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Abstract Anterior insular cortex is among the non-sen-

sory brain regions most commonly found activated in

functional brain imaging studies on visual and auditory

perception. However, most of these studies do not explic-

itly address the functional role of this specific brain region

in perception, but rather report its activation as a by-

product. Here, we attempt to characterize the involvement

of anterior insular cortex in various perceptual paradigms,

including studies of visual awareness, perceptual decision

making, cross-modal sensory processes and the role of

spontaneous neural activity fluctuations in perception. We

conclude that anterior insular cortex may be associated

with perception in that it underpins heightened alertness of

either stimulus- or task-driven origin, or both. Such a

mechanism could integrate endogenous and exogenous

functional demands under the joint criterion of whether

they challenge an individual’s homeostasis.
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Introduction and aims

Originating from reports on intraoperative recordings by

Penfield et al. in the 1950s (Penfield and Faulk 1955),

anterior insular cortex (AIC) has long been thought of as a

visceral sensory region (Saper 2002). Consistent with the

James–Lange theory of emotion and the somatic marker

hypothesis (Damasio 2003), it was suggested that through

the representations of bodily reactions, e.g., in response to

emotional stimuli, AIC could play a central role in medi-

ating interoceptive awareness and the subjective experi-

ence of feelings (Craig 2002). In recent years, this notion

has been substantiated and refined by evidence from a

number of studies using functional neuroimaging, espe-

cially functional magnetic resonance imaging (fMRI)

(Critchley 2005; Craig 2009). Functional magnetic reso-

nance imaging (fMRI) allows nearly simultaneous mea-

surements of neural activity changes across the whole

brain, and many studies with this technique have revealed

that AIC activations are not limited to the processing of

emotional or affective information. Activations in the AIC,

along with anterior cingulate cortex (ACC), are in fact

among the most commonly reported foci in cognitive tasks,

including those probing processes underlying perception

and awareness. The widespread involvement of AIC in

perceptual processes has led to the suggestion that the role

of AIC might not be limited to interoception and subjective

feelings, but that it could be generally involved in medi-

ating awareness (Craig 2009).

The aim of this study was to review the literature with

respect to the role of AIC in visual and auditory perception.

Perception here refers to the process of registering sensory

stimuli as a meaningful experience. Since the evidence of

the AIC playing a general role in perception is derived in

majority from functional neuroimaging studies, we will
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focus on this literature. While the AIC is a region that is

commonly found to be activated in studies of perception in

the visual and other modalities, it should be noted that most

of these studies did not actually target AIC function.

Rather, AIC activation is usually found more or less inci-

dentally as part of a larger network comprising the dorsal

ACC, lateral prefrontal cortex and parietal regions. Inter-

pretations of such findings are mostly post hoc, and there is

even a certain degree of circularity, as the interpretation of

insula activations often refers to other studies that also

found insula activity as a by-product, or at least without a

strong a priori hypothesis concerning this region. AIC

activation is usually part of a response in a distributed set

of other brain regions, which makes interpretation of its

role in perception even more challenging. Again, hardly

any neuroimaging study attempted to define the specific

function of AIC in perception in contradistinction to that of

other frontal and parietal regions.

Even though our review will in most parts also be

confined to a post hoc interpretation of many more or less

accidental findings, we nevertheless believe that the role of

the AIC in perception can be characterized to some extent

from a synopsis of the existing literature. The purpose of

our review is to provide a framework for testable hypoth-

eses regarding this role, which might serve as a basis for

future dedicated investigations of this brain region. Most

importantly, we will pursue the question of specificity: can

a distinct functional process within perception be tied to

AIC, and only to AIC function, or does AIC activity in

allegedly perceptual paradigms reflect its participation in a

more general function that is common to a wide variety of

cognitive processes? Within the field of perception, we will

focus on research areas that have discussed AIC as a key

player and have assigned it a specific role. These include

studies of visual awareness, perceptual decision making

and cross-modal sensory processes. Finally, we will high-

light recent findings from the study of spontaneous fluc-

tuations of neural activity, which may help to provide a

more complete understanding of the insula’s role in per-

ception. We will not review research on emotional pro-

cesses or on music and time perception as these topics are

covered extensively by other articles in this issue, but our

analysis will touch on issues related to attention (see also

the article by Nelson et al. (2010), in this issue).

Visual awareness

We use the term awareness in the sense of perceptual

awareness, which indicates the ability of an observer to

report either the presence of a stimulus or its identity (Rees

2007). Several studies have shown that awareness of visual

stimuli, or of certain aspects of visual stimuli, is associated

with fMRI activations in a frontoparietal network com-

prising AIC, dorsal anterior cingulate cortex (ACC), lateral

prefrontal cortex (mostly middle frontal gyrus) and parietal

cortex (mostly intraparietal sulcus) (Rees 2007). For

example, a combined fMRI and EEG study investigated the

neural processing of visible words compared to words

rendered invisible by a combination of forward and back-

ward masking (Dehaene et al. 2001). Greater activations

during processing of visible words were found in bilateral

AIC and other frontoparietal regions including the dorsal

ACC, left inferior frontal cortex and left intraparietal sul-

cus. A strong effect of word visibility was also found in the

visual word form area, a region in the lateral fusiform

gyrus that responds preferentially to the visual presentation

of written words (Cohen et al. 2000). It was concluded that

frontoparietal regions, including the AIC, may play a role

in awareness by means of a top–down amplification of

signals in the visual cortex. It is important to note that this

study used a stimulus manipulation to modulate visibility,

which leaves the possibility that any difference in brain

responses expresses differences in visual stimulation. An

elegant approach to avoid this problem is to use near-

threshold settings where a certain property of a single given

stimulus will reach awareness on some trials, but not on

others. Studying fMRI responses to visual flicker, one

study presented flickering visual stimuli at the threshold of

the visual system’s ability to differentiate between two

sequential stimuli (flicker-fusion threshold), resulting in

perception of the two stimuli as either flickering or fused

(Carmel et al. 2006). Perception of flicker in this stimulus

was associated with activations in the right AIC, middle

frontal gyrus and intraparietal sulcus. The authors con-

cluded that these areas may thus be involved in the

awareness of temporal properties of the visual environ-

ment. As in many studies on neural correlates of con-

sciousness, however, it remains difficult to discern on the

basis of fMRI signals whether these activations are cause

or consequence of a specific percept, in this case perceiving

flicker. It could be that a critical amount of activity in these

areas, for instance related to alertness or attentiveness, is

necessary for perceiving a flicker stimulus at threshold.

Alternatively, insular and frontoparietal activations could

reflect a bottom-up signal related to the greater salience

once the stimulus is perceived to flicker.

