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The insular cortex (IC) is considered a rich hub for context-sensitive emotions/social
cognition. Patients with focal IC stroke provide unique opportunities to study
socio-emotional processes. Nevertheless, Couto et al. (2013b) have recently reported
controversial results regarding IC involvement in emotion and social cognition.
Similarly, patients with similar lesions show high functional variability, ranging from
almost totally preserved to strongly impaired behavior. Critical evidence suggests
that the variability of these patients in the above domains can be explained by
enhanced neuroplasticity, compensatory processes, and functional remapping after
stroke. Therefore, socio-emotional processes would depend on long-distance connections
between the IC and frontotemporal regions. We propose that predictive coding and
effective connectivity represent a novel approach to explore functional connectivity and
assess compensatory, contralateral, and subsidiary network differences among focal
stroke patients. This approach would help explain why socio-emotional performance is
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so variable within this population.
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THE INSULA: A RICH HUB FOR SOCIAL COGNITION

The insular cortex (IC), a brain region localized deep in the
lateral sulcus, has been recently considered an interoceptive region
(Penfield and Faulk, 1955; Greenspan et al., 1999; Aziz et al., 2000;
Harper et al., 2000; Cameron and Minoshima, 2002; Craig, 2002;
Critchley et al., 2004). The IC is also regarded as a fundamental
substrate of emotional experience and social cognition (Couto
et al., 2013b). Several studies have examined the role of the IC
in the recognition, experience, and imagination of basic emotions
(Jabbi et al., 2008; Sprengelmeyer et al., 2010), as well as in empa-
thy and social cognition (Bernhardt and Singer, 2012; Decety
et al., 2012a; Koban and Pourtois, 2014). Connectivity measures
have shown anterior IC (aIC) involvement in different networks
subserving cognitive, homeostatic, and socio-emotional processes
(Kelly et al., 2012). For its own part, the right alC plays an
integrative role in coordinating awareness of body feelings (Craig,
2002), contextual social clues (Amoruso et al., 2011; Bernhardt
and Singer, 2012; Ibafiez and Manes, 2012b), and emotional
salient stimuli (Seeley et al., 2007; Ibafiez et al., 2010). The IC
role in coordinating emotions and social cognition depends on
a wide arrangement of structural connections. Briefly, regions
ubiquitously activated in social cognition tasks, such as the medial
prefrontal cortex (mPFC; including the anterior cingulate cortex,
ACC) and the temporo-parietal junction (TPJ]), are connected
with the IC. These regions connect distant modules within the
network and offer links to other functional networks (Liang

et al., 2013; van den Heuvel and Sporns, 2013). Therefore, IC has
been acknowledged as part of a “rich hub” that integrates global
information within the brain (Kelly et al., 2012).

Internal body signaling has been proposed to trigger mod-
ulations of emotional processing and social cognition (Melloni
et al., 2013; Couto et al., 2014; Sedefio et al., 2014; Uddin et al.,
2014). The right aIC has been specifically assumed to redirect
attention in response to emotionally salient stimuli (salience
network/ventral attention system; Fox et al., 2006; Seeley et al.,
2007; Corbetta et al., 2008; Eckert et al., 2009; Menon and
Uddin, 2010; Nelson et al., 2010; Cirneci, 2011). The aIC has
also been implicated in social emotions and social cognition
(Singer et al., 2004; Keysers and Gazzola, 2007; Saarela et al.,
2007; Caruana et al., 2011; Decety et al., 2012b; Ibanez and
Manes, 2012b; Melloni et al., 2014). Patients with frontotemporal
dementia have shown deficits in empathy (Baez et al., 2014b;
see also similar results in early neurodegeneration: Baez et al.,
2013a), moral cognition (Baez et al., 2014a) and mentalizing
processes associated with IC degeneration (Couto et al., 2013a).
In addition, meta-analytic evidence has revealed IC involvement
in non-story-based ToM studies (Mar, 2011). More straightfor-
wardly, several models propose that the contextual association
of environmental and internally driven emotional signals trigger
specific social responses (Decety and Jackson, 2004; Corbetta
et al., 2008; Adolphs, 2009; Lamm et al., 2010; Lamm and
Singer, 2010; Ibafiez and Manes, 2012a; Baez and Ibanez, 2014;
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Sedeno et al., 2014). The IC is considered a relay region for
the integration of bottom-up interoceptive/emotional signals and
higher-level regulation of information flow (Ibafiez and Manes,
2012a; Gu et al, 2013). In addition, predictive coding offers
a new view of emotion as interoceptive inference (Seth et al.,
2012). In brief, the alC is a suitable hub to integrate internal
body signals, emotion, and social cognition processes: it conveys
a sense of the organism’s homeostatic status (Craig, 2003) and
is ubiquitously engaged in affective-cognitive networks (Kurth
et al., 2010; Uddin et al., 2014). As previously suggested (Uddin
et al., 2014), the aIC can be considered a critical site for the
integration of internal information with emotional and social
stimuli.

