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Both cognitive and affective processes require mental resources.
However, it remains unclear whether these 2 processes work in
parallel or in an integrated fashion. In this functional magnetic
resonance imaging study, we investigated their interaction using
an empathy-for-pain paradigm, with simultaneous manipulation of
cognitive demand of the tasks and emotional valence of the stimuli.
Eighteen healthy adult participants viewed photographs showing
other people’s hands and feet in painful or nonpainful situations while
performing tasks of low (body part judgment) and high (laterality
judgment) cognitive demand. Behavioral data showed increased
reaction times and error rates for painful compared with nonpainful
stimuli under laterality judgment relative to body part judgment,
indicating an interaction between cognitive demand and stimulus
valence. Imaging analyses showed activity in bilateral anterior insula
(AI) and primary somatosensory cortex (SI), but not posterior insula,
for main effects of cognitive demand and stimulus valence.
Importantly, cognitive demand and stimulus valence showed
a significant interaction in AI, SI, and regions of the frontoparietal
network. These results suggest that cognitive and emotional
processes at least partially share common brain networks and that
AI might serve as a key node in a brain network subserving
cognition--emotion integration.
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Introduction

The nature of the relationship between cognition and emotion

has puzzled philosophers (Descartes 1649) and scientists (Gray

et al. 2002; Blair et al. 2007; Duncan and Barrett 2007; Pessoa

2008) for centuries. A widely held view ‘‘functional specializa-

tion’’ assumes that mental faculties are instantiated by distinct

brain areas. An example of this approach is the identification of

certain brain regions as primarily ‘‘cognitive,’’ like the dorso-

lateral prefrontal cortex (dlPFC) (Goldman-Rakic 1996) and

others as primarily ‘‘emotional,’’ like the amygdala (LeDoux

2000). Grounded in such cognition--emotion duality, much

research has focused on either the modulatory effect of

cognition on the ‘‘emotional brain’’ or the influence of

emotional valence on the ‘‘cognitive brain’’ (Ochsner and Gross

2005; Pessoa 2009). However, functional localization is likely an

oversimplification that should be augmented with the principle

of ‘‘functional integration’’ (Friston 2002), which bears greater

evolutionary value, especially in the case of higher level

cognitive and emotional processes. Virtually, every complex

behavior has both cognitive and emotional components (James

1884; Dolan 2002; Pessoa and Adolphs 2010). Some have

suggested that the distinction between cognition and emotion

is phenomenological (i.e., reflecting subjective experience)

rather than ontological (i.e., reflecting nature or ‘‘reality’’)

(Duncan and Barrett 2007), in part, based on evidence of

conjoint disruption of these processes in mental disorders

(Amaral et al. 2008).

Based on functional integration, cognitive and emotional

processes should share neural pathways (Gray et al. 2002;

Pessoa 2008). Thus, the 2 processes will interfere with each

other when executed simultaneously due to competition

among operations for common anatomical resources of domain

general pathways (Posner and Petersen 1990; Desimone and

Duncan 1995; Fan et al. 2003; Buhle and Wager 2010). For

instance, it has been suggested that pain and task processing

engage overlapping executive resources (Buhle and Wager

2010). Given the complex nature of both processes, the brain

circuitry underlying such integrated computation must be able

to conjoin both types of information and, thus, to serve as an

interface—and possibly also as a bottleneck (Pashler 1994)—to

perception. The anterior insula (AI) and the anterior cingulate

cortex (ACC) have been considered as potential candidates for

such integrative processing (Craig 2009; Shackman et al. 2011)

given their neuroanatomical features and connectivity (Vogt

et al. 1992; Butti and Hof 2010) and their functional roles in

many psychological processes (Bush et al. 2000; Craig 2009;

Shackman et al. 2011). The AI, in particular, has been shown to

participate in polymodal sensory integration (Critchley et al.

2004), subjective awareness (Craig 2009), pain (Lamm et al.

2011), and empathy and social emotions (Lamm and Singer

2010). Accordingly, examination of these structures holds

considerable potential to inform questions about integrative

processing of cognition and emotion.