Do the findings of greater insular activity during

awareness versus unawareness of visual stimuli reflect

differences in stimulus visibility? Researchers have

attempted to answer this question by parametrically mod-

ulating stimulus visibility. Deary et al. (2004) varied the

presentation duration of a target stimulus that was followed

by a mask stimulus. Participants performed a forced-choice

discrimination task on the target stimuli. As a consequence,

task difficulty increased with decreasing inspection times.
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When analyzing fMRI responses as a function of inspection

time, a robust negative correlation was found in AIC and

dorsal ACC. That is, insular responses where greatest at

very short inspections times (6 ms), when performance was

at chance level because targets were invisible. Interest-

ingly, the apparently opposite finding was obtained in a

study where stimulus visibility was again modulated by

presentation duration in a backward-masking paradigm

(Christensen et al. 2006). In this study, however, the task

was not to discriminate between two stimuli, but just to rate

stimulus clarity. The subjectively perceived stimulus clar-

ity, which was low for short presentations and high for long

presentations, correlated positively with the fMRI signal in

a network comprising the AIC and frontal operculum

bilaterally, among other inferior frontal, parietal regions

and the basal ganglia. That is, depending on task demands,

a similar stimulus manipulation (presentation duration with

backward masking), which had a similar effect on

perception (reduced visibility for shorter presentation

durations), was associated with exactly the opposite

response profile in AIC (Fig. 1): Responses in the AIC

correlated negatively with stimulus visibility during a

forced-choice discrimination task (Deary et al. 2004) and

positively during a subjective visibility rating task (Chris-

tensen et al. 2006). An even earlier study manipulated

visibility by slowly increasing and then degrading stimulus

contrast around threshold values and compared brain

activity as a function of whether the same stimulus contrast

induced awareness or not (Kleinschmidt et al. 2002). While

the absence of evidence can in principle always relate to a

lack of sensitivity of a given stimulus paradigm to evoke

activations in a particular brain region, it is still noteworthy

that this approach did not yield insular activations in cor-

relation with stimulus awareness. Interestingly, the task

requirements in that study were not tied to awareness, but

to changes in awareness, either way, with emergence or

Fig. 1 Stimulus- and task-

dependent modulation of

anterior insular cortex activity.

Examples are from two studies

that used a similar manipulation

of stimulus visibility, but found

opposite response profiles of

anterior insular cortex.

a Stimulus visibility was

manipulated by varying

presentation duration in a

backward-masking paradigm.

Data were analyzed as a

function of participants’

subjective ratings of stimulus

visibility. Responses in bilateral

anterior insula correlated

positively with subjective

visibility ratings (Christensen

et al. 2006). b Stimulus

visibility was again manipulated

in a backward-masking

paradigm by varying

presentation duration as

indicated on the y-axis of the

right panel. In this study,

participants had to perform a

forced-choice task on the target

stimuli, which was increasingly

difficult with shorter

presentation durations and thus

decreasing visibility. Contrary

to the study by Christensen et al.

(2006), bilateral anterior insula

activity now correlated

negatively with stimulus

visibility (Deary et al. 2004)
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loss of a percept being reported by the participants. This

raises the possibility of AIC activity responding to per-

ceptual factors only when they are relevant to action.

Together, these studies suggest that AIC activations

reflect task demands to a greater degree than awareness of a

target stimulus, that is, conscious perception of this stim-

ulus. In other words, the role of the AIC in perception

seems to be more tightly coupled to the perceptual task

than to awareness of a stimulus per se. This notion is

supported by a study investigating blindsight in a patient

with a complete unilateral lesion of primary visual cortex.

In this patient, engagement in a visual discrimination task

was associated with right AIC activation that was partic-

ularly strong in the unaware mode, i.e., when stimuli were

presented in the blind hemifield (Sahraie et al. 1997). This

finding speaks of the possibility that AIC activation may

reflect task difficulty rather than awareness per se (see also

review on time perception by Kosillo and Smith (2010), in

this issue). Such a view on the insula’s role in perception

may help to explain why several more studies than the one

mentioned above (Kleinschmidt et al. 2002) that compared

awareness and unawareness of visual events failed to

observe AIC activations. For example, in the attentional

blink paradigm, i.e., the failure to detect the second of two

targets that rapidly succeed each other and are embedded

into a stream of distracter stimuli, hits are associated with

greater activity in the frontal and parietal areas, but not in

insular cortex (Marois et al. 2000, 2004). Similarly, no

insular activations were observed during the detection of

changes in visual stimulation in a change-blindness para-

digm, whereas dorsolateral prefrontal cortex and parietal

cortex showed significant activations in association with

change detection (Beck et al. 2001). Of course, the caveats

of negative findings again apply here. But if AIC

involvement is not directly related to visual awareness, the

absence of insular activations in these studies might be due

to the fact that the related task demands do not differen-

tially recruit the AIC.

But what then is the role of the AIC in the awareness of

sensory stimuli? Further insight into this question comes

from studies that probed neural responses to sensory

stimuli in the absence of a specific task. Downar et al.

(2000) presented simple visual, auditory and tactile stimuli

simultaneously and iteratively with occasional stimulus

changes in one of the three modalities. They found right

AIC as part of a frontoparietal network comprising the

dorsal ACC, lateral inferior frontal cortex and temporo-

parietal junction. This set of regions was activated during

stimulus changes irrespective of the sensory modality. As

participants did not perform any task, these activations

were interpreted as reflecting a multimodal network for

involuntary attention and thus for awareness of sensory

events (see Corbetta and Shulman 2002). Along similar

lines, a recent study used fMRI to identify brain regions

that are commonly activated by four different sensorimotor

tasks, which shared neither sensory input nor motor output

(Ivanoff et al. 2009). AIC and lateral prefrontal cortex were

commonly activated across all four tasks and were thus

suggested as candidate neural substrates for a central hub

of information processing across sensory modalities. Of

course, these approaches, while doubtlessly informative,

cannot ultimately clarify to what extent such an amodal

network’s activity is essential, supportive or collateral.

Finally, AIC activation is also observed in association with

perceptual events that occur in the absence of changes in

sensory stimulation, e.g., during bistable perception. One

study reported covariation of right AIC, inferior frontal and

inferior parietal activity with visual cortex activity during

binocular rivalry, suggesting that these regions may

mediate awareness of activity changes in sensory brain

regions that are associated with spontaneous changes in

perception (Lumer and Rees 1999). Similarly, an increase

in fMRI signal in the AIC was observed after perceptual

switches during bistable apparent motion perception, along

with activations in the visual motion complex V5/MT and

the supplementary motor area (Muller et al. 2005).

To summarize the findings from studies that have

implicated the AIC in the awareness of sensory informa-

tion, we shall first note that none of the studies reviewed

here support a unique and specific role of the AIC in

awareness. In functional imaging studies, the AIC is almost

always identified as part of a larger network of jointly

activated frontal and parietal brain regions. Further, it

seems that stimulus salience drives responses in the AIC.

Salience here is used in its most general sense as indicating

that a stimulus is particularly noticeable or important.

Visible stimuli are usually more salient compared to

invisible ones and are thus often found to be associated

with AIC activations. Likewise, changes in sensory stim-

ulation are salient events, especially if they occur rarely.

However, insula responses to sensory events also seem to

be closely linked to perceptual task demands and effort in

particular. Effort as used here refers to the degree to which

mental or cognitive resources are mobilized for completing

a given task. If the task is to discriminate between two

types of stimuli, AIC activity increases with decreasing

stimulus visibility, that is, the less salient the stimulus is,

the more the effort needed to detect the stimulus increases.