CONTROVERSIES ABOUT INSULAR SPECIFICITY FOR
EMOTION AND SOCIAL COGNITION: LESION STUDIES
Despite the evidence summarized above, data regarding specific
IC involvement in socio-emotional processes are controversial.
Results have been particularly inconsistent in stroke-patient
studies. Patients with focal stroke provide a unique frame-
work to study brain function, as they afford insights into how
crucial an area is fora specific function (Rorden and Karnath,
2004).

Disgust has been related to IC. In this sense, Calder et al.
(2000) and Adolph et al. (Calder et al., 2000; Adolphs et al., 2003)
reported patients with IC damage who showed deficits in both
the recognition and experience of disgust. Such findings support
the role of the insula in the perception of aversive emotions.
Moreover, the right insula is associated with negative emotions in
general, and disgust in particular (Shapira et al., 2003; Sambataro
etal., 2006; Henley et al., 2008; Chen et al., 2009; Ruiz et al., 2013).
Indeed, recognition of disgust requires the integrity of right-
sided structures (Adolphs et al., 2000). With the exception of
some prefrontal areas (Harmon-Jones, 2004), most studies show
a left-side participation in positive emotion impairments, and
right-side involvement in negative emotion deficits (for reviews,
see Adolphs, 2002; Brown et al., 2011). However, Straube et al.
(2010) reported spared disgust recognition and emotion experi-
ence in a patient with a right IC stroke.

Although disgust recognition studies differ in the side of the
lesion (left in Calder’s study and right in Straube’s study), the
right IC (whose lesion did not impair disgust recognition in
Straube’s) is supposed to index negative emotions and disgust,
as reported in several other studies (Adolphs et al., 2000; Shapira
etal., 2003; Sambataro et al., 2006; Henley et al., 2008; Chen et al.,
2009; Ruiz et al., 2013; for reviews, see Adolphs, 2002; Brown
et al., 2011). Thus, stroke evidence regarding disgust recognition
remains controversial; these results call for an explanation of the
impairments’ variability.

Similarly, the IC has been identified as part of a set of
regions implicated in the processing of empathy (Leigh et al.,
2013). Although functional imaging studies consistently show
alC activation in affective empathy and moral tasks (Bzdok
et al., 2012), temporal lobe lesions (and not only IC lesions)
are frequently associated with impairments in affective empa-
thy. For example, 90% of the patients studied by Leigh et al.
(2013) (all with damage to the IC and the temporal lobe)

presented deficits in affective empathy tasks; and the only
patient with spared affective empathy had damage in the IC
but not in the temporal lobe. One alternative explanation is
that this patient’s lesion was too small to induce an effect.
Despite this possibility, the error rate during task performance
was not directly associated with injured IC volume. For exam-
ple, patients 1 and 7 showed similar error rates although they
featured 77% and 23.6% of insular tissue damage, respectively
presented similar performance; in turn, both patients 9 and
8 presented a 100% error rate, although their insular lesion
involvement was 96% and 0%, respectively. Notably, all patients
with insular lesions that presented impaired empathy also exhib-
ited temporal lesions; in fact, damage to temporal regions (ante-
rior temporal pole, superior temporal gyrus, middle temporal
gyrus) was the best predictor of performance. Therefore, it
appears that IC damage itself does not explain affective empathy
impairments.