In this functional magnetic resonance imaging (fMRI) study,

we investigated the neural mechanisms underlying cognition--

emotion integration with simultaneous manipulation of cogni-

tive demand of the tasks (low demand: body part judgment;

high demand: laterality judgment) and emotional valence of the

stimuli (pain, no pain). The current study is different from our

previous study (Gu et al. 2010) in that the present paradigm

represents 2 tasks of different levels of cognitive demand,

instead of 2 tasks of the same level of cognitive demand (as in

our previous study). The purpose of the current design is to see

how emotional processing interacts with cognitive processing

by manipulating both emotional valence of the stimuli and

cognitive demand of the tasks. High cognitive demand has been

shown to activate AI and ACC (Fan et al. 2008; Nelson et al.

2010), both structures of primary interest to our hypotheses.

Additionally, we used empathetic pain as the emotional

stimulus because unpleasant emotional feelings are an in-

dispensable part of pain (Price 2000), and empathetic pain has
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been shown to consistently activate both AI and ACC (Kurth

et al. 2010; Lamm et al. 2011). Furthermore, empathetic pain

seemingly has a cognitive component in addition to a more

prominent affective component, making it an excellent

candidate to probe cognition--emotion interactions (Lamm

et al. 2011). Thus, assuming common involvement of AI and/or

ACC in processing cognition and emotion, there should be

behavioral and neural interaction effects between cognitive

demand and empathetic pain. If cognition and emotion were

processed in parallel, we would observe activation of different

brain regions for cognitive demand and empathetic pain or

activation of the same brain regions for both but no interaction

effect. Alternatively, if the 2 operations were implemented via

partially shared pathways, interaction would be observed in

some ‘‘interface’’ regions. We favored the latter hypothesis and

predicted that the AI and its related networks would serve as

a site for cognition--emotion integration.

Materials and Methods

Participants
Eighteen healthy adults (9 women; 22--34 years old, mean age of 25.2

years) participated in the study. All participants were right-handed, had

normal color vision, and reported no previous or current psychiatric or

neurological conditions. Participants were informed of the study

requirements and provided written consent prior to participation.

The study was approved by the Institutional Review Board of Mount

Sinai School of Medicine (MSSM).

Stimuli and Procedure
Experimental stimuli included 144 digital color photographs showing

another person’s left or right hand or foot in painful or nonpainful

situations, a subset of stimuli used in our previous study (Gu et al.

2010). There were 18 photographs in each of the 8 permutations of 3

variables with 2 conditions each (pain: pain, no pain; laterality: left,

right; and body part: hand, foot), creating 8 categories: painful-left-hand,

painful-left-foot, painful-right-hand, painful-right-foot, nonpainful-left-

hand, nonpainful-left-foot, nonpainful-right-hand, and nonpainful-right-

foot (Fig. 1). The painful and nonpainful photographs were identical in

physical properties (i.e., context, brightness, contrast). Painful stimuli

were rated as significantly more painful than the nonpainful stimuli by

an independent group of subjects (Gu et al. 2010).

There were 2 different tasks: a body part identification (i.e., hand,

foot) task (task body part, TB) and a laterality (i.e., left, right)

identification task (task laterality, TL). The tasks relied on physically

identical stimuli, differed only in the task instructions. During TB,

participants were instructed to judge whether the body part shown in

the photograph was a hand or a foot. During TL, participants were

instructed to judge the laterality (i.e., left or right) of the hand/foot. We

chose the laterality judgment task (instead of an emotionally laden task)

to avoid explicit emotional judgment and to ensure that the contrast

between TL and TB reflected a difference in cognitive demand. TL

requires more cognitive resources than TB as confirmed by behavioral

data (longer reaction time (RT) and lower accuracy; Treisman 1969;

Posner 1980; see Results for details). This yielded a 2 3 2 factorial design

with 2 levels of cognitive demand (TB and TL) and 2 levels of stimulus

valence (no pain and pain). Additionally, a pain judgment task (task pain,

TP) was used as a localizer for regions of interest (ROIs) related to

cognitive demand (contrast between TP and fixation baseline) and

emotional valence (contrast between TP-pain vs. TP-no pain) involved in

empathetic pain processing. Subjects made explicit judgments about

whether the person in the photograph was suffering from pain or not.