How can these seemingly opposing mechanisms be rec-

onciled? Possibly, AIC activity does not express perceptual

salience per se, but rather the recruitment of processing

resources when faced with a given sensory event, whatever

the source of that recruitment, bottom–up or top–down.

Salient events are usually assigned processing resources,

which are conceptualized as exogenous or bottom-up

allocation of attention. On the other hand, if this is required
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by the task at hand, processing resources become more

necessary as the stimulus is less salient. Accordingly, AIC

has been implicated in the effort required by a perceptual

task in the field of perceptual decision making, which we

will turn to next.

Perceptual decision making

Perceptual decision making is defined as the act of

choosing one option or course of action from a set of

alternatives on the basis of available sensory evidence

(Heekeren et al. 2008). A typical experimental approach

for investigating the mechanisms of perceptual decision

making is to have study participants perform sensory dis-

crimination tasks, with the sensory input being more or less

degraded. In the visual domain, for example, a direction-of-

motion discrimination task in which participants have to

indicate the net motion of a noisy field of moving dots is a

commonly used paradigm for the investigation of percep-

tual decision making (reviewed in Gold and Shadlen 2007).

While there is converging evidence for the notion that

activity in sensory brain areas closely reflects the amount

of available sensory evidence in favor of a given decision,

the role of higher-order non-sensory regions in the decision

process remains controversial (Heekeren et al. 2008). A

number of fMRI studies have suggested that the AIC plays

an important role in the perceptual decision process. For

example, it has been shown in a series of studies that trial-

by-trial fluctuations in the left AIC correlate with decisions

about fearful and non-fearful faces (Pessoa and Padmala

2005, 2007; Thielscher and Pessoa 2007). Most relevant in

our current context, Thielscher and Pessoa (2007) used a

graded series of morphed emotional faces and asked par-

ticipants to indicate the faces’ emotional expression. They

observed an inverted U-shaped correlation between reac-

tion times and BOLD responses in the AIC and the ACC,

using reaction time as an index of decision processes. In

other words, longer reaction times, which indicate a more

difficult perceptual decision, were associated with greater

AIC and dorsal ACC activations. Along similar lines, dif-

ficulty of perceptual decisions was modulated by varying

noise levels in an auditory discrimination task (Binder et al.

2004). While accuracy correlated positively with activity in

the auditory cortex, reaction time as a marker of task dif-

ficulty correlated positively with the BOLD signal in AIC.

Interestingly, a nearby region at the border of AIC and

frontal operculum showed a negative correlation with

accuracy, which can be seen as another index of task dif-

ficulty. Accordingly, AIC and ACC activation increases as

a function of acoustic stimulus complexity during speech

comprehension, most likely reflecting task difficulty

(Giraud et al. 2004). Grinband et al. (2006) manipulated

decision uncertainty independently of the stimulus evi-

dence in a task with a variable categorization boundary.

Uncertainty correlated with activity in the AIC as part of a

larger network comprising the medial frontal gyrus, ventral

striatum and dorsomedial thalamus. Finally, EEG compo-

nents that are related to difficulty in perceptual decision

making correlate with fMRI signals in the AIC, the ACC

and dorsolateral prefrontal cortex (Philiastides and Sajda

2007). The finding of greater AIC activations with

increasing task difficulty in perceptual decision-making

studies (Binder et al. 2004; Grinband et al. 2006; Philias-

tides and Sajda 2007; Thielscher and Pessoa 2007) is

reminiscent of the aforementioned study by Deary et al.

(2004). Although the latter did not explicitly conceptualize

their experiment in the framework of perceptual decision

making, they in fact also varied the difficulty of a per-

ceptual decision task. AIC activity related to task difficulty

could hence reflect the degree of cognitive effort that is

required for a task. The notion of cognitive effort can

account for AIC recruitment in a number of perceptual

paradigms (e.g., those that manipulate the presence of noise

in a stimulus, presentation duration or categorization

uncertainty), but also in non-perceptual paradigms. For

example, the feeling of knowing a word before actually

recalling it has been associated with a region at the border

of AIC and inferior frontal gyrus, where fMRI responses

parametrically increase with greater feeling of knowing

(Kikyo et al. 2002). The involvement of AIC and inferior

frontal gyrus in this paradigm could reflect increased

cognitive effort when striving for the recall of a word that

one strongly feels one knows. In the context of perceptual

decision making, the role of the AIC might thus be to

translate cognitive effort into increased sensory alertness to

improve perceptual performance.

Another line of research into the neural mechanisms of

perceptual decision making has associated AIC activity

with the moment at which the perceptual decision is made,

rather than task difficulty. One study (Ploran et al. 2007)

measured brain activation with fMRI while participants

watched a screen on which an image was slowly being

revealed. While activity in visual areas increased as a

function of the amount of sensory information available,

there was a sudden increase in activity in the AIC and the

dorsal ACC at the moment of recognition, which here

refers to being able to identify a visual object stimulus

(e.g., butterfly). This finding was interpreted as reflecting

cognitive processes related to stimulus recognition rather

than those linked to the decision process itself. A different

conclusion was reached by another study (Ho et al. 2009),

in which stimulus information gradually increased either

quickly (easy trials) or slowly (hard trials). fMRI responses

were modeled on the basis of a linear ballistic accumulator

model, which predicts that regions involved in the
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perceptual decision process will show smaller but earlier

responses in easy trials compared to hard trials. The authors

identified the AIC as the only brain region to match this

response profile irrespective of the response mode, that is,

independently of whether responses were made with eye

movements or button presses. Especially, the observation

that the rise in BOLD signal occurred earlier during easy

trials was taken as evidence that this region is not simply

recruited by general arousal or by the tonic maintenance of

attention. One could argue, however, that an earlier acti-

vation is not necessarily related to the perceptual decision

process itself, but could just as well reflect the perceived

stimulus salience at the moment of recognition, in line with

the above-mentioned study by Ploran et al. (2007). Toge-

ther, findings from perceptual decision making thus again

suggest that both perceived stimulus salience, i.e., ‘pop-

out’ in space or time, and task difficulty recruit the AIC.

Cross-modal interactions

While most studies reviewed above were concerned with

visual perception, we have seen that the AIC may be

involved in perceptual processes in different sensory

modalities (e.g., Manes et al. 1999; Downar et al. 2000). It

was proposed, however, that the AIC may not only play a

role in perception independently of the sensory modality,

but especially in cross-modal interactions by mediating

communication and exchange of information between

unisensory areas (Calvert 2001; Amedi et al. 2005). The

insula is strongly connected to various sensory areas and is

hence a plausible candidate to accomplish this function

(Mesulam and Mufson 1982; Mufson and Mesulam 1982).

In the following, we discuss neuroimaging studies that

suggest an involvement of insular cortex, especially AIC,

in cross-modal visual–tactile or visual–auditory inter-

actions.