Regarding the lateralization of IC in the empathy studies,
several reports have shown a general right predominance (Bodini
et al., 2004; Briine and Briine-Cohrs, 2006; Shamay-Tsoory,
2011; Leigh et al., 2013). Both right anterior insula and right
temporal pole atrophy have been associated with impaired affec-
tive empathy in neurodegenerative disease (Rankin et al., 2005;
Kipps and Hodges, 2006; Narvid et al., 2009; Lee et al., 2012).
However, a meta-analysis of previous studies has not found
a specific lateralization of empathy within the insula (Lamm
et al., 2011). In addition, another activation likelihood meta-
analysis of 112 experiments on affective empathy reported a
significant activation in the bilateral anterior insula in association
with empathy tasks across studies (Bzdok et al., 2012). Thus,
a bilateral participation of the insula in empathy is more
expected.

Note, however, that the anatomical position and vascular
supply (i.e., from the middle cerebral artery, MCA) of the
IC renders focal damage extremely infrequent in clinical prac-
tice (Ibafiez et al., 2010). For example, Cereda et al. (2002)
reported that out of 4,800 stroke patients only four had a truly
isolated IC infarction. Therefore, it remains unclear whether
the socio-emotional changes observed in stroke patients with
damage to the MCA territory actually stem from focal IC
lesions. The controversial results obtained in lesion studies
might reflect both the relative involvement of focal IC lesions
and the severity of the damage sustained by insular connec-
tions (Ibafiez et al., 2010). Incidentally, similar controversies
surround other brain structures. For instance, frontal lobe
patients with similar lesions also show high cognitive variabil-
ity, ranging from almost totally preserved to strongly impaired
performance in multiple domains, including both emotion recog-
nition and social cognition (Mesulam, 1986; Ibafiez and Manes,
2012a).

DISENTAGLING THE INSULA FROM ITS CONNECTIONS IN
FOCAL STROKE STUDIES

In a pioneering double case report, Couto et al. (2013b) dis-
tinguished the role of the IC from that of its connections in
social emotions, higher order social cognition, and emotion
recognition (especially, negative emotions and, in particular,
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disgust). The peculiarity of the lesions allowed the authors to
go beyond previous studies. Whereas one subject had a very
rare focal IC lesion (without any subcortical impairment), the
other had a subcortical (striatal) focal stroke affecting the connec-
tions between the IC and frontotemporal regions. Both patients
and a sample of matched controls were administered neuropsy-
chological and affective screening questionnaires, an emotional
inference disambiguation task (using social contextual clues, see
also Baez and Ibanez, 2014), a battery of multimodal basic
emotion recognition tests, an empathy task, and a theory-of-
mind task. The insular lesion patient showed spared emotion
recognition and social emotions (although response times were
delayed in a subset of tasks). Surprisingly, this patient outper-
formed the controls in the prosody test and in recognition of
disgust (the emotion believed to critically depend on the IC).
In these tasks, the patient responded faster and more accurately
than controls. Conversely, the subcortical lesion patient showed
strong impairments in multimodal aversive emotion recognition
(including disgust). The patient also displayed delayed response
times and deficits in empathy and context-driven emotion
inference.

These unexpected results suggest that IC-related networks,
as opposed to the IC itself, are associated with negative emo-
tional processing and social cognition. Thereby, the IC would
play a critical role in the processing of emotion and social
cognition, but only within the context of its frontotemporal
connections. Thus, preserved emotion recognition and social
cognition in insular patients, as well as the report of tran-
sitory post-stroke deficits in empathy and other social cog-
nition domains (Eslinger et al., 2002), may reflect enhanced
neuroplasticity and successful functional remapping of the
IC-frontotemporal network after IC stroke (Couto et al.,
2013b).

