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Abstract The insula is a brain structure implicated in
disparate cognitive, affective, and regulatory functions,
including interoceptive awareness, emotional responses,
and empathic processes. While classically considered a
limbic region, recent evidence from network analysis
suggests a critical role for the insula, particularly the
anterior division, in high-level cognitive control and
attentional processes. The crucial insight and view we
present here is of the anterior insula as an integral hub in
mediating dynamic interactions between other large-scale
brain networks involved in externally oriented attention
and internally oriented or self-related cognition. The model
we present postulates that the insula is sensitive to salient
events, and that its core function is to mark such events for
additional processing and initiate appropriate control signals. The anterior insula and the anterior cingulate cortex
form a ‘‘salience network’’ that functions to segregate the
most relevant among internal and extrapersonal stimuli in
order to guide behavior. Within the framework of our
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network model, the disparate functions ascribed to the
insula can be conceptualized by a few basic mechanisms:
(1) bottom–up detection of salient events, (2) switching
between other large-scale networks to facilitate access to
attention and working memory resources when a salient
event is detected, (3) interaction of the anterior and posterior insula to modulate autonomic reactivity to salient
stimuli, and (4) strong functional coupling with the anterior
cingulate cortex that facilitates rapid access to the motor
system. In this manner, with the insula as its integral hub,
the salience network assists target brain regions in the
generation of appropriate behavioral responses to salient
stimuli. We suggest that this framework provides a parsimonious account of insula function in neurotypical adults,
and may provide novel insights into the neural basis of
disorders of affective and social cognition.
Keywords Functional connectivity  Brain networks 
Resting-state fMRI  Granger causality  Anterior insula 
Diffusing tensor imaging

Introduction and overview
The aim of our review was to describe a new framework
for the study of human insula function. We argue for a
network approach and present a model that synthesizes a
wide range of cognitive and affective operations that have
been ascribed to the insula in recent literature. We believe
that such a perspective is needed because of the explosive
range of brain imaging studies that have implicated the
insula in multiple, often disparate, cognitive, and affective
processes. Underlying the plethora of activation studies
(Kurth et al. 2010) is, we believe, a simple and parsimonious model that can help to illuminate key aspects of
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insula function. Our model describes how the insula
facilitates bottom–up access to the brain’s attentional and
working memory resources. The model postulates that the
insula is specifically sensitive to salient environmental
events, and that its core function is to mark such events in
time and space for additional processing.
The insula is unique in that it is situated at the interface
of the cognitive, homeostatic, and affective systems of the
human brain, providing a link between stimulus-driven
processing and brain regions involved in monitoring the
internal milieu (Craig 2009). We suggest that in order to
comprehend insula function it is important to not only
understand cognitive and affective tasks which modulate
activity in this region, but to also identify the functional
circuits that are associated with it. As we seek to show, this
approach can provide novel insights into the input–output
relations of the insula and the functions it serves.
The organization of this review is as follows. We begin
by defining and providing examples of what we mean by a
‘‘network perspective’’, then continue to briefly review the
complex functions that the insula has been implicated in,
with special emphasis on the anterior insula (AI), an area
activated across multiple sensory and cognitive domains
(Kurth et al. 2010). We next review functional and structural
circuits associated with the insula, and then discuss why the
AI can be considered the hub of a ‘‘salience network’’ (SN).
We describe the core dynamical functions of this network
and show how the AI functions as an ‘‘integral hub’’, whose
main role is to mediate information flow across other brain
networks involved in attentional processing and cognition.
We conclude by briefly discussing how our model can be
used to better understand psychopathology in disorders such
as autism, anxiety disorders, and schizophrenia.