The rationale for using TP as a localizer was that 1) TP has been shown to

effectively activate both insula and ACC (Gu et al. 2010), 2) TP involves

both the cognitive evaluation of pain (task-dependent response) and the

emotional responses elicited by the stimuli (stimulus-dependent re-

sponse), and 3) subjects’ responses to TP do not depend on their

responses to TB or TL, which measure the implicit processing of

empathetic pain (orthogonality between TP and TB/TL).

A mixed block/event-related design was used. There were a total of 6

runs, and in each run, there were 6 blocks (2 TB blocks, 2 TL blocks,

and 2 TP localizer blocks). The order of blocks was counterbalanced

using a Latin square for each participant. Each block included 8 trials

and each trial corresponded to 1 of the 8 categories, presented in

a random order. Each photograph was displayed for 2500 ms.

Interstimulus intervals were randomized and ranged from 750 to

2250 ms, with an average of 1500 ms. Participants were instructed to

respond as quickly and accurately as possible.

fMRI Data Acquisition and Analysis
All magnetic resonance imaging (MRI) data were obtained using a 3-T

Siemens Allegra MRI system at MSSM. Foam padding was used to

minimize subject head movements. All images were acquired along

axial planes parallel to the anterior commissure--posterior commissure

line. A high-resolution T2-weighted anatomical volume of the whole

brain was acquired with a turbo spin--echo pulse sequence. The fMRI

imaging was performed using a gradient-echo echo-planar imaging (GE-

EPI) sequence using the following protocol: 40 axial slices, 4-mm thick,

and skip = 0 mm, time repetition = 2500 ms, time echo = 27 ms, flip

angle = 82�, field of view = 240 mm, and matrix size = 64 3 64. Slices

were obtained corresponding to the T2-weighted anatomical images.

Six series of EPIs corresponding to the 6 runs were acquired. Each

series started with 2 dummy volumes before the onset of the task to

Figure 1. Sample stimuli of the experimental stimuli set of 144 digital color photographs. There were 18 photographs in each of the 8 permutations of 3 variables with 2
conditions each (pain: pain, no pain; laterality: left, right; and body part: hand, foot). Participants were asked to choose between ‘‘hand’’ and ‘‘foot’’ for body part judgment (TB),
‘‘left’’ and ‘‘right’’ for laterality judgment (TL), and ‘‘no pain’’ and ‘‘pain’’ for pain judgment (TP).
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allow for equilibration of T1 saturation effects, followed by 146 image

volumes for each run.

Event-related analyses of the fMRI data from the tasks were

conducted using the statistical parametric mapping package (SPM5;

Wellcome Department of Imaging Neuroscience, London, UK). The

functional scans were adjusted for slice timing, realigned to the first

volume, coregistered to the T2 image, normalized to a standard

template (Montreal Neurological Institute), and spatially smoothed

with an 8 3 8 3 8 mm full-width at half-maximum Gaussian kernel.

General linear modeling (Friston et al. 1995) was then conducted for

the functional scans from each participant by modeling the observed

event-related blood oxygenation level--dependent (BOLD) signals and

regressors to identify the relationship between the task events and the

BOLD signal. Regressors were created by convolving a train of delta

functions representing the sequence of individual events with the

default SPM basis function, which consists of a synthetic hemodynamic

response function composed of 2 gamma functions (Friston et al.