Alternatively, the deficits of the subcortical patient could
reflect weakened interoceptive activity in the dorsal poste-
rior insula. Although deficits in interoceptive awareness may
partially explain the patient’s performance, there is evidence
to the contrary. In a subsequent study (Couto et al., under
review), we assessed interoceptive sensitivity in the same two
patients and found that interoceptive-related behavior was dif-
ferentially impaired in each case: the insular lesion affected
cardiac interoceptive measures whereas the subcortical lesion
yielded preserved performance. Thus, the subcortical patient’s
impairments in social cognition and negative emotion can-
not be explained by canonical interoceptive signals running
through autonomous (vagal) pathways. These factors notwith-
standing, further studies would elucidate the relationship between
interoceptive sensitivity and social cognition in subcortical
lesions.

The neuroanatomical and behavioral evidence offered by
Couto et al. (2013b) also suggest that frontotemporal networks
must be spared for intact emotional processing and social cog-
nition (Ibanez and Manes, 2012a; Couto et al., 2013a; Melloni
et al.,, 2014). Affective and cognitive information may be sent
to the IC via subcortical tracts affording links to other nodes
within the social-emotional network. Therefore, we suggest
that social processes (from inference of emotions to empathy

and moral cognition) depend on IC connections with frontal
and temporal subcortical structures (Baez et al., 2012, 2013Db,
2014a,b; Ibafiez and Manes, 2012b; Couto et al., 2013a; Ibanez
et al., 2013; Lavin et al., 2013; Escobar et al., 2014; Melloni
et al., 2014). In this view, the behavioral variability found
in clinical patients may reflect diverse lesions affecting var-
ied loci and their specific directional relations along this vast
network.

A PREDICTIVE CODING FRAMEWORK FOR INSULAR HUBS

The predictive coding approach is gaining acceptance within
the neuroscience community (Friston, 2012). Predictive cod-
ing theory rests upon well-defined principles: The brain is
an inference machine which creates top-down predictions on
the causes of sensory inputs and updates such predictions
via bottom-up prediction errors (PEs, the differences between
actual and expected outcomes). Top-down predictions work
via feedback information that minimizes PEs (Friston and
Kiebel, 2009; Friston et al., 2010). Hierarchical minimization
of PEs constitutes the core of predictive coding. PEs not
minimized at a lower level in the hierarchy (e.g., primary
visual cortex) pass to the next level in the hierarchy (e.g.,
associative areas). The process continues until PEs are com-
pletely minimized (Kiebel et al., 2008; Friston and Kiebel,
2009).

Predictive coding principles apply not only to basic brain
function but also to social cognition (Brown and Briine, 2012).
Social information would serve modulatory purposes between
bottom-up and top-down information (Brown and Briine, 2012).
More specifically, the IC has been conceived as a comparator
locus in which interoceptive-related PE could be minimized (Seth
and Critchley, 2013). Thus, interoceptive feeling states (emotions)
can emerge from inferred predictive models of interoceptive
afferents (Seth, 2013). Although this theoretical proposal seems
attractive, it implies a methodological challenge for a suitable
predictive-coding based research program: designing an experi-
mental paradigm capable of generating PE that are not minimized
at lower sensory regions. Put simply, based on the tenets of a hier-
archical minimization process, PE that would be minimized in the
IC must not have been explained away in lower cortical regions.
We are currently working towards the development of such an
experimental paradigm. In sum, predictive coding appears to be a
suitable theoretical and methodological framework to study effec-
tive connectivity between the IC and related regions (Critchley
and Seth, 2012; Seth et al., 2012).