A network perspective
A network approach to brain function provides a principled
approach to predicting core functions and deficits associated with specific brain systems. It is becoming increasingly apparent that cognitive neuroscience needs to go
beyond the mapping of complex cognitive and psychological constructs onto individual brain areas. Nowhere is
this more apparent than the study of insular cortex function. In this article, we take a systems neuroscience view
that considers cognitive function to arise from the interactions of brain areas in large-scale distributed networks
(Bressler 1995; Dosenbach et al. 2008; Goldman-Rakic
1995; McIntosh 2000; Mesulam 1998). The network paradigm is becoming increasingly useful for understanding
the neural underpinnings of cognition (Fuster 2006). Furthermore, a consensus is now emerging that the key to
understanding the functions of any specific brain region
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lies in understanding how its connectivity differs from the
pattern of connections of other functionally related brain
areas (Passingham et al. 2002).
Diffusion tensor imaging (DTI) and resting-state functional magnetic resonance imaging (fMRI) are the two
most widely used methods for studying structural and
functional brain connectivity, respectively, in vivo. Postmortem methods of studying structural brain connectivity
have yielded some knowledge; however, human brain
samples required for such studies are often difficult to
obtain. Furthermore, postmortem studies are labor intensive, and investigators can often only study two or three
brain regions at a time (Mesulam 2005). On the other hand,
neuroimaging methods for demarcating brain networks in
vivo are not unambiguous and have thus far lacked adequate spatial resolution to clearly demarcate the connectivity of the human insula. Resting state MRI assesses
inter-regional functional connectivity based on physiological coupling that changes on a moment-by-moment basis,
rather than anatomical connectivity. Examination of such
physiological connectivity offers an alternate approach for
studying intrinsic connectivity of the human brain. This
approach has led to important new insights about insula
connectivity, as we discuss below.
To date, functional brain imaging has primarily focused
on localization of function, revealing activation in specific
brain regions during performance of particular cognitive
tasks. More recently, however, interest has shifted toward
developing a deeper understanding of intrinsic brain architecture that influences cognitive and affective information
processing (Fox and Raichle 2007; Greicius et al. 2003).
This research suggests that the human brain is intrinsically
organized into distinct functional networks that support
complex mental processes. Brain imaging studies have
found that cognitively demanding tasks consistently
decrease activation in the same set of brain regions. Raichle
et al. (2001) argue that these regions constitute a default
mode of brain function. By seeding the PCC during a resting-state fMRI scan and demonstrating functional connectivity with other default mode network (DMN) regions, we
showed that these regions constitute a tonically coupled
network (Greicius et al. 2003). Resting-state fMRI connectivity analyses detect functional connectivity during several
minutes of task-free fMRI scanning. Analysis of restingstate functional connectivity, using both model-based and
model-free approaches, has proved to be a useful technique
for investigating functionally coupled networks in the
human brain (Fig. 1). While the method relies on analysis of
low-frequency signals in fMRI data, electrophysiological
studies point to a neuronal basis for these signals (He et al.
2008; Nir et al. 2008).
Recent work in systems neuroscience has characterized
several major brain networks that are identifiable in both
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Fig. 1 Three major brain networks identified during cognition.
Activations in the central executive and salience networks and
deactivations in the default mode network during auditory event
segmentation. a Analysis with the general linear model revealed
regional activations (left) in the right AI and ACC (blue circles);
DLPFC and PPC (green circles) and deactivations (right) in the

VMPFC and PCC. b Independent component analysis provided
converging evidence for spatially distinct networks. From left to right:
salience network (rAI and ACC), central executive network (rDLPFC
and rPPC), and default mode network (VMPFC and PCC) (adapted
from Sridharan et al. 2008)

the resting (Damoiseaux et al. 2006; Seeley et al. 2007) and
the active brain (Toro et al. 2008). The two most prominent
networks could be identified easily by looking at the profile
of activation and deactivation typically observed during
cognitive tasks. They are the central executive network
(CEN), whose key nodes include the dorsolateral prefrontal
cortex (DLPFC), and posterior parietal cortex (PPC) and
the default mode network (DMN), which includes the
ventromedial prefrontal cortex (VMPFC) and posterior
cingulate cortex (PCC). During the performance of cognitively demanding tasks, the CEN typically shows
increases in activation, whereas the DMN shows decreases
in activation (Greicius et al. 2003; Greicius and Menon
2004; Raichle et al. 2001) (Fig. 1).
Importantly, these regions are typically activated and
deactivated together, suggesting that they serve different
cognitive operations. CEN nodes that show strong intrinsic
functional coupling also show strong coactivation during
cognitively challenging tasks. In particular, the CEN is
critical for active maintenance and manipulation of information in working memory, and for judgment and decision-making in the context of goal directed behavior
(Koechlin and Summerfield 2007; Miller and Cohen 2001;
Muller and Knight 2006; Petrides 2005). The DMN
includes the medial temporal lobes (MTL) and the angular
gyrus, in addition to the PCC and the VMPFC. The PCC is
activated during tasks that involve autobiographical