Cross-modal interactions in central sensory processing

have been studied in various ways. Studies that implicated

the insular cortex in cross-modal processing have used

cross-modal matching tasks, stimuli with a mismatch

between modalities or cross-modal binding phenomena. In

cross-modal matching tasks, participants have to match

objects using two sensory domains independently, e.g., by

either touching objects or looking at them. The perfor-

mance of such visuo-tactile matching tasks is associated

with insular activations, but these activations were located

in the mid-posterior insula rather than AIC (Hadjikhani and

Roland 1998; Banati et al. 2000). In contrast, mismatch

between sensory modalities seems to consistently recruit

the AIC. In one PET study, for example, visual and audi-

tory stimuli were presented either synchronously or asyn-

chronously with varying delays (Bushara et al. 2001).

Comparing asynchronous and synchronous conditions, this

study delineated a large-scale network comprising AIC as

well as prefrontal and posterior parietal regions during

asynchronous stimulation. Interestingly, increasing task

demand (i.e., decreasing intermodal delay) correlated with

activity in the right AIC only. It was concluded that the

AIC is critically involved in mediating cross-modal inter-

actions but without controlling for the generic effect from

effort induced by mismatch. In a related study, where

cross-modal integration of speech was investigated, audi-

tory and visual speech stimuli were presented synchro-

nously or asynchronously (Miller and D’Esposito 2005).

Activity in a broad network of regions including the AIC,

the superior colliculus and intraparietal sulcus was sensi-

tive to spatiotemporal correspondence. Similar to the study

by Bushara et al. (2001), these regions showed greater

responses during asynchronous stimulus presentation. The

AIC is also activated during other types of auditory–visual

mismatch, e.g., when the consonants in auditory speech

stimuli do not match with those shown in visual stimuli as

in the so-called McGurk effect (McGurk and MacDonald

1976; Benoit et al. 2009).

Finally, the AIC has also been implicated in cross-modal

binding. Cross-modal binding refers to situations where

information from one sensory modality changes the way a

stimulus in another modality is perceived. A phenomenon

that has been used to investigate cross-modal binding is the

effect of sound on motion perception. When two identical

visual objects move toward each other, overlap and then

continue their original motion, they are perceived either as

bypassing each other or as colliding and reversing their

direction of motion. Introducing a sharp sound at the time

of overlap biases observers to perceiving a collision

(Sekuler et al. 1997). In an fMRI study, identical auditory–

visual stimuli were presented in all trials, but in some trials

they were perceived to be bound together and in others they

were perceived as unbound unimodal events (Bushara et al.

2003). Cross-modal binding was associated with activa-

tions in the AIC bilaterally, among other regions in dor-

solateral prefrontal cortex, superior parietal cortex and the

superior colliculi. A different finding was reported by the

above-mentioned recent study that used the McGurk effect

to study cross-modal binding (Benoit et al. 2009). While

mismatching auditory–visual input was associated with

increased fMRI signal in the AIC, this signal correlated

negatively across participants with the degree of McGurk

fusion, i.e., the proportion of trials where auditory per-

ception was overruled by visual information. Thus, AIC

activity in this study less likely reflected cross-modal

binding, but rather the perceived mismatch between

modalities which in turn can be considered an important

contribution to the salience of a given trial or the effort in

performing a task.
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With the exception of one study that identified right AIC

as the single region that correlated with task demands

(Bushara et al. 2001), most studies reported cross-modal

effects in the AIC as part of a large-scale network of

regions. The exact role of local AIC-based processes in

multimodal sensory perception thus remains to be deter-

mined. The fact that insular cortex is highly connected to

all sensory cortices certainly speaks of the notion that it

plays a key role in assigning processing resources to those

sensory stimuli that are currently most relevant according

to stimulus- or task-related criteria. Again, AIC activations

in cross-modal studies can be attributed to task demands

(Bushara et al. 2001) or to perceived stimulus salience,

which may be the key factor in mismatch-related responses

(Bushara et al. 2001; Benoit et al. 2009). But why should

the AIC show stronger activations in cross-modal binding

as reported by Bushara et al. (2003)? It is conceivable that

the degree of activation in AIC and other related regions

determines the amount of processing resources that are

assigned to the two stimuli, and that the likelihood of

perceiving them as bound together increases if they are

both assigned more processing resources.

Spontaneous fluctuations of AIC activity

As in the aforementioned study (Bushara et al. 2003), a

question of causality arises in many studies that report

activations in the AIC in association with perceptual

events: are insular activations the cause or the consequence

of conscious perception? For example, does a stimulus

reach awareness because activity in the AIC reaches a

critical level, or is AIC recruited in response to a stimulus

reaching awareness? The best evidence for causality that

correlative measures as functional neuroimaging can

establish comes from demonstrating temporal precedence.

In other words, if neural activity at a given point in time is

predictive of future neural activity elsewhere, or of per-

ceptual performance, this suggests a causal role of activity

at this given site. Exploiting such relationships between

temporal activity profiles across different areas of the brain

is at the heart of the family of so-called effective connec-

tivity analyses, as for instance dynamic causal modeling

(Friston et al. 2003) or Granger causality (Goebel et al.

2003). Two aspects of functional brain anatomy plague

these analyses: first, brain areas are predominantly con-

nected by bidirectional pathways anatomically; and second,

local activity may be functionally related both to causes

and consequences of a given perceptual process. In con-

junction with topographic variations in signal-to-noise ratio

of activations and the temporal dispersion of hemodynamic

relative to neural signals, this makes a fine-grained analysis

of temporal patterns of brain activations very difficult.

A more direct and simple chronometric approach, albeit

successful in some instances, cannot fully avoid these

problems either and is only valid if phrased as a region-by-

condition interaction (Sterzer and Kleinschmidt 2007).

More recently, however, the interest in temporal rela-

tionships has been rekindled by studies that have evaluated

the effects of spontaneous variations of ongoing activity on

brain activations and behavioral outcomes that are elicited

by subsequent stimuli. Widely used analytical methods

leave this variance from ongoing activity fluctuations

unaccounted for, but there are several reasons for recon-

sidering this approach (Fox and Raichle 2007). Firstly,

ongoing activity is quantitatively vastly superior to any

stimulus- or task-driven increment. Secondly, it displays

considerable fluctuations that are easily in and above the

range of task-related signal modulations. Thirdly, ongoing

activity is organized into coherent networks that are well

known from explicit paradigm-based studies of brain

function (Smith et al. 2009). Finally, trial-by-trial varia-

tions in ongoing activity have been demonstrated to impact

on and hence partially account for perceptual and behav-

ioral variability in a complex, non-linear fashion (Boly

et al. 2007; Fox et al. 2007; Hesselmann et al. 2008a, b;

Sadaghiani et al. 2009).

The insula has a very interesting strategic position

within these so-called resting state networks, i.e., sets of

regions that display correlated signal modulations in the

absence of an explicit task paradigm. Firstly, its association

with other brain regions shows an anterior–posterior sub-

division (Taylor et al. 2009). Secondly, the anterior insula

has been suggested as part of several differently labeled

resting state networks (Dosenbach et al. 2007; Seeley et al.