1998). There were seven regressors: 3 task regressors (TB: TB-pain plus

TB-no pain; TL: TL-pain plus TL-no pain; and TP: TP-pain plus TP-no

pain), 3 parametric regressors (TB-pain minus TB-no pain, TL-pain

minus TL-no pain, and TP-pain minus TP-no pain), and 1 regressor for

the first trial of each task block to model out the task-switch effect,

which also elicits ACC and AI activation (Sridharan et al. 2008). Six

parameters generated during motion correction were entered as

covariates. Linear contrasts of the parameter estimates were made to

identify the main effects of cognitive demand and empathetic pain and

the interaction effect between cognitive demand and empathetic pain,

resulting in images of contrast estimate for these effects for each

participant. These images from all participants were entered into

a second-level group analysis conducted with a random effects

statistical model. Significant activations of interest were identified with

voxelwise P < 0.005 in conjunction with clusterwise P < 0.05 to

control for regional effects and to represent topographical inferences.

This height and extent threshold combination is similar to the

suggested threshold of P < 0.005 and 10 voxels (Lieberman and

Cunningham 2009), reaching a desirable balance between Type I and

Type II errors. These whole-brain analyses were exploratory, and our

hypothesis testing was primarily built on ROI analysis (Poldrack 2007).

We selected ROIs based on previous research on empathetic pain

(Lamm et al. 2011) and cognitive demand (Fan et al. 2008; Nelson et al.

2010). The coordinates of ROI centers were taken from peaks during

the localizer task (cognitive demand: TP > baseline contrast for bilateral

AI and ACC and emotional valence: TP-pain > TP-no pain contrast for

bilateral posterior insula (PI) and somatosensory cortex (SI); for

a complete listing of activated regions in these contrasts, see

Supplementary Table 1). We created spherical ROIs of 6 mm radius

using the MarsBaR toolbox (http://marsbar.sourceforge.net). Cognitive

demand--related ROIs included bilateral AI ([–30, 20, 6] and [30, 26, 4])

and ACC ([6, 14, 46]); empathic pain--related ROIs included bilateral PI

([–40, 4, –4] and [42, –6, –8]) and bilateral SI ([–54, –28, 34] and [50, –28,

38]). These analyses were based on a priori expectations (Gu and Han

2007a; Gu et al. 2010; Lamm et al. 2011) and, therefore, were not

subjected to correction for multiple comparisons (Rothman 1990).

Statistical significance for the ROI analyses was set at uncorrected P <

0.05. Parameter estimates were extracted from each ROI for each of the

4 experimental conditions from each subject and then entered into

a two-way repeated measures analysis of variance model for each ROI.

Planned comparisons were carried out between TB-no pain and TB-

pain and TL-no pain and TL-pain for each ROI.

Results

Behavioral Results

Mean RTs and error rates of 4 experimental conditions (TB-no

pain, TB-pain, TL-no pain, and TL-pain) are shown in Table 1

and Figure 2. For RT (Fig. 2A), there was a significant main

effect of stimulus (F1,17 = 9.21, P < 0.01), a significant main

effect of task (F1,17 = 52.85, P < 0.001), and a significant

interaction (F1,17 = 19.87, P < 0.001). Simple comparisons

showed that for TB, participants were significantly faster

judging body part for painful than nonpainful photographs

(TB-no pain vs. TB-pain; F1,17 = 5.33, P < 0.05), whereas for TL,

participants were slower judging body laterality for painful

than nonpainful stimuli (TL-no pain vs. TL-pain; F1,17 = 27.78, P

< 0.001). For error rate (Fig. 2B), there was also a significant

main effect of stimulus (F1,17 = 6.38, P < 0.05), a significant

main effect of task (F1,17 = 14.68, P = 0.001), and a significant

interaction (F1,17 = 4.67, P < 0.05). Simple comparisons showed

that there was no significant difference in error rates of judging

body part of nonpainful photographs versus painful photo-

graphs (TB-no pain vs. TB-pain; F < 1), whereas judging

laterality of painful stimuli was associated with significantly

more errors than judging nonpainful stimuli (TL-no pain vs. TL-

pain; F1,17 = 5.81, P < 0.05). These results suggest that the

concurrent processing of high cognitive demand and empa-

thetic pain interfered with each other.