memory and self-referential processes (Buckner and Carroll 2007); the VMPFC is associated with social cognitive
processes related to self and others (Amodio and Frith
2006); the MTL is engaged in episodic and autobiographical memory (Cabeza et al. 2004), and the angular gyrus is
implicated in semantic processing (Binder et al. 2009). The
precise functions collectively subserved by the DMN are
still largely unknown, but the individual brain regions
comprising it are hypothesized to be involved in integration
of autobiographical, self-monitoring, and related social
cognitive functions (Spreng et al. 2009). Regardless of the
specific functions subserved by each region of the DMN, it
is noteworthy that dynamic suppression of this network
during cognitively demanding tasks is associated with
accurate behavioral performance (Kelly et al. 2008; Polli
et al. 2005; Weissman et al. 2006). Over the past few years,
a wide range of studies have taken advantage of this notion
of the PCC and the VMPFC as core nodes of a coherent
network to constrain the interpretation of activations and
deactivation during cognition.
In summary, analysis of resting-state fMRI has allowed
us to discover the organization and connectivity of several
major brain networks that cannot be easily captured by
other existing techniques. Conceptualizing the brain as
comprised of multiple, distinct, and interacting networks
provides a systematic framework for understanding fundamental aspects of human brain function.
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Multiple functions of the insula: toward a network
model
The insula is a functionally heterogeneous brain region that
participates in visceral sensory and somatic sensory processes, autonomic regulation of the gastrointestinal tract
and heart, as well as a functioning as a motor association
area (Augustine 1996). This early viewpoint has given rise
to a much more complex and multifaceted view of insular
cortex function, as reviewed extensively in this special
issue. Most of the early work on insula function was based
on animal models; yet, it is worth noting that the majority
of the human insula likely has no equivalent in the rat or
monkey (Craig 2009).
Much of the recent critical thinking of insula function in
humans has focused on its key role in the experience of
emotion derived from information about bodily states.
Critchley et al. (2001) found that patients with pure autonomic failure (an idiopathic disorder in which peripheral
denervation disrupts autonomic responses) show reduced
activation in the right insula during performance of
‘‘stressor’’ tasks (e.g. mental arithmetic) compared to
controls. These patients also exhibited subtle impairments
in emotional responses, and identified with statements such
as ‘‘I have lost my ability to feel emotional’’. These data
are in line with the idea that signals from the autonomic
nervous system shape emotional experience (Damasio
1996), and that the insula is a key brain region involved in
this process. Critchley and colleagues have also reported
that activity in the right AI predicts participants’ accuracy
in a task requiring detection of one’s own heartbeat, and
that gray matter volume in the AI correlates with interoceptive accuracy and subjective ratings of visceral awareness. Additionally, emotional experience correlated with
interoceptive accuracy in the participants studied (Critchley et al. 2004). This study thus provides evidence for the
claim that there are strong links between the right AI,
perception of one’s own bodily state, and the experience of
emotion. Intriguingly, smokers with brain damage involving the insula found it easier to quit smoking than smokers
with brain damage involving other areas, demonstrating a
role for the insula in the representation of conscious bodily
urges (Naqvi et al. 2007). A recent PET study of blinking
corroborates this finding, identifying the insula as a region
involved in the control and suppression of natural urges
(Lerner et al. 2009).
Functional neuroimaging studies have shown that the
right AI is active during a wide variety of tasks involving
the subjective awareness of both positive and negative
feelings, including studies of anger, disgust, judgments of
trustworthiness, and sexual arousal (see Craig 2002 for
review). The AI has also been shown to be implicated in
high-level social cognitive processes such as deception. It
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was recently demonstrated that the breach of a promise can
be predicted by brain activity patterns including activations
in the AI, ACC, and inferior frontal gyrus, implicating the
AI and associated circuits in the representation of malevolent intentions before dishonest or deceitful acts are
actually committed (Baumgartner et al. 2009). The AI is
also implicated in empathy, or the ‘‘capacity to understand
emotions of others by sharing their affective states’’
(Singer 2006). A study by Singer and colleagues showed
that while the posterior insula was activated when subjects
received painful stimulation, AI and ACC was activated
both during pain perception and when the subject witnessed a loved one receiving painful stimulation. Activation in the AI was positively correlated with participants’
scores on an empathy scale. The results of this experiment
led the authors to conclude that AI activation reflects
emotional experience that may constitute the neural basis
of empathy (Singer et al. 2004). A more recent study shows
a role for the AI and ACC in complex social emotions
including admiration for virtue, admiration for skill, compassion for social or psychological pain, and compassion
for physical pain (Immordino-Yang et al. 2009). The insula
has also been implicated in emotional judgment. A recent
study shows that activity in bilateral AI underlies emotional interference resolution in working memory (Levens
and Phelps 2010). Another group reported that insular
activity during decision-making related to gambling predicted the extent of risky decisions. The authors suggest
that the posterior insula plays a role in activating representations of homeostatic states associated with the experience of risk, which exerts an influence on subsequent
decisions (Xue et al. 2010). Singer and colleagues have
recently proposed an integrative model of the role of the AI
in feelings, empathy, and uncertainty and risk in decisionmaking. According to this model, the insular cortex is
purported to integrate external sensory and internal physiological signals with computations about their uncertainty.
This integration is expressed as a dominant feeling state
that modulates social and motivational behavior in conjunction with bodily homeostasis (Singer et al. 2009).
While these studies suggest an important role for the
insula in social, affective, and higher-order mental processes guiding behavior, a more parsimonious account of
its core functions is suggested by paradigms that have used
far more simple stimuli and experimental manipulations.
Specifically, we note that across visual, tactile, and auditory modalities, the insula responds strongly to deviant
stimuli embedded in a stream of continuous stimuli
(Crottaz-Herbette and Menon 2006; Downar et al. 2001;
Linden et al. 1999). Furthermore, once unfamiliar deviants
replace familiar deviants, the latter engages the AI to a
greater extent in each one of these modalities (Downar
et al. 2000, 2002). Studies such as these suggest that the
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insula plays a major role in detection of novel salient
stimuli across multiple modalities. In our view, this represents a useful starting for point for synthesizing the wide
range of complex functions that have been ascribed to the
insula.
For reasons discussed in the previous section, we take
the perspective that the contributions of the insula are best
understood in the context of its extrinsic inputs and outputs,
and knowledge of its connectivity is crucial for understanding the functions that the insula can perform. On the
one hand, the extant literature suggests that the functions of
the posterior insula can be segregated from those of the AI,
and that the posterior insula plays a greater role in regulating physiological reactivity and homeostatic states. On
the other hand, given the expansion that the human AI has
undergone, animal models have proven less useful in
identifying core functions of the human AI (Craig 2009).
To address this question, we suggest that it is important to
take a closer look at what is known regarding the structural
and functional connectivity of the human insular cortex.
From this perspective, we suggest that the disparate functions ascribed to the insula can be conceptualized by a few
basic mechanisms: (1) bottom–up saliency detection, (2)
switching between other large-scale networks to facilitate
access to attention and working memory when a salient
event occurs, (3) interaction of the anterior and posterior
insula to modulate physiological reactivity to salient
stimuli, and (4) access to the motor system via strongly
coupling with the anterior cingulate cortex (ACC).