Within the predictive coding approach, we could conceptualize
the fronto-temporo-insular network as a hierarchy of con-
nections. This hierarchy of connections accommodates a
more parsimonious explanation and further hypotheses on
previous bewildering findings. Specifically, the hypothesis that
striatal-insular projections would convey social and affec-
tive information is consistent with the role of PEs and the
hierarchical PE minimization process. PEs associated with
negative emotions, empathy, and affective arousal, are con-
veyed to the IC and more frontal regions (higher in the
hierarchy) by subcortical areas (lower in the hierarchy). PE-
signals affecting the insular region would modulate connections,
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FIGURE 1 | General framework of the hierarchical minimization
process of PEs. Via backward connections, higher cortical areas
convey hypotheses about, for example, the causes of the
interoceptive information to lower cortical or subcortical areas (e.g.,
from the frontal cortex to the IC). Each level of the hierarchy conveys
a specific prediction to the closest lower area in which canonical

Prediction Errors
Forward Connections

Predictions
Backward Connections

intrinsic interactions minimize the difference between the expected
and the actual information (i.e., PE). When PEs are not minimized at a
given level (e.g., in the striatum), they are passed along to the next
level (e.g., the IC) which receives new predictions from the top of the
hierarchy (the frontal cortex). The process continues upstream until
the PEs are completely minimized.

whereas PE-signals targeting more frontal areas would reach
minimization.

The above hypothesis suggests a two-sided explanation of
the behavioral effects reported by Couto et al. On the one
hand, PEs and response times are strongly correlated (Feldman
and Friston, 2010), which would account for the longer
response times yielded by the insular patient when recogniz-
ing emotions. PE-related signals do not directly affect insular
neurons; they modulate connections converging in the insula
(Limongi et al., 2013). Therefore, damaged IC would not affect
negative emotion recognition on the assumption of intact extrin-
sic connections. On the other hand, striatal/temporal lesions
would limit the PE-signals modulating connections which con-
verge in the IC. Moreover, PEs originating in the striatum
would not reach higher regions in the hierarchy. Thus, dam-
age to the striatum and other temporal sites would limit
the PE minimization process. Behaviorally, the performance
in negative emotion recognition would decrease in striatal
patients.

This model (Figure 1) gives rise to distinct predictions regard-
ing differences between insular patients and controls. In the
former population, signals associated with longer response times
would more strongly modulate connections converging in the
IC (e.g., basal ganglia, ACC, orbitofrontal cortex, inferior frontal
gyrus, and dorsolateral prefrontal cortex). The preserved con-
tralateral side of the insula would still receive this modulatory
information, but it would process such information less effi-
ciently. Note that the explanations and hypotheses presented in
this section refer to modulatory activity in between-region con-
nections. Testing these hypotheses, therefore, requires methods

beyond conventional functional connectivity (coactivity) analy-
ses typically reported in the neuroscientific literature. One such
method is effective connectivity analysis.

EFFECTIVE CONNECTIVITY AS A NEW APPROACH TO
CHARACTERIZE LESION PATIENT VARIABILITY

Whereas functional connectivity describes coactivity between two
or more brain regions, effective connectivity describes how the
regions connect and how other regions modulate the connections.
Dynamic causal models (DCM; Friston, 2007) comprise a biologi-
cally reliable strategy to specify driving inputs, modulatory inputs,
and between-region connections that give rise to neurophysiolog-
ical data (e.g., hemodynamic and electrophysiological responses).
An innovative translational approach consists in pairing exper-
imental conditions and group-specific covariates with the con-
nections as well as driving and modulatory inputs. By means
of DCM, the researcher can then specify competing hypotheses
on the effects of the conditions/covariates. Optimal parameters
representing the effects can be estimated through bilinear differ-
ential equations. Finally, using Bayesian model selection strategies
(Stephan et al., 2009), the researcher can select the model or
family of models (Penny et al., 2010; Rosa et al., 2012) that best
account for the physiological data.