2007; Vincent et al. 2008). Of note, many of these studies

rely on using a seed region. The whole brain analysis then

searches for other regions showing a similar simultaneous

time course. Such analyses are highly sensitive to the

precise anatomical location of the seed region, and vari-

ability in the results using seed regions in the anterior

insula hence suggests a hub function of the anterior insula

reflecting a widespread connectivity with fine-grained local

variations. Functional evidence for a hub role of the ante-

rior insula in orchestrating behavior across different net-

works, including a dorsal frontoparietal network implicated

in executive functions and the so-called ‘default-mode’

network, comes from combined task and resting state

experiments (Sridharan et al. 2008; Eckert et al. 2009).

Again, the anterior insula was tightly tied to anterior cin-

gulate in resting state and in stimulus-related experiments

sensitive to salience of sensory events across modalities

and also to task demands.

We have recently studied the effect of activity variations

in this network, which additionally includes thalamic

regions, on perceptual performance by asking subjects to
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detect during (noisy) scanning the sparse and unpredictable

occurrence of near-threshold acoustic stimuli (Fig. 2). We

found that higher ongoing activity in this network prior to

stimulation was predictive of detection in the upcoming

trial (Sadaghiani et al. 2009). This task is far from requiring

great executive control or selective attention and our par-

adigm resembles those that have been used in experiments

on vigilance fluctuations (Makeig and Inlow 1993). In

accord with explicit studies using stimulation paradigms

(Sturm et al. 2004), we have hence proposed that this

network mediates tonic alertness. This interpretation is

compatible with other accounts that have emphasized the

maintenance of a task set (Dosenbach et al. 2006, 2007),

but appeals to an ecologically more intuitive and basic

cognitive function. Indeed, we believe that the tonic and

phasic aspects of alertness are sufficient to reconcile the

entirety of functional neuroimaging findings on the rela-

tionship between insula with the perception that we have

discussed above. More challenging task requirements will

raise alertness as will the greater salience of a sensory

event propagated to higher-order areas. The central role of

alertness, which implies the readiness to respond to a

stimulus and to (re-)act accordingly, for the integration of

perception and action is in line with the integrative struc-

tural and functional hub role of the insula that a vast

number of studies have established (Dosenbach et al. 2006;

Sporns et al. 2007; Sridharan et al. 2008; Eckert et al.

2009).

Discussion and conclusions

We have attempted to illustrate that AIC is involved in a

multitude of perceptual tasks. Although evidence is most

abundant for the visual domain, this cortical region seems

to be involved in perception in all sensory modalities. As

mentioned in our introduction, it is important to note that

most of the studies in this field have not addressed the role

of AIC in perception explicitly. There is thus little exper-

imental evidence from dedicated experiments that would

help to directly disambiguate the potential role of the AIC

in various aspects of perception and maybe also provide a

more fine-grained anatomical mapping of such functions

within this region. In reviewing the existing evidence, we

have tried to integrate in a post hoc fashion information

from a number of studies that have observed activations in

the AIC, many of them more or less accidentally. To

nevertheless arrive at a reasonable interpretation of AIC

function in perception, it seems helpful to ask three central

questions: (1) What is common to all perceptual tasks that

are associated with responses in the AIC? (2) Are there

distinct patterns of co-activation with other brain regions?

(3) What is the possible connection with the AIC’s role in

other domains of cognitive, emotional or autonomic

processing?

What is common to all perceptual tasks associated with

AIC activations? At first sight, there seem to be various

different aspects of perception that recruit AIC. Many of

the findings reviewed above suggest that the AIC responds

to the perceived salience of sensory events. Salience can be

a function of physical stimulus properties (e.g., contrast,

duration) and is often determined relative to other stimuli,

e.g., by distinctive characteristics that differentiate a

stimulus from neighboring stimuli both in space and time.

Accordingly, AIC activations are observed in association

with stimulus visibility per se (Dehaene et al. 2001;

Christensen et al. 2006), but also at the moment of rec-

ognition of a stimulus in noise (Ploran et al. 2007; Ho et al.

2009). Salience refers also to sensory events that stand out

as ‘oddballs’ because they are different from most other

Fig. 2 Spontaneous activity

fluctuations in anterior insular

cortex influence auditory

perception. Higher ongoing

activity in the dorsal anterior

cingulate cortex (a), anterior

thalamus (b), and anterior

insular cortex (c) prior to the

presentation of near-threshold

auditory stimuli is predictive of

detection performance in the

upcoming trial (Sadaghiani

et al. 2009)
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stimuli (Downar et al. 2000), or because they are different

from learned expectations, as in the case of a mismatch

between auditory and visual stimuli (Bushara et al. 2001;

Benoit et al. 2009). Of note, perceived salience can also

refer to perceptual events that occur in the absence of

changes in sensory stimulation, such as spontaneous per-

ceptual changes during bistable perception (Lumer and

Rees 1999; Muller et al. 2005; Sterzer et al. 2009). As

discussed above, stimulus salience is not the only deter-

minant of AIC activation, as task demands seem to strongly

recruit the AIC (Binder et al. 2004; Deary et al. 2004;

Grinband et al. 2006; Philiastides and Sajda 2007; Thiel-

scher and Pessoa 2007). Finally, AIC activations are also

observed in association with one of two possible percepts

in situations of perceptual ambiguity, where the salience of

one over the other percept is not immediately obvious

(Bushara et al. 2003; Carmel et al. 2006). A possible

explanation in these cases could be that for one percept to

occur, more processing resources are required than for the

other and that these resources are made available through

activation of a neural circuit that includes the AIC. Thus,

the picture emerges that the AIC is activated whenever the

sensory input poses a challenge. This challenge can take

various forms: information that stands out because of

particular stimulus features and therefore captures pro-

cessing resources; information that is novel or unusual and

therefore calls for the deployment of additional processing

resources; and sensory uncertainty or ambiguity, the dis-

ambiguation of which requires enhanced effort.

Are there distinct patterns of co-activation with other

brain regions? First, it should be noted that the interpre-

tation of co-activation patterns is hampered by the funda-

mental problem that the absence of significant signal

change in a particular brain region in a given study cannot

be taken as evidence for the absence of a neural response in

that region. This is because the fMRI signal is subject to

many sources of interference, such as regional differences

in vascularization, susceptibility to artifacts and spatial

variability across subjects. Any comparison of activation

patterns across studies should therefore be considered with

caution. Yet, this does not compromise the interpretation of

positive evidence of co-activations. It is striking that AIC

activations in many studies reviewed here are reported as

part of a large-scale network of brain regions including the

dorsal ACC and/or lateral prefrontal and parietal cortices.