The RTs and error rates for the 2 localizer conditions (TP-no

pain and TP-pain) are also listed in Table 1. There was no

significant difference between nonpainful and painful stimuli

under TP in terms of RTs (t1,17 = 1.70, P > 0.05) or error rates

(t1,17 = 0.33, P > 0.05).

fMRI: ROI Analysis

As predicted, we observed a significant interaction between

cognition and emotion in left AI (F1,17 = 5.32, P < 0.05) but not in

right AI or ACC (Fs > 5.5, Ps > 0.05; Fig. 3A). For left AI, there

was also a significant main effect of cognitive demand (TL vs. TB,

F1,17 = 19.57, P < 0.001) and stimulus valence (pain vs. no-pain,

F1,17 = 4.33, P = 0.05). Planned comparisons indicated that left AI

activation did not differ significantly between nonpainful and

painful situations under TB (TB-no pain vs. TB-pain; F < 1);

however, this difference reached significance under TL (TL-no

pain vs. TL-pain; F1,17 = 9.16, P < 0.01). For right AI, there was

a significant main effect of cognitive demand (F1,17 = 19.82, P <

0.001) and stimulus valence (F1,17 = 4.82, P < 0.05). Planned

Table 1
Behavioral performance (mean ± SD)

TB TL TP

No pain Pain No pain Pain No pain Pain

RT (ms) 884 ± 143 858 ± 145 969 ± 163 1032 ± 174 1092 ± 154 1050 ± 151
Error (%) 0.6 ± 1.1 0.7 ± 1.2 1.2 ± 2.2 3.1 ± 3.1 5.4 ± 6.1 4.8 ± 4.9
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Figure 2. Behavioral results. (A) RTs for 4 experimental conditions. There was
a significant main effect of stimulus valence, a significant main effect of cognitive
demand, and a significant interaction. (B) Error rate for 4 experimental conditions.
There was a significant main effect of stimulus valence, a significant main effect of
cognitive demand, and a significant interaction. Error bars represent standard error of
the mean.
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comparisons show that right AI activation did not differ

significantly between nonpainful and painful situations under

TB (TB-no pain vs. TB-pain; F < 1), but this difference was

significant under TL (TL-no pain vs. TL-pain; F1,17 = 4.28, P =
0.05). For ACC, there was a significant main effect of cognitive

demand (F1,17 = 8.59, P < 0.01) but not of stimulus valence (F1,17
= 4.01, P > 0.05). ACC activation did not significantly differ

between nonpainful and painful stimuli under either TB (F1,17 =
1.42, P > 0.05) or TL (F1,17 = 2.90, P > 0.05).

We also found a significant interaction effect in left SI (F1,17 =
5.53, P < 0.05) but not in bilateral PI or right SI (F s > 5.5, P s >

0.05; Fig. 3B). Additionally, for left SI, there was a significant main

effect of cognitive demand (F1,17 = 11.90, P < 0.05) and stimulus

valence (F1,17 = 18.19, P < 0.05). Planned comparisons showed

that left SI activation did not differ significantly between

nonpainful and painful situations under TB (TB-no pain vs. TB-

pain; F1,17 = 1.88, P > 0.05); however, this difference reached

significance under TL (TL-no pain vs. TL-pain; F1,17 = 21.07,

P < 0.01). For right SI, there was a significant main effect of

cognitive demand (F1,17 = 11.90, P < 0.05), although the main

effect of stimulus valence was not significant (F1,17 = 3.82, P >

0.05). Planned comparisons indicated that the difference between

nonpainful and painful situations was not significant under TB

(TB-no pain vs. TB-pain; F < 1, P > 0.05) but was significant under

TL (TL-no pain vs. TL-pain; F1,17 = 5.47, P < 0.05). For either left or

right PI, there was no significant main effect of stimulus valence

or cognitive demand (F s < 1, P s > 0.05). None of the planned

comparisons showed significance (F s < 1, P s > 0.05).