Structural connectivity of the insula
Knowledge of structural connectivity between the insula
and other brain regions can inform theories of its functional
role and help to gain insight into the configuration of
associated networks. At present, however, the anatomical
connections of the human insula are poorly understood.
Our understanding of structural connections of the insula
has primarily been obtained from careful tracer studies in
animals. Located deep within the lateral sulcus of the brain,
the insular cortex has been considered to be paralimbic
(Mesulam and Mufson 1982) or ‘‘limbic integration cortex’’ (Augustine 1996). This characterization is largely
based on the patterns of anatomical connectivity of this
region, which has efferent projections to the amygdala,
lateral orbital cortex, olfactory cortex, ACC, and superior
temporal sulcus (STS), and receives input from orbitofrontal, olfactory cortex, ACC, and STS (Mesulam and
Mufson 1982; Mufson and Mesulam 1982). After this early
pioneering work in the monkey, additional crucial insights
into insula-related circuitry came from Bud Craig and
colleagues working in cat and monkey models.

Specifically, their research has identified ascending pathways from the spinal cord, which target the insula and
ACC, a ‘‘homeostatic afferent pathway’’ (Craig 2002,
2003). This pathway carries information about the physiological status of tissues in the body, and originates from
lamina I neurons in the spinal cord that give rise to the
lateral spinothalamic tract. This tract first synapses in the
ventromedial nucleus of the thalamus. These thalamic
nuclei project topographically to the mid/posterior dorsal
insula, which in turn projects to AI. Descending pathways
from the dorsal posterior insula have been described which
terminate in the brainstem parabrachial nuclei, constituting
a mechanism for cortical control of brainstem homeostatic
systems (Craig 2002).
Inferring structural connectivity of the human insula
from these studies is not straightforward because this
region has undergone significant expansion in humans
(Craig 2009). Furthermore, anatomical parcellation of this
region is not straightforward, and is further complicated by
findings, suggesting that morphometry of the human insula
is much more complex than in non-human primates (Afif
and Mertens 2010), and the recent recognition that even the
gross morphology of the human insula is highly variable
across individuals (Naidich et al. 2004). Insights into insula
function in humans have been gained from lesion studies
(see Ibañez et al. 2010, this special issue); however, this
classic neuropsychological approach may not provide the
most accurate view of a region which has functions that
emerge as properties of the network in which it participates, as we argue is the case for the insula.
In humans, to our knowledge, there have been no
postmortem tracer studies of insula connectivity. DTI
studies of white matter microstructure and pathways are
now beginning to provide new information about the
structural connectivity of the human insula. A recent study
used K-means clustering for connectivity-based segmentation of the insula using DTI. They found that the proportion of voxels that can be attributed to a cluster is
relatively low in the insula, suggesting a high level of
heterogeneity in this cortical region compared to the supplementary motor area (Nanetti et al. 2009). Anatomically,
the insula is characterized by a transitional cytoarchitecture
(Mesulam and Mufson 1982; Mufson and Mesulam 1982)
which makes parcellation of the human insula considerably
more difficult, although cytoarchitectonic boundaries of the
human posterior insula have recently been documented
using ten postmortem brains (Kurth et al. 2010).
Progress in non-invasive mapping of white matter
pathways around the insular cortex using DTI has been
limited due to the problem of resolving crossing fibers;
however, rapid progress is being made in this area using
better data acquisition techniques and improved analytic
methods for fiber tracking (Wedeen et al. 2008). For
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example, white matter pathways between the insula and the
posterior parietal cortex (Uddin et al. 2010) and the ACC
have recently been demonstrated (van den Heuvel et al.
2009). Beyond this, the structural connectivity of the
human insular cortex remains largely unknown.