Social and emotional contexts probably make evident the
largest variability among individuals. Effective connectivity offers
a fine level of sensitivity to account for such variability.
Although other effective connectivity approaches (e.g., inde-
pendent multiple-sample greedy equivalence search (IMaGES;
Ramsey et al., 2010) have been used in the field of social cogni-
tion (Hanson et al., 2013), DCM are more biologically reliable
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to identify interregional connectivity and describe how signals
(such as PE) modulate the connections. If we can estimate which
parameters describe an experimental effect in a control group, we
can also describe the within- and between group variability in our
parameters of interest. Moreover, by comparing parameters val-
ues, we could describe longitudinal effects of clinical, neuropsy-
chological, and pharmacological interventions. We could also
describe how the parameters vary during the evolution of neu-
rodegenerative diseases affecting similar fronto-temporo-insular
connections (e.g., frontotemporal dementia). These strategies
have recently yielded promising results in research on epilepsy
(Daunizeau et al., 2012) and Parkinson’s disease (Kahan et al.,
2012).

CONCLUSIONS

Current descriptions of socio-emotional impairments triggered
by insular stroke (and related frontotemporal lesions) suggest
high variability in the patients’ performance. This variability can
be interpreted in terms of preserved/affected hubs connecting the
lesion sites with other ipsilateral regions and with their contralat-
eral regions. Here, we have proposed that effective connectivity
analysis constitutes a novel approach to examine functional con-
nectivity and explain why only some stroke patients are impaired
in these domains. Specifically, effective connectivity studies allow
us to assess compensatory, contralateral, and subsidiary networks.
Moreover, given the existence of transitory post-stroke deficits
in empathy and other social cognition domains, this approach
may be used to test the functional-remapping hypothesis in cases
of IC damage and similar hypotheses in patients with lesions to
other brain regions. Dynamic causal models of effective connec-
tivity may provide an opportunity to achieve “effective” cross-talk
between clinicians and basic neuroscientists (Kahan and Foltynie,
2013). By means of effective connectivity studies, we may be
able to understand why patients with similar lesions perform
differently (i.e., very well or very badly) in emotional, social, and
cognitive domains.

ACKNOWLEDGMENTS

This work was partially supported by grants from CON-
ICET, CONICYT/FONDECYT Regular (1130920), FONCyT-
PICT 2012-0412, FONCyT-PICT 2012-1309, and the INECO
Foundation.

REFERENCES

Adolphs, R. (2002). Neural systems for recognizing emotion. Curr. Opin. Neurobiol.
12, 169-177. doi: 10.1016/50959-4388(02)00301-x

Adolphs, R. (2009). The social brain: neural basis of social knowledge. Annu. Rev.
Psychol. 60, 693-716. doi: 10.1146/annurev.psych.60.110707.163514

Adolphs, R., Damasio, H., Tranel, D., Cooper, G., and Damasio, A. R. (2000). A role
for somatosensory cortices in the visual recognition of emotion as revealed by
three-dimensional lesion mapping. J. Neurosci. 20, 2683-2690.

Adolphs, R., Tranel, D., and Damasio, A. R. (2003). Dissociable neural
systems for recognizing emotions. Brain Cogn. 52, 61-69. doi: 10.1016/s0278-
2626(03)00009-5

Amoruso, L., Couto, B., and Ibafiez, A. (2011). Beyond Extrastriate Body Area
(EBA) and Fusiform Body Area (FBA): context integration in the meaning of
actions. Front. Hum. Neurosci. 5:124. doi: 10.3389/fnhum.2011.00124

Aziz, Q., Schnitzler, A., and Enck, P. (2000). Functional neuroimaging of
visceral sensation. J. Clin. Neurophysiol. 17, 604—612. doi: 10.1097/00004691-
200011000-00006

Baez, S., Couto, B., Herrera, E., Bocanegra, Y., Trujillo-Orrego, N., Madrigal-
Zapata, L., et al. (2013a). Tracking the cognitive, social and neuroanatomical
profile in early neurodegeneration: type III cockayne syndrome. Front. Aging
Neurosci. 5:80. doi: 10.3389/fnagi.2013.00080