fMRI: Exploratory Whole-Brain Analysis

Interaction between Cognitive Demand and Stimulus

Valence

We then explored the interaction effects between task and

stimulus (see Supplementary Table 2 and Fig. 4A). Task-related

Figure 3. fMRI ROI results. (A) ROI analysis of the parameter estimates of AI and ACC for 4 experimental conditions (TB-no pain, TB-pain, TL-no pain, and TL-pain) derived from
the task localizer (TP vs. baseline). (B) ROI analysis of the parameter estimates of PI and primary somatosensory cortex (SI) for 4 experimental conditions derived from the
empathy localizer (TP-pain vs. TP-no pain). TB: task body part. TL: task laterality. TP: task pain. Error bars represent standard error of the mean.
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activation was enhanced by pain compared with no-pain in

dlPFC and superior parietal lobule (SPL). We did not find

deactivation related to the interaction effect under the same

threshold.

Main Effect of Cognitive Demand

TL elicited greater activation than TB (see Supplementary

Table 3 and Fig. 4B) in bilateral AI, supplementary motor area

(SMA, extending into dorsal ACC), areas near/along the

intraparietal sulcus, temporooccipital visual areas, frontal

eye field (FEF)/precentral gyrus, dlPFC, thalamus, cerebellum,

and midbrain.

Main Effect of Stimulus Valence

Consistent with previous findings, painful stimuli activated

bilateral occipitotemporal visual areas, AI and frontal opercu-

lum, SI, FEF/precentral gyrus, SMA, dlPFC, and cerebellum (see

Supplementary Table 4 and Fig. 4C).

Simple Comparisons of Stimulus Valence under Each Task

Condition

As shown in Supplementary Table 5 and Figure 4D,E, judging

body parts of painful stimuli (TB-pain vs. TB-no pain) elicited

significant activation in bilateral inferior occipital gyrus, inferior

and middle temporal gyri, as well as right dlPFC. On the other

hand, judging laterality of painful stimuli (TL-pain vs. TL-no

pain) activated left AI/frontal operculum, right SI, bilateral SMA

and FEF/precentral gyrus, dlPFC, bilateral occipital and

temporal gyri, and bilateral cerebellum.

Discussion

We observed a significant behavioral interaction between

cognitive demand and emotional valence, associated with

cortical activation in AI and SI, together with attentional

control regions (dlPFC, FEF, and SPL). We also identified

a functional segregation of subregions within the insular cortex

in that AI was involved in the interaction, whereas activation of

PI was only associated with explicit pain judgment. These

findings suggest functional integration between cognition and

emotion in AI.

Anterior Insula as an Interface for Cognition--Emotion
Integration

Our primary finding is that cognitive demand and stimulus

valence are integrated in a neural network where AI is a key

node. We observed behavioral interaction between cognitive

demand and stimulus valence: Judging laterality of painful

stimuli was significantly more difficult and time consuming

than judging laterality of nonpainful stimuli, whereas judging

body part of painful stimuli did not elicit greater error rates or

slower RTs than judging body part of nonpainful stimuli. These

results suggest that stimulus valence interfered with informa-

tion processing under high cognitive demand and facilitated

information processing under low cognitive demand (Gu et al.

2010).

To show that any brain region is involved in integrating

multiple mental operations, one needs to provide evidence of

1) corepresentation of each of the operations in that brain

region and 2) a positive interaction between operations in the

same region (Gray et al. 2002). A similar logic has been adopted

in the study of multisensory integration (Calvert 2001). In the

context of cognition--emotion integration, empirical evidence

is rare (Pessoa 2008). In the current study, we showed that

together with SI, dlPFC, FEF, and SPL, AI was super-additively

activated by cognitive demand and stimulus valence, suggesting

that the concurrent processing of cognitive demand and

emotional valence resulted in competition for neuroanatomical

resources. These findings confirmed the role of AI in in-

tegrating different streams of information from goal-directed

cognitive demand and stimulus-driven emotional valence.