As discussed above, the embedding into a distributed net-

work even holds for recordings during which subjects are

not engaged in any explicit functional paradigm. Fairly

replicable regions in the lateral prefrontal and parietal

cortex as well as along the frontal medial wall are

frequently coactivated with the AIC in a wide range of

cognitive tasks involving attention, working memory and

response selection (Curtis and D’Esposito 2003;

Ridderinkhof et al. 2004). Co-activation of AIC and dorsal

ACC in particular has been attributed to emotional and

autonomic processes (Critchley 2005; Craig 2009). Task-

free analysis of functional connectivity analysis has pro-

vided evidence for two separate networks: an ‘executive

control’ network including lateral prefrontal and parietal

cortices and a ‘salience network’ comprising AIC and

dorsal ACC (Seeley et al. 2007). During performance of

cognitive tasks, these two networks are often co-activated,

as processing of salience and executive control often

coincide in such tasks. However, AIC and ACC activation

often occurs in the absence of lateral prefrontal and parietal

activation in tasks that do not require executive control and

have been suggested to respond to a degree of personal

salience that cuts across a variety of tasks independently of

whether they involve a component of executive control or

not (Seeley et al. 2007). Importantly, this proposal opera-

tionally defined the parameter of salience by pre-scan

anxiety of subjects, which in turn opens the door for other

accounts than those related to our ‘perceptual’ use of the

salience term. Current evidence does not permit to clearly

dissociate functions of AIC and ACC. Despite similarities

between the two structures, however, a teleological per-

spective would imply that this parallel routing through both

structures may serve similar, but non-identical, functional

purposes that future studies should attempt to characterize.

One candidate hypothesis is that these two structures play

different roles in the mapping between perceptions and

actions, as previously suggested (Craig 2002; Heimer and

Van Hoesen 2006). The AIC may be more involved in

attention and awareness, especially mediated by the rep-

resentation of bodily reactions, while the ACC could serve

functions more closely related to intentions and actions.

This brings us directly to the question regarding the

possible connection with the AIC’s role in other domains

of cognitive, emotional or autonomic processing. As has

been pointed out at the beginning of this study, the AIC has

traditionally been thought of as a visceral sensory region.

Accordingly, functional neuroimaging has provided com-

pelling support for the eminent role of the AIC in the

mapping of visceral responses and in interoceptive

awareness (Craig 2002; Critchley 2005). There is now also

substantial evidence for the involvement of the AIC in the

subjective experience of emotional states. These include

positive feelings such as those related to maternal affilia-

tion or listening to happy voices (Bartels and Zeki 2004;

Jabbi et al. 2007), negative emotional states such as pain

(Peyron et al. 2000) or social exclusion (Eisenberger et al.

2003) and social emotions such as empathy (de Vignemont

and Singer 2006; Sterzer et al. 2007). It has been proposed

that the AIC mediates the subjective experience of feelings

through the representation of physiological states, consis-

tent with the essence of the James–Lange theory of
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emotions and Damasio’s somatic marker hypothesis (Craig

2002; Damasio 2003; Critchley 2005). But what then is the

role of AIC in perceptual tasks of minimal emotional

connotation? We propose that the AIC does not play a

specific role in perception. Rather, the evidence from brain

imaging studies on perception suggests that the AIC is

activated whenever an exogenous sensory stimulus is

salient or an endogenous perceptual task is challenging.

Salience, novelty or unexpectedness of the stimulus just as

well as task difficulty or uncertainty in perceptual decisions

can be interpreted as a challenge to homeostasis and may

require the individual to change his behavior in an adaptive

way.

Possibly, different parts of the AIC may be involved in

different aspects of dealing with perceptual challenges and

complying with action requirements. While the comparison

of activation foci across the studies reviewed here does not

provide a clear enough picture to make any strong con-

clusions about differential roles of putative AIC sub-

regions, this is an interesting question that should be

addressed in future dedicated experiments that attempt to

map a functional fine-grained functional segregation within

AIC. Similarly, we did not in our review observe any

systematic differences between left and right AIC

involvement in the perceptual paradigms reviewed here. It

could be speculated that perceptual tasks that rely strongly

on interoceptive feedback signals may recruit primarily the

right AIC, as such laterality has repeatedly been observed

in studies using interoceptive tasks (Critchley 2005).

Again, this is an intriguing issue that should be explicitly

addressed in future studies.

The question remains which function the AIC, a region

that is primarily a sensory cortical region for interoception,

might serve in perceptual processes, even if they are

potentially challenging to the individuals’ homeostasis.

Unfortunately, any theory regarding the exact role of the

AIC in perception must currently remain speculative, as

direct experimental evidence is lacking. A recent model

proposes a general role for the AIC in awareness (Craig

2009). According to this model, the involvement of the

AIC in perceptual processes implies that the AIC supports

awareness of the immediate moment with a representation

of the individual’s feelings about the sensory stimulus that

is being processed. This is an intriguing attempt to

accommodate the great number of AIC findings from

neuroimaging studies on a wide variety of topics within

one theory. Importantly, this model provides a conceptual

framework for future research that addresses the role of

AIC in perceptual processes in a hypothesis-driven fashion.

However, it should not go unmentioned that current evi-

dence permits an alternate view where virtually all AIC

findings from neuroimaging research on perception to date

are compatible with a purely epiphenomenal role. Thus,

AIC activation could in itself be irrelevant for sensory

perception, but merely reflect the central representation

of increases in autonomic arousal (acceleration of heart

rate, etc.) that are automatically triggered, possibly by

involvement of the dorsal ACC (Critchley 2005). We

cannot rule out this possibility with certainty on the basis of

the current neuroimaging literature. However, neuroana-

tomical evidence suggests that the AIC is in an ideal sit-

uation to play an active role in modulating the processing

of sensory stimuli through its direct efferent connections

with all sensory cortices (Mufson and Mesulam 1982). In

line with recent evidence suggesting the AIC as a central

node of information convergence across different sensori-

motor tasks (Ivanoff et al. 2009), we therefore favor the

view that AIC plays an integrative role in perception–

action coupling in that it mediates states of heightened

sensory alertness and readiness for action (Fig. 3). Such

heightened alertness can be driven by the salience of a

sensory event, by task demands or even by spontaneous

activity fluctuations. This mechanism would serve the

purpose of rendering the individual more sensitive and

more reactive to any kind of sensory information in situa-

tions that pose potential or actual challenges to

homeostasis.

Fig. 3 A tentative model of the anterior insula’s role in perception.

Anterior insular cortex is activated whenever an exogenous sensory

stimulus is salient or an endogenous task is challenging, and mediates

states of heightened sensory alertness via feedback connections to

sensory cortices. This mechanism renders the individual more

sensitive to any kind of sensory information in situations that pose

potential or actual challenges to homeostasis. The interoceptive

representation of autonomic bodily reactions in anterior insular cortex

is crucially involved in generating a state of heightened sensory

alertness. The functional role of the anterior insula is intricately

linked to that of the anterior cingulate cortex, which plays a central

role in initiating and regulating adaptive changes in autonomic

nervous system activity and motor behavior. AIC anterior insular

cortex, ACC anterior cingulate cortex, PFC prefrontal cortex

Brain Struct Funct

123



Acknowledgments We thank Sepideh Sadaghiani for helpful

comments on the manuscript. AK received support from the Agence

Nationale de la Recherche (SPONTACT grant) and PS from the

German Research Foundation (Emmy-Noether Programme).