Baez, S., Couto, B., Torralva, T., Sposato, L., Huepe, D., Montanes, P, et al.
(2014a). Comparing moral judgments of patients with frontotemporal demen-
tia and frontal stroke. JAMA Neurol. 71, 1172-1176. doi: 10.1001/jamaneurol.
2014.347

Baez, S., Herrera, E., Villarin, L., Theil, D., Gonzalez-Gadea, M. L., Gomez, P, et al.
(2013b). Contextual social cognition impairments in schizophrenia and bipolar
disorder. PLoS One 8:€57664. doi: 10.1371/journal.pone.0057664

Baez, S., and Ibanez, A. (2014). The effects of context processing on social cognition
impairments in adults with Asperger’s syndrome. Front. Neurosci. 8:270. doi: 10.
3389/fnins.2014.00270

Baez, S., Manes, E, Huepe, D., Torralva, T., Fiorentino, N., Richter, E,, et al. (2014b).
Primary empathy deficits in frontotemporal dementia. Front. Aging Neurosci.
6:262. doi: 10.3389/fnagi.2014.00262

Baez, S., Rattazzi, A., Gonzalez-Gadea, M. L., Torralva, T., Vigliecca, N. S., Decety,
J., et al. (2012). Integrating intention and context: assessing social cognition
in adults with Asperger syndrome. Front. Hum. Neurosci. 6:302. doi: 10.
3389/fnhum.2012.00302

Bernhardt, B. C., and Singer, T. (2012). The neural basis of empathy. Annu. Rev.
Neurosci. 35, 1-23. doi: 10.1146/annurev-neuro-062111-150536

Bodini, B., lacoboni, M., and Lenzi, G. L. (2004). Acute stroke effects on emotions:
an interpretation through the mirror system. Curr. Opin. Neurol. 17, 55-60.
doi: 10.1097/00019052-200402000-00010

Brown, E. C., and Briine, M. (2012). The role of prediction in social neuroscience.
Front. Hum. Neurosci. 6:147. doi: 10.3389/fnhum.2012.00147

Brown, S., Gao, X., Tisdelle, L., Eickhoff, S. B., and Liotti, M. (2011). Naturalizing
aesthetics: brain areas for aesthetic appraisal across sensory modalities. Neu-
roimage 58, 250-258. doi: 10.1016/j.neuroimage.2011.06.012

Briine, M., and Briine-Cohrs, U. (2006). Theory of mind-evolution, ontogeny,
brain mechanisms and psychopathology. Neurosci. Biobehav. Rev. 30, 437-455.
doi: 10.1016/j.neubiorev.2005.08.001

Bzdok, D., Schilbach, L., Vogeley, K., Schneider, K., Laird, A. R., Langner, R., et al.
(2012). Parsing the neural correlates of moral cognition: ALE meta-analysis
on morality, theory of mind and empathy. Brain Struct. Funct. 217, 783-796.
doi: 10.1007/500429-012-0380-y

Calder, A. J., Keane, J., Manes, F, Antoun, N., and Young, A. W. (2000). Impaired
recognition and experience of disgust following brain injury. Nat. Neurosci. 3,
1077-1078. doi: 10.1038/80586

Cameron, O. G., and Minoshima, S. (2002). Regional brain activation due to
pharmacologically induced adrenergic interoceptive stimulation in humans.
Psychosom. Med. 64, 851-861. doi: 10.1097/00006842-200211000-00001

Caruana, E, Jezzini, A., Sbriscia-Fioretti, B., Rizzolatti, G., and Gallese, V. (2011).
Emotional and social behaviors elicited by electrical stimulation of the insula
in the macaque monkey. Curr. Biol. 21, 195-199. doi: 10.1016/j.cub.2010.
12.042

Cereda, C., Ghika, J., Maeder, P., and Bogousslavsky, J. (2002). Strokes restricted to
the insular cortex. Neurology 59, 1950-1955. doi: 10.1212/01.wnl.0000038905.
75660.bd

Chen, Y. H., Dammers, J., Boers, E, Leiberg, S., Edgar, J. C., Roberts, T. P,
et al. (2009). The temporal dynamics of insula activity to disgust and happy
facial expressions: a magnetoencephalography study. Neuroimage 47, 1921—
1928. doi: 10.1016/j.neuroimage.2009.04.093

Cirneci, D. (2011). Three anti-correlated neuronal networks managing brain
activity—review. Rom. J. Neurol. 10, 19-26.

