoses, although they differ on other domains.
Indeed, significant social dysfunction was reported for all
participants in the HF-ASD group and altered functional
connectivity between the insular cortices, somatosensory
cortices, and amygdala appeared consistent across patients
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(e.g. Fig. 1). Nevertheless, direct comparisons between par-
ticipants with autistic disorder (N = 10) and Asperger syn-
drome (N = 4) suggested additional alterations of
functional connectivity in cases of autistic disorder, in par-
ticular between RH anterior insula and dACC, whereas
functional connectivity between these regions seemed
unaffected in all cases of Asperger syndrome. However,
given the small sample size, these differences remain
preliminary.

Third, it should be noted that the results of this study
regard spontaneous BOLD fluctuations, analyzed in terms
of intrinsic functional connectivity within specific net-
works. Some caution is required in generalizing them to
specific tasks and functions involving these networks;
BOLD response in the implicated regions was neither
explicitly manipulated by specific tasks nor investigated in
relationship with measurements of emotional or social per-
sonality characteristics in this study. However, the direct
relationship between the reported alterations in spontane-
ous functional connectivity and their functional relevance
for human behavior needs to be clarified and would be an
important topic for further studies [see, for instance, Fox
et al.,, 2006b]. However, this approach led to successful
identification of functional connectivity within several
meaningful networks during resting state strongly overlap-
ping with networks commonly modulated during the per-
formance of cognitive tasks [e.g. Dosenbach et al., 2007;
Fox et al., 2005, 2006a; Fransson et al., 2005; Mantini et al.,
2007; Seeley et al., 2007]. Moreover, a series of studies
established that the identification of these functional net-
works during a resting state are consistent across individ-
ual subjects, repeated measurements [e.g. Damoiseaux
et al., 2006] and analysis methods [Mantini et al., 2008] are
consistent with anatomical connectivity patterns [Buckner
et al.,, 2008; Greicius et al., 2009; Honey et al., 2009; van
den Heuvel et al., 2009], and are likely related to ongoing
neural activity (e.g. De Luca et al., 2006; Mantini et al.,
2008]. It also has been proven useful in the identification
of deviant brain functioning in various neurological and
psychiatric disorders, like ASD, schizophrenia, Tourette
syndrome, and Alzheimer disease [e.g. Buckner et al,
2008; Church et al., 2009; Kennedy and Courchesne, 2008].

Finally, although reduced functional connectivity in
ASD was found between insula and other brain regions
involved in emotional and sensory processing, the low
temporal resolution of the BOLD signal as measured by
fMRI is a limiting factor for distinguishing between alter-
native accounts for these connectivity differences as well
as for the determination of the specific frequency bands of
neuronal oscillations that drive the observed correlations
of the BOLD signals in different brain regions. For exam-
ple, reduced functional connectivity may result from time
lags in neural activation or a lack of communication
between brain regions, and specific ultra-low frequency
neural oscillations might be related to long-range commu-
nication processes within the brain [e.g. Linkenkaer-Han-
sen et al., 2004; Poil et al., 2008]. Because fMRI signals are

typically sampled between 1 and 3 seconds, frequency-do-
main analyses of resting state fMRI signals are limited to a
spectral range including only very slow fluctuations, while
attenuating nonphysiological noise likely to contribute to
lower and higher frequencies [e.g. Fox and Raichle, 2007].
We argue that magnetoencephalography/electroencepha-
lography studies may potentially reveal the alteration of
intrinsic functional connectivity in terms of frequencies
and time-delays in ASD (e.g. de Pasquale et al., in press).

In conclusion, the alterations in intrinsic functional con-
nectivity reported in the HF-ASD group, compared with
TD participants, are consistent with empirical neuroscien-
tific evidence as well as with current hypotheses regarding
emotional awareness of self and others. Principally, HF-
ASD participants showed disrupted intrinsic functional
connectivity between insular cortex and amygdala as well
as somatosensory regions. The insula is located at the tran-
sition of bodily arousal information to subjective feelings.
In the light of peripheral theories of emotion and the so-
matic marker hypothesis, it is suggested that these altera-
tions could be at the basis of some characteristic aspects of
ASD symptomatology, like altered emotional experiences
and impaired social abilities. Furthermore, the present
results suggest that functional abnormalities in a network
involved in emotional and interoceptive awareness in ASD
are partly based on the intrinsic functional connectivity
properties of such a network.
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