Functional connectivity of the human insula
and the salience network
The complex, and as yet only partially characterized, pattern of structural connectivity of the human insula
reviewed above and in other articles in this special issue
highlights the need for a more principled understanding of
its functional links. In task-based functional imaging, it has
been difficult to isolate insula responses because it is often
co-activated with the ACC, the dorsolateral and ventrolateral prefrontal cortex, and the posterior parietal cortex.
To circumvent this problem, Dosenbach et al. (2007) used
resting-state functional connectivity to show that these
regions can be grouped into distinct ‘fronto-parietal’ and
‘cingulo-opercular’ components. Seeley et al. (2007) used
region-of-interest (ROI) and independent component
analyses (ICA) of resting-state fMRI data to demonstrate
the existence of an independent brain network comprised
of the AI, dorsal ACC, along with subcortical structures
including the amygdala, substantia nigra/ventral tegmental
area, and thalamus. This network is distinct from the
two other well-characterized large-scale brain networks

Fig. 2 Two independent
control networks identified
using intrinsic physiological
coupling in fMRI data. The
salience network (shown in red)
is important for monitoring the
saliency of external inputs and
internal brain events, and the
central executive network
(shown in blue) is engaged in
higher-order cognitive and
attentional control. The salience
network is anchored in anterior
insular and anterior cingulate
cortices and features extensive
connectivity with subcortical
and limbic structures involved
in reward and motivation.
Central executive network links
the dorsolateral frontal and
parietal neocortices, with
subcortical coupling that is
distinct from that of the salience
network (adapted from Seeley
et al. 2007)
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previously discussed [the central executive network (CEN)
and the default mode network (DMN)] (Fig. 2). We refer to
this AI- and ACC-based network as a ‘‘salience network’’
that functions to identify the most relevant among several
internal and extrapersonal stimuli in order to guide
behavior (Seeley et al. 2007). Converging evidence from a
number of brain imaging studies across several task
domains suggest that the AI and ACC nodes of the SN
respond to the degree of subjective salience, whether
cognitive, homeostatic, or emotional (Craig 2009; Craig
2002). As described in the following section, the identification of such a network is relevant for understanding the
role of the AI in cognition and behavior.
Resting-state fMRI studies have also shed light on differences between functional circuits associated with the
anterior and posterior insula. Taylor et al. (2009) examined
functional connectivity of the left and right anterior, mid,
and posterior insula. They found that the AI was functionally connected with the pregenual ACC, anterior midcingulate cortex, and posterior mid-cingulate cortex, while
the mid/posterior insula was only connected with the posterior mid-cingulate cortex. This study suggests nuanced
differences in connectivity between anterior and posterior
insular regions, which may have important functional
implications. Thus, while AI and ACC often co-activate in
task-based studies, there may be subtle differences between
functional subdivisions within each of these regions, which
can provide insights into how this SN can participate in so
many diverse functions.
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The salience network and dynamic switching
Identification of the AI as an integral node in a strongly
coupled brain network that is distinct from other major
networks such as the CEN and the DMN facilitates a more
principled understanding of the functions of the insula.
Critically, the observation that the AI and the ACC are coactivated during a wide range of cognitive tasks provides a
starting point for investigating its core functions. A crucial
question is: How does the SN, identified by resting-state
fMRI, modulate other core networks involved in cognitive
information processing? One approach here is to examine
how the salience network and its two major cortical nodes,
the insula and the anterior cingulate cortex, influence other
core networks that have a different intrinsic organization.
Sridharan and colleagues showed, across three independent datasets, that the right AI plays a critical and
causal role in switching between two other major networks
(the CEN and the DMN) known to demonstrate competitive interactions during cognitive information processing
(Fox et al. 2005; Greicius et al. 2003). They used Granger
causality analyses to examine the directionality of influence of the AI and ACC nodes of the SN on other brain
regions. Granger causal analyses (GCA) enable the detection of causal interactions between brain regions by
assessing the extent to which signal changes in one brain
region can predict signal changes in another brain region
(Goebel et al. 2003). Across stimulus modalities, the right
AI plays a critical and causal role in activating the CEN
and deactivating the DMN (Sridharan et al. 2008). This
study also shows that the right AI is involved in switching
between brain networks across task paradigms and stimulus
modalities, and thus acts as a ‘‘causal outflow hub’’