References

Amedi A, von Kriegstein K, van Atteveldt NM, Beauchamp MS,

Naumer MJ (2005) Functional imaging of human crossmodal

identification and object recognition. Exp Brain Res 166:559–

571

Banati RB, Goerres GW, Tjoa C, Aggleton JP, Grasby P (2000) The

functional anatomy of visual–tactile integration in man: a study

using positron emission tomography. Neuropsychologia 38:115–

124

Bartels A, Zeki S (2004) The neural correlates of maternal and

romantic love. Neuroimage 21:1155–1166

Beck DM, Rees G, Frith CD, Lavie N (2001) Neural correlates of

change detection and change blindness. Nat Neurosci 4:645–650

Benoit MM, Raij T, Lin FH, Jaaskelainen IP, Stufflebeam S (2009)

Primary and multisensory cortical activity is correlated with

audiovisual percepts. Hum Brain Mapp 31:526–538

Binder JR, Liebenthal E, Possing ET, Medler DA, Ward BD (2004)

Neural correlates of sensory and decision processes in auditory

object identification. Nat Neurosci 7:295–301

Boly M, Balteau E, Schnakers C, Degueldre C, Moonen G, Luxen A,

Phillips C, Peigneux P, Maquet P, Laureys S (2007) Baseline

brain activity fluctuations predict somatosensory perception in

humans. Proc Natl Acad Sci USA 104:12187–12192

Bushara KO, Grafman J, Hallett M (2001) Neural correlates of

auditory–visual stimulus onset asynchrony detection. J Neurosci

21:300–304

Bushara KO, Hanakawa T, Immisch I, Toma K, Kansaku K, Hallett

M (2003) Neural correlates of cross-modal binding. Nat

Neurosci 6:190–195

Calvert GA (2001) Crossmodal processing in the human brain:

insights from functional neuroimaging studies. Cereb Cortex

11:1110–1123

Carmel D, Lavie N, Rees G (2006) Conscious awareness of flicker in

humans involves frontal and parietal cortex. Curr Biol 16:907–

911

Christensen MS, Ramsoy TZ, Lund TE, Madsen KH, Rowe JB (2006)

An fMRI study of the neural correlates of graded visual

perception. Neuroimage 31:1711–1725

Cohen L, Dehaene S, Naccache L, Lehericy S, Dehaene-Lambertz G,

Henaff MA, Michel F (2000) The visual word form area: spatial

and temporal characterization of an initial stage of reading in

normal subjects and posterior split-brain patients. Brain 123(Pt

2):291–307

Corbetta M, Shulman GL (2002) Control of goal-directed and

stimulus-driven attention in the brain. Nat Rev Neurosci 3:201–

215

Craig AD (2002) How do you feel? Interoception: the sense of the

physiological condition of the body. Nat Rev Neurosci 3:655–

666

Craig AD (2009) How do you feel––now? The anterior insula and

human awareness. Nat Rev Neurosci 10:59–70

Critchley HD (2005) Neural mechanisms of autonomic, affective, and

cognitive integration. J Comp Neurol 493:154–166

Curtis CE, D’Esposito M (2003) Persistent activity in the prefrontal

cortex during working memory. Trends Cogn Sci 7:415–423

Damasio AR (2003) Looking for Spinoza: joy, sorrow, and the feeling

brain. Hartcourt, Orlando

de Vignemont F, Singer T (2006) The empathic brain: how, when and

why? Trends Cogn Sci 10:435–441

Deary IJ, Simonotto E, Meyer M, Marshall A, Marshall I, Goddard N,

Wardlaw JM (2004) The functional anatomy of inspection time:

an event-related fMRI study. Neuroimage 22:1466–1479

Dehaene S, Naccache L, Cohen L, Bihan DL, Mangin JF, Poline JB,

Riviere D (2001) Cerebral mechanisms of word masking and

unconscious repetition priming. Nat Neurosci 4:752–758

Dosenbach NUF, Visscher KM, Palmer ED, Miezin FM, Wenger KK,

Kang HC, Burgund ED, Grimes AL, Schlaggar BL, Petersen SE

(2006) A core system for the implementation of task sets.

Neuron 50:799–812

Dosenbach NUF, Fair DA, Miezin FM, Cohen AL, Wenger KK,

Dosenbach RAT, Fox MD, Snyder AZ, Vincent JL, Raichle ME,

Schlaggar BL, Petersen SE (2007) Distinct brain networks for

adaptive and stable task control in humans. Proc Natl Acad Sci

USA 104:11073–11078

Downar J, Crawley AP, Mikulis DJ, Davis KD (2000) A multimodal

cortical network for the detection of changes in the sensory

environment. Nat Neurosci 3:277–283

Eckert MA, Menon V, Walczak A, Ahlstrom J, Denslow S, Horwitz

A, Dubno JR (2009) At the heart of the ventral attention system:

the right anterior insula. Hum Brain Mapp 30:2530–2541

Eisenberger NI, Lieberman MD, Williams KD (2003) Does rejection

hurt? An FMRI study of social exclusion. Science 302:290–292

Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain

activity observed with functional magnetic resonance imaging.

Nat Rev Neurosci 8:700–711

Fox MD, Snyder AZ, Vincent JL, Raichle ME (2007) Intrinsic

fluctuations within cortical systems account for intertrial vari-

ability in human behavior. Neuron 56:171–184

Friston KJ, Harrison L, Penny W (2003) Dynamic causal modelling.

Neuroimage 19:1273–1302

Giraud AL, Kell C, Thierfelder C, Sterzer P, Russ MO, Preibisch C,

Kleinschmidt A (2004) Contributions of sensory input, auditory

search and verbal comprehension to cortical activity during

speech processing. Cereb Cortex 14:247–255

Goebel R, Roebroeck A, Kim DS, Formisano E (2003) Investigating

directed cortical interactions in time-resolved fMRI data using

vector autoregressive modeling and Granger causality mapping.

Magn Reson Imaging 21:1251–1261

Gold JI, Shadlen MN (2007) The neural basis of decision making.

Annu Rev Neurosci 30:535–574

Grinband J, Hirsch J, Ferrera VP (2006) A neural representation of

categorization uncertainty in the human brain. Neuron 49:757–

763

Hadjikhani N, Roland PE (1998) Cross-modal transfer of information

between the tactile and the visual representations in the human

brain: a positron emission tomographic study. J Neurosci

18:1072–1084

Heekeren HR, Marrett S, Ungerleider LG (2008) The neural systems

that mediate human perceptual decision making. Nat Rev

Neurosci 9:467–479

Heimer L, Van Hoesen GW (2006) The limbic lobe and its output

channels: implications for emotional functions and adaptive

behavior. Neurosci Biobehav Rev 30:126–147

Hesselmann G, Kell CA, Kleinschmidt A (2008a) Ongoing activity

fluctuations in hMT? bias the perception of coherent visual

motion. J Neurosci 28:14481–14485

Hesselmann G, Kell CA, Eger E, Kleinschmidt A (2008b) Sponta-

neous local variations in ongoing neural activity bias perceptual

decisions. Proc Natl Acad Sci USA 105:10984–10989

Ho TC, Brown S, Serences JT (2009) Domain general mechanisms of

perceptual decision making in human cortex. J Neurosci
29:8675–8687

Brain Struct Funct

123



Ivanoff J, Branning P, Marois R (2009) Mapping the pathways of

information processing from sensation to action in four distinct

sensorimotor tasks. Hum Brain Mapp 30:4167–4186

Jabbi M, Swart M, Keysers C (2007) Empathy for positive and

negative emotions in the gustatory cortex. Neuroimage 34:1744–

1753

Kikyo H, Ohki K, Miyashita Y (2002) Neural correlates for feeling-

of-knowing: an fMRI parametric analysis. Neuron 36:177–186

Kleinschmidt A, Buchel C, Hutton C, Friston KJ, Frackowiak RS

(2002) The neural structures expressing perceptual hysteresis in

visual letter recognition. Neuron 34:659–666

Kosillo P, Smith AT (2010) The role of the human anterior insular

cortex in time processing. Brain Struct Funct. doi:10.1007/

s00429-010-0267-8

Lumer L, Rees G (1999) Covariation of activity in visual and

prefrontal cortex associated with subjective visual perception.