Compared with other brain structures that showed an in-

teraction effect (e.g., SPL and IFG), the AI has been shown to

participate in a wide range of mental computations involving

the rerepresentation of interoception including temperature

(Craig et al. 2000) and pain perception (Treede et al. 1999), self

recognition (Devue et al. 2007), risk and uncertainty (Seymour

et al. 2004), error detection (Klein et al. 2007), attention (Fan,

Byrne, et al. 2007), emotional awareness (Jabbi et al. 2007),

time perception (Livesey et al. 2007), music comprehension

(Platel et al. 1997), and decision making (Thielscher and Pessoa

2007). As such, the AI has been suggested to play a central role

in subjective awareness (Craig 2009).

It should be noted that the effect size of cognition--emotion

interaction in the AI was modest in our ROI analysis and did not

Figure 4. fMRI whole-brain analysis. (A) Interaction between cognitive demand and stimulus valence. (B) Main effect of cognitive demand. (C) Main effect of stimulus valence.
(D) Pairwise comparison between TB-pain versus TB-no pain. (E) Pairwise comparison between TL-pain versus TL-no pain. TB: task body part. TL: task laterality.
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survive the chosen threshold in the exploratory whole-brain

analysis. This may, in part, be due to modest sample size,

though it could also be an inflated estimate of the effect. Future

studies should employ larger samples and more powerful

paradigms in attempt to replicate the interaction effect and to

provide a more accurate estimate of the effect size.

We did not observe a significant cognitive demand by

stimulus valence interaction in ACC, although there was

a significant main effect of cognitive demand. Both AI and

ACC have dense projections to frontal and temporal cortex as

well as thalamus, amygdala, and subcortical autonomic

regions (Vogt et al. 1992; Flynn et al. 1999; Butti and Hof

2010). Interestingly, AI and ACC are the only regions in the

human brain that contain a morphologically highly specialized

neuronal subtype, the von Economo neurons (Nimchinsky

et al. 1995, 1999; Allman et al. 2010), which are thought to be

involved in the fast and intuitive processing of information

(Allman et al. 2005). However, AI has been suggested to serve

a more domain-specific role in empathetic pain than ACC (Gu

et al. 2010). We hypothesize that AI might initially identify

and integrate externally salient information with changes in

interoceptive processes; ACC can then transform this

evaluative signal into voluntary control over behaviors (Gu

et al. 2010). Indeed, it has been shown that AI has a strong

causal influence on ACC and serves as the causal outflow

interface at the junction of the central executive network and

default mode network (Sridharan et al. 2008). It is noteworthy

that functional integration of cognitive and emotional

processing may also exist in the ACC (Kalisch et al. 2010;

Shackman et al. 2011). We speculate that the absence of an

interaction effect in dorsal ACC is likely due to the

insufficient negative affect elicited by seen-pain compared

with felt-pain as used in most studies (Shackman et al. 2011).

Future investigations are needed to explore cognition--

emotion interactions in other subdivisions of ACC (i.e.,

subgenual and pregenual ACC) (Fan et al. 2011), especially

using paradigms focusing on types of cognitive--emotional

processing other than empathy.

We also observed activation in dlPFC, FEF, and SPL associated

with cognition--emotion interaction (see Results and Supple-

mentary Table 4). These regions have been implicated in the

dorsal attention stream (Shulman et al. 2009), which exerts

top-down control and conflict processing (Fan, Kolster, et al.

2007). A previous study suggested that dlPFC is part of

a network that integrates cognition and emotion (Gray et al.

2002). Our finding extended the previous proposal by in-

corporating AI in the brain circuitry subserving such an

interface function. The difference in functional roles of AI

and control regions such as dlPFC could be that AI represents

interoceptive changes of unique relevance to subjective

experience, whereas dlPFC, FEF, and SPL maintain online

representations of cognitive demand and stimulus features as

well as goal-directed implementation (Dosenbach et al. 2008),

all of which are operations required in cognition--emotion

integration.

Involvement of the Somatosensory Cortex in Emotion and
Cognition

Similar to AI, SI was also associated with the interaction

between cognitive demand and stimulus valence. Although not

predicted, this finding supplements the well-established role of

SI as a neural substrate for somatic sensation (Khalsa et al.