Fig. 3 Net causal outflow of major nodes of the salience, central
executive, and default mode networks. a Dynamical systems analysis
revealed that the right anterior insula (rAI) has a significantly higher
net causal outflow than any of the nodes of the central executive or
default mode networks. b Granger causal analysis of connectivity

coordinating two major large-scale networks. Latency
analysis, including measures of the time to peak, further
confirmed that right AI activity temporally precedes
activity in the other nodes of the CEN and DMN (Fig. 3).
This new understanding of the right AI as a critical node
for initiating network switching provides key insight into
the core functions of the AI (Fig. 4).
As Allman et al. 2010 describe in this special issue,
the AI and ACC share a unique feature at the neuronal
level. In the human brain, the AI and ACC contain a
specialized class of neurons with distinctive anatomical
and functional features: the von Economo neurons
(VENs) (Nimchinsky et al. 1999). The VENs have large
axons which facilitate rapid relay of AI and ACC signals
to other cortical regions (Allman et al. 2005) since conduction speeds are proportional to axonal diameter. Note
that the presence or absence of VENs in a particular brain
region can only be determined by analysis of postmortem
brain tissue; thus, one cannot ascertain from neuroimaging work alone the potential functional significance of
this cell type. However, we speculate that VENs may
constitute the neuronal basis of fast control signals generated by the AI and ACC. In summary, the AI and ACC,
anchored within the SN, are uniquely positioned to initiate control signals that activate the CEN and deactivate
the DMN.

Saliency, attention, and cognitive control
Previous studies have suggested that the inferior frontal
gyrus and ACC are involved in a variety of monitoring,
decision-making, and cognitive control processes (Cole

showed significant causal outflow from the rAI to major nodes of the
two other networks. These analyses, together with latency analyses,
suggest that the rAI may function as a causal outflow hub for salient
events (adapted from Sridharan et al. 2008)
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Fig. 4 Network model of anterior insula function. The anterior insula
is part of a salience network, which serves to initiate dynamic
switching between the central executive and default mode networks.
In our model, sensory and limbic inputs are processed by the anterior
insula (AI), which detects salient events and initiates appropriate
control signals to regulate behavior and homeostatic state (adapted
from Uddin and Menon 2009)

and Schneider 2007; Crottaz-Herbette and Menon 2006;
Dosenbach et al. 2008; Eichele et al. 2008; Johnston et al.
2007; Posner and Rothbart 2007), but the AI has not been a
particular focus of most of these studies. There are two
notable exceptions. Dosenbach et al. (2007), who used
functional connectivity analysis of resting-state fMRI
epochs, argue that the AI helps to generate control signals
involved in ‘‘stable maintenance of task mode and strategy’’. We differ in suggesting that the AI is involved in
transient detection of salient stimuli and initiating attentional control signals which are then sustained by the ACC
and the ventrolateral and dorsolateral PFC. In contrast,
Sridharan and colleagues used auditory and visual attention
tasks to suggest that the AI generates a transient control
signal in response to salient events.
Our model posits that the core function of the proposed
SN and the AI, in particular, is to first identify stimuli from
the vast and continuous stream of sensory stimuli that
impact the senses. Once such a stimulus is detected, the AI
facilitates task-related information processing by initiating
appropriate transient control signals to engage brain areas
mediating attentional, working memory, and higher order
cognitive processes while disengaging the DMN via
mechanisms that have been described in the previous section. Critically, these switching mechanisms help focus
attention on external stimuli, as a result of which they take
on added significance or saliency.
There are several processes fundamental to attention:
automatic bottom–up filtering of stimuli, competitive
selection, working memory, and top–down sensitivity
control (Knudsen 2007). Filtering and amplification of
specific stimuli can in principle occur at multiple levels in
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the hierarchy of ascending neural pathways that bring
stimuli from the external world to the primary and secondary sensory cortex. At each level, filters enhance
responses to stimuli that are infrequent in space or time or
are of learned or instinctive biological importance. For
example, neurons in the superior colliculus can amplify
responses to specific visual stimuli based on stimulusdriven representations in local salience maps (Fecteau et al.
2004). The neural mechanisms for this can range from
adaptation in individual neurons to center surround properties of local neural circuits. The large-scale network
switching mechanisms we have described here can be
thought of as the culmination of a hierarchy of saliency
filters in which each successive stage helps to differentially
amplify a stimulus sufficiently to engage the AI. The precise pathways and filters underlying the transformation of
external stimuli and the manner in which the AI is activated remain to be investigated. Critically, our model
suggests that once a stimulus activates the AI, it will have
preferential access to the brain’s attentional and working
memory resources.
Although dynamical systems analysis of fMRI data can
help capture aspects of causal interactions between distributed brain areas, a more complete characterization of
bottom–up and top–down attentional control requires
access to temporal dynamics on the 30–70-ms time scale.
Analysis of combined EEG and fMRI data provides additional insights into how the SN plays an important role in
attentional control (Crottaz-Herbette and Menon 2006). A
schematic model of bottom–up and top–down interactions
underlying attentional control suggested by the relative
timing of responses in the AI and ACC versus other cortical regions based on our dynamic source imaging study
and by lesion studies of the P3a complex (Soltani and
Knight 2000) is shown in Fig. 5. The spatio-temporal
dynamics underlying this process has four distinct stages.
Stage 1 About 150 ms post-stimulus primary sensory areas
detect a deviant stimulus as indexed by the mismatch
negativity (MMN) component of the evoked potential.
Stage 2 This ‘‘bottom–up’’ MMN signal is transmitted to
other brain regions, notably the AI and the ACC. Stage 3
About 200–300 ms post-stimulus, the AI and ACC generate a ‘‘top–down’’ control signal as indexed by the N2b/P3a
component of the evoked potential. This signal is simultaneously transmitted to primary sensory areas, as well as
other neocortical regions. Stage 4 About 300–400 ms poststimulus, neocortical regions, notably the premotor cortex
and temporo-parietal areas, respond to the attentional shift
with a signal that is indexed by the time-average P3bevoked potential. Stage 5 The ACC facilitates response
selection and motor response via its links to the midcingulate cortex, supplementary motor cortex, and other motor
areas (Rudebeck et al. 2008; Vogt 2009).
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Fig. 5 Schematic model of dynamic bottom–up and top–down
interactions underlying attentional control. Stage 1 About 150 ms
post-stimulus primary sensory areas detect a deviant stimulus as
indexed by the mismatch negativity (MMN) component of the evoked
potential. Stage 2 This ‘‘bottom–up’’ MMN signal is transmitted to
other brain regions, including the anterior insula (AI). The anterior
insula provides selective amplification of salient events and triggers a
strong response in the anterior cingulate cortex (ACC). Stage 3 About
200–300 ms post-stimulus, the ACC generates a ‘‘top–down’’ control
signal as indexed by the N2b/P3a component of the evoked potential.
This signal is simultaneously transmitted to primary sensory and
association cortex, as well the central executive network. Stage 4
About 300–400 ms post-stimulus, neocortical regions, notably the
premotor cortex and temporo-parietal areas, respond to the attentional
shift with a signal that is indexed by the time-average P3b evoked
potential. Stage 5 The ACC also facilitates response selection and
motor response via its links to the midcingulate cortex, supplementary
motor cortex, and other motor areas (adapted from Crottaz-Herbette
and Menon 2006)