Proc Natl Acad Sci 96:1669–1673

Makeig S, Inlow M (1993) Lapses in alertness: coherence of

fluctuations in performance and EEG spectrum. Electroencep-

halogr Clin Neurophysiol 86:23–35

Manes F, Paradiso S, Springer JA, Lamberty G, Robinson RG (1999)

Neglect after right insular cortex infarction. Stroke 30:946–948

Marois R, Chun MM, Gore JC (2000) Neural correlates of the

attentional blink. Neuron 28:299–308

Marois R, Yi DJ, Chun MM (2004) The neural fate of consciously

perceived and missed events in the attentional blink. Neuron

41:465–472

McGurk H, MacDonald J (1976) Hearing lips and seeing voices.

Nature 264:746–748

Mesulam MM, Mufson EJ (1982) Insula of the old world monkey III:

efferent cortical output and comments on function. J Comp

Neurol 212:38–52

Miller LM, D’Esposito M (2005) Perceptual fusion and stimulus

coincidence in the cross-modal integration of speech. J Neurosci

25:5884–5893

Mufson EJ, Mesulam MM (1982) Insula of the old world monkey II:

afferent cortical input and comments on the claustrum. J Comp

Neurol 212:23–37

Muller TJ, Federspiel A, Horn H, Lovblad K, Lehmann C, Dierks T,

Strik WK (2005) The neurophysiological time pattern of

illusionary visual perceptual transitions: a simultaneous EEG

and fMRI study. Int J Psychophysiol 55:299–312

Nelson SM, Dosenbach NUF, Cohen AL, Schlaggar BL, Petersen SE

(2010) Role of the anterior insula in task-level control and focal

attention. Brain Struct Funct. doi:10.1007/s00429-010-0260-2

Penfield W, Faulk ME Jr (1955) The insula; further observations on

its function. Brain 78:445–470

Pessoa L, Padmala S (2005) Quantitative prediction of perceptual

decisions during near-threshold fear detection. Proc Natl Acad

Sci USA 102:5612–5617

Pessoa L, Padmala S (2007) Decoding near-threshold perception of

fear from distributed single-trial brain activation. Cereb Cortex

17:691–701

Peyron R, Laurent B, Garcia-Larrea L (2000) Functional imaging of

brain responses to pain. A review, meta-analysis (2000).

Neurophysiol Clin 30:263–288

Philiastides MG, Sajda P (2007) EEG-informed fMRI reveals

spatiotemporal characteristics of perceptual decision making.

J Neurosci 27:13082–13091

Ploran EJ, Nelson SM, Velanova K, Donaldson DI, Petersen SE,

Wheeler ME (2007) Evidence accumulation and the moment of

recognition: dissociating perceptual recognition processes using

fMRI. J Neurosci 27:11912–11924

Rees G (2007) Neural correlates of the contents of visual awareness in

humans. Philos Trans R Soc Lond B Biol Sci 362:877–886

Ridderinkhof KR, van den Wildenberg WP, Segalowitz SJ, Carter CS

(2004) Neurocognitive mechanisms of cognitive control: the role

of prefrontal cortex in action selection, response inhibition,

performance monitoring, and reward-based learning. Brain Cogn

56:129–140

Sadaghiani S, Hesselmann G, Kleinschmidt A (2009) Distributed and

antagonistic contributions of ongoing activity fluctuations to

auditory stimulus detection. J Neurosci 29:13410–13417

Sahraie A, Weiskrantz L, Barbur JL, Simmons A, Williams SC,

Brammer MJ (1997) Pattern of neuronal activity associated with

conscious and unconscious processing of visual signals. Proc

Natl Acad Sci USA 94:9406–9411

Saper CB (2002) The central autonomic nervous system: conscious

visceral perception and autonomic pattern generation. Annu Rev

Neurosci 25:433–469

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna

H, Reiss AL, Greicius MD (2007) Dissociable intrinsic connec-

tivity networks for salience processing and executive control.

J Neurosci 27:2349–2356

Sekuler R, Sekuler AB, Lau R (1997) Sound alters visual motion

perception. Nature 385:308

Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE,

Filippini N, Watkins KE, Toro R, Laird AR, Beckmann CF

(2009) Correspondence of the brain’s functional architecture

during activation and rest. Proc Natl Acad Sci USA 106:13040–

13045

Sporns O, Honey CJ, Kotter R (2007) Identification and classification

of hubs in brain networks. PLoS One 2:e1049

Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right

fronto-insular cortex in switching between central-executive and

default-mode networks. Proc Natl Acad Sci USA 105:12569–

12574

Sterzer P, Kleinschmidt A (2007) A neural basis for inference in

perceptual ambiguity. Proc Natl Acad Sci 104:323–328

Sterzer P, Stadler C, Poustka F, Kleinschmidt A (2007) A structural

neural deficit in adolescents with conduct disorder and its

association with lack of empathy. Neuroimage 37:335–342

Sterzer P, Kleinschmidt A, Rees G (2009) The neural bases of

multistable perception. Trends Cogn Sci 13:310–318

Sturm W, Longoni F, Fimm B, Dietrich T, Weis S, Kemna S, Herzog

H, Willmes K (2004) Network for auditory intrinsic alertness:

a PET study. Neuropsychologia 42:563–568

Taylor KS, Seminowicz DA, Davis KD (2009) Two systems of

resting state connectivity between the insula and cingulate

cortex. Hum Brain Mapp 30:2731–2745

Thielscher A, Pessoa L (2007) Neural correlates of perceptual choice

and decision making during fear–disgust discrimination.

J Neurosci 27:2908–2917

Vincent JL, Kahn I, Snyder AZ, Raichle ME, Buckner RL (2008)

Evidence for a frontoparietal control system revealed by intrinsic

functional connectivity. J Neurophysiol 100:3328–3342

Brain Struct Funct

123

http://dx.doi.org/10.1007/s00429-010-0267-8
http://dx.doi.org/10.1007/s00429-010-0267-8
http://dx.doi.org/10.1007/s00429-010-0260-2

	Anterior insula activations in perceptual paradigms:  often observed but barely understood
	Abstract
	Introduction and aims
	Visual awareness
	Perceptual decision making
	Cross-modal interactions
	Spontaneous fluctuations of AIC activity
	Discussion and conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