2009). Unlike previous experiments, however, the present

study cannot inform the possibility of a direct somatic route of

SI activation (Khalsa et al. 2009); interoceptive changes in the

present findings result indirectly from subjective interpretation

of visual information rather than tactile feedback. SI, as

suggested by the current findings, also participates in high-

level cognitive and emotional functions. The notion that SI

encodes somatic information and is highly modulated by

cognitive factors is not new (Hyvarinen et al. 1980; Sterr

et al. 2007). It has been reported that BOLD signal changes in SI

were greater for attended painful stimuli than unattended

stimuli (Sterr et al. 2007). Evidence from animal research

suggests that neuronal activity in monkey SI can be enhanced

by attention to tactile stimuli (Hyvarinen et al. 1980).

Beyond its roles in basic sensory processing, the somatosen-

sory cortex has also been shown to participate in the

recognition (Adolphs et al. 2000), self-generation (Damasio

et al. 2000), and evaluation (Gu and Han 2007b) of emotions as

well as social cognition such as empathy (Keysers et al. 2004;

Avenanti et al. 2005). In a previous study where SI was found to

participate in emotion recognition (Adolphs et al. 2000), it has

been proposed that subjects need to retrieve information from

a past scenario that bears similar emotional valence in order to

make successful judgments about a current emotional event.

Such information includes the past somatosensory experience

of the observer (somatic record). It is also possible that

subjects generate online somatic representation when viewing

emotional pictures (Gallese and Goldman 1998). Our current

finding, consistent with a previous study (Gu et al. 2010),

suggests that SI activation most likely represents contributions

to a ‘‘somatic marker’’ (Damasio 1996) and that such ‘‘somatic

record’’ or online somatic presentation can only be achieved

when visual stimuli exceed a certain depth of processing. We

speculate that laterality judgment might elicit a stronger

somatic representation in the subject.

Functional Distinction between Anterior and Posterior
Insula

We also identified that the activation of PI was only associated

with explicit pain judgment, whereas activation of AI was

related to the interaction between cognitive demand and

stimulus valence. Anatomically, the posterior granular portion

of the insula receives stronger input from several sensory

regions including the thalamus and parietal, occipital, and

temporal association cortices, whereas the anterior agranular

portion has stronger connection with prefrontal regions

including ACC and orbitofrontal cortex as well as the amygdala

and the ventral striatum (Flynn et al. 1999). These features

serve as the anatomical basis for the functional distinction

between AI and PI. Resting state data have also suggested

differential functional connectivity of AI and PI, with AI being

connected to PFC and ACC, while PI is connected with the

sensorimotor cortex (Cauda et al. 2011). A recent meta-analysis

of functional neuroimaging studies on the insula revealed 4

functionally distinct regions: anterior-dorsal portion—cognitive

domain, anterior-ventral portion—social--emotional processes,

middle portion—olfactory--gustatory function, and middle-

posterior portion—sensorimotor information (Kurth et al.

2010). Lesion studies reported that patients with damage to

the PI, but not to AI, showed diminished sensitivity to

somatosensory pain (Veldhuijzen et al. 2010). In conjunction

with these findings, our study provides further evidence for
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a proposed model of awareness where a posterior--anterior

processing gradient exists in the insular cortex to sequentially

integrate interoceptive, homeostatic, environmental, hedonic,

motivational, and cognitive conditions (Craig 2009).

Conclusions

The current study provides the first empirical evidence to

show that AI is a key node in a neural network that serves as

the anatomical basis for cognition--emotion integration. We

speculate that functional integration of cognition and emotion

is adaptively advantageous and parsimonious. Such integration

does not exclude the distinction between cognition and

emotion, but rather, suggests that the difference might be

phenomenological instead of ontological. With further explo-

ration of the integrative dynamic nature of cognition and

emotion, we may acquire a better understanding of neuro-

behavioral function and as a result of its deficits in psychiatric

illnesses.
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