Within the framework of the network model described
above, we suggest that the AI plays a more prominent role
in detection of salient stimuli, whereas the ACC plays a
more prominent role in modulating responses in the sensory, motor, and association cortices. A wide range of
functional imaging studies and theoretical models have
suggested that the ACC plays a prominent role in action
selection (Rushworth 2008). Taken together, as part of a
functionally coupled network, the AI and ACC help to
integrate bottom–up attention switching with top–down
control and biasing of sensory input. This dynamic process
enables an organism to sift through many different
incoming sensory stimuli and adjust gain for task-relevant
stimuli, processes central to attention (Yantis 2008).
An examination of the differential pattern of input–
output connectivity of the AI and the ACC provides further
insights into the functions of the AI and SN. While the AI
receives multimodal sensory input, the ACC and associated
dorsomedial prefrontal cortex receive very little sensory
input (Averbeck and Seo 2008). Conversely, while the
ACC and associated dorsomedial prefrontal cortex send

strong motor output, there is very little direct motor input
to or output from the AI. Furthermore, the ACC and
dorsomedial prefrontal cortex have direct connections to
the spinal cord and sub-cortical oculomotor areas (Fries
1984) giving them direct control over action. With these
differential anatomical pathways and von Economo neurons that facilitate rapid signaling between the AI and the
ACC, the SN is well positioned to influence not only
attention but also motor responses to salient sensory
stimuli. In this manner, the AI plays both a direct and
indirect role in attention, cognitive, and behavioral control.
Critically, in the context of our model, this input–output
pattern of input and output pattern suggests that the AI may
generate the signals to trigger hierarchical control. Consistent with this view, among patients with frontal lobe
damage, those with lesions in the AI were the most
impaired in altering their behavior in accordance with the
changing rules of an occulomotor-switching task (Hodgson
et al. 2007). Our model further suggests that when the ACC
is dysfunctional, the AI is well positioned to trigger alternate cognitive control signals via other lateral cortical
regions such as the VLPFC and the DLPFC (Johnston et al.
2007). Thus, our model helps to clarify an important controversy regarding the primacy and uniqueness of control
signals in the prefrontal cortex (Fellows and Farah 2005;
Baird et al. 2006).

Saliency and awareness of physiological change:
anterior–posterior insula interaction
We have primarily focused on AI function as this region
has received the most attention in the human functional
neuroimaging literature. However, an important aspect of
insula function pertains to integration of homeostatic signals from the body. As reviewed by Craig (2010) in this
speical issue and earlier in ‘‘Structural connectivity of the
insula’’, the anterior and posterior insula have differential
connectivity and input–output relations. This anatomical
pattern forms the basis for exploring how salience detection and awareness of physiological change are linked
along the axis of the insula.
In order to gain access to the AI and associated SN,
stimulus-related inputs may originate from sensory or
association cortex. For example, in the visual domain, we
have shown recently that insula can be accessed via a set of
links along the dorsal visual pathway: primary visual cortex ? posterior intraparietal sulcus ? anterior intraparietal sulcus ? AI (Uddin et al. 2010) (Fig. 6). Rather than
representing secondary salience signals that primarily
reflect body sensations via the medial orbitofrontal ‘visceromotor’ network that helps control internal body states
(Barrett and Bar 2009), however, our data suggest that the
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Fig. 6 DTI tractography
between parietal cortex and
insula. DTI tractography and
density of fibers between three
subdivisions in human
intraparietal sulcus (hIP2, hIP1,
and hIP3) and insula. hIP1
shows greater structural
connectivity than hIP2 and hIP3
with insula (*p \ 0.05,
**p \ 0.01) (adapted from
Uddin et al. 2010)

dorsal visual system has direct anatomical projections into
the AI. This pathway may help to generate signals
reflecting saliency of visual stimuli in extrapersonal space.
Alternatively, under specific conditions, and in particular
stimulus modalities, inputs might reach the AI via the
middle and posterior insula, a subdivision which is the
preferential cortical target of the homeostatic afferent
pathway. As previously discussed in ‘‘Structural connectivity of the insula’’, and extensively reviewed in this
special issue, the posterior, mid, and anterior insular cortices have different patterns of connectivity with other
brain regions. In the model proposed by Craig, the subjective awareness of salient events is represented more
anteriorly, whereas more sensory attributes are thought to
be represented posteriorly (Craig 2002). However, we
currently do not have a good understanding of how the
posterior and anterior subdivisions of the insula interact,
and the differential timing of autonomic response with
respect to salient event detection in the human insular
cortex remains largely unknown. Additional anatomical
and functional studies that examine the relationship
between autonomic reactivity and salient event detection
are needed in order to further address the question of
sensory access into specific subdivisions of the human
insular cortex.

Implications for psychopathology
This new understanding of the right AI as a critical node
for initiating network switching provides key insight into
the potential for profound deficits in cognitive functioning
should AI integrity or connectivity be compromised. For
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example, AI hyperactivity has been implicated in anxiety
disorders, suggesting that when the SN goes into overdrive,
pathology subsequently results (Paulus and Stein 2006;
Stein et al. 2007). Individuals scoring high on the trait
neuroticism, defined as the tendency to experience negative
emotional states, demonstrate greater right AI activation
during decision-making, even when the outcome of the
decision is certain (Feinstein et al. 2006). A recent study
found that during times when patients with schizophrenia
reported experiencing auditory verbal hallucinations,
increased activation of the right insula was observed
(Sommer et al. 2008). In the previous examples, hyperactivity of the AI may be the basis for pathologically
enhanced salience detection. Increased anxiety or neuroticism, for example, may be the consequence of the AI
misattributing emotional salience to mundane events.
Pathology can also result from compromised salience
detection mechanisms, resulting from decreased AI activity. In a comprehensive meta-analysis of functional neuroimaging studies of social processing in autism, Di
Martino et al. (2009) demonstrated that across a of group of
studies examining various aspects of social processing, one
of the regions consistently showing significant hypoactivity
in autism was the right anterior insula. It may be the case
that reduced attention to social stimuli, a hallmark of ASD,
is the result of ineffective salience processing in the AI.
Taken together, these clinical findings suggest that an
appropriate level of AI activity is necessary to provide an
alert signal to initiate brain responses to salient stimuli, but
this signal can be overactive, in the case of anxiety, or
underactive, as may be the case in autism (Uddin and
Menon 2009). Our model potentially provides a parsimonious account that may explain various clinical symptoms
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as a function of enhanced, reduced, or otherwise altered
salience detection and subsequent attentional allocation.

Conclusions
In the model proposed here, the AI and ACC form the core
of a SN that facilitates the detection of important environmental stimuli. Although salience filters likely exist at
multiple levels of ascending pathways that bring sensory
stimuli into the neocortex, what makes the SN special is
that it triggers a cascade of cognitive control signals that
have a major impact on how such a stimulus is subsequently processed.
Chronometric techniques and dynamical systems analysis suggest that the SN, and the AI in particular, plays a
critical and causal role in switching between the frontoparietal CEN and the DMN across task paradigms and
stimulus modalities. Our network model helps to synthesize disparate findings in the literature into a common
framework and suggests a causal, and potentially critical,
role for the AI in cognitive control. We propose that one
fundamental mechanism underlying such control is a
transient signal from the AI, which engages the brain’s
attentional, working memory and higher-order control
processes while disengaging other systems that are not
immediately task relevant.
The AI, which forms part of the SN, is distinct from the
functional circuits of the mid-posterior insula. These two
relatively segregated streams nevertheless interact, presumably along the axis of the insula, in order to integrate
salient stimuli and events with visceral and autonomic
information. Taken together, they help to generate a state
of heightened physiological awareness of salient stimuli. In
closing, we note that examination of potential disruptions
to these processes may help us to better understand brain
mechanisms underlying psychopathology in several neurological and psychiatric disorders, including schizophrenia, autism, and anxiety disorders.
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