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of the
human brain: from environment to theory of mind. Neuron 58, 306—324. doi: 10.
1016/j.neuron.2008.04.017

Couto, B., Manes, E,, Montafiés, P., Matallana, D., Reyes, P., Velasquez, M., et al.
(2013a). Structural neuroimaging of social cognition in progressive non-fluent
aphasia and behavioral variant of frontotemporal dementia. Front. Hum. Neu-
rosci. 7:467. doi: 10.3389/fnhum.2013.00467

Couto, B., Salles, A., Sedefio, L., Peradejordi, M., Barttfeld, P., Canales-Johnson, A.,
etal. (2014). The man who feels two hearts: the different pathways of interocep-
tion. Soc. Cogn. Affect. Neurosci. 9, 1253—1260. doi: 10.1093/scan/nst108

Couto, B., Sedefio, L., Sposato, L. A., Sigman, M., Riccio, P. M., Salles, A.,
et al. (2013D). Insular networks for emotional processing and social cognition:

Frontiers in Behavioral Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 380 | 5


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Limongi et al.

Insular hubs for social cognition in stroke

comparison of two case reports with either cortical or subcortical involvement.
Cortex 49, 1420-1434. doi: 10.1016/j.cortex.2012.08.006

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655-666. doi: 10.1038/nrn894

Craig, A. D. (2003). Interoception: the sense of the physiological condition of
the body. Curr. Opin. Neurobiol. 13, 500-505. doi: 10.1016/s0959-4388(03)
00090-4

Critchley, H., and Seth, A. (2012). Will studies of Macaque Insula reveal the neural
mechanisms of self-awareness? Neuron 74, 423—426. doi: 10.1016/j.neuron.2012.
04.012

Critchley, H. D., Wiens, S., Rotshtein, P., Ohman, A., and Dolan, R. J. (2004). Neural
systems supporting interoceptive awareness. Nat. Neurosci. 7, 189-195. doi: 10.
1038/nn1176

Daunizeau, J., Lemieux, L., Vaudano, A. E., Friston, K. J., and Stephan, K. E. (2012).
An electrophysiological validation of stochastic DCM for fMRI. Front. Comput.
Neurosci. 6:103. doi: 10.3389/fncom.2012.00103

Decety, J., and Jackson, P. L. (2004). The functional architecture of human empathy.
Behav. Cogn. Neurosci. Rev. 3, 71-100. doi: 10.1177/1534582304267187

Decety, J., Michalska, K. J., and Kinzler, K. D. (2012a). The contribution of emotion
and cognition to moral sensitivity: a neurodevelopmental study. Cereb. Cortex
22, 209-220. doi: 10.1093/cercor/bhrl11

Decety, J., Michalska, K. J., and Kinzler, K. D. (2012b). The contribution of emotion
and cognition to moral sensitivity: a neurodevelopmental study. Cereb. Cortex
22,209-220. doi: 10.1093/cercor/bhr111

Eckert, M. A., Menon, V., Walczak, A., Ahlstrom, J., Denslow, S., Horwitz, A., et al.
(2009). At the heart of the ventral attention system: the right anterior insula.
Hum. Brain Mapp. 30, 2530-2541. doi: 10.1002/hbm.20688

Escobar, M. J., Huepe, D., Decety, J., Sedefio, L., Messow, M. K., Baez, S., et al.
(2014). Brain signatures of moral sensitivity in adolescents with early social
deprivation. Sci. Rep. 4:5354. doi: 10.1038/srep05354

Eslinger, P. J., Parkinson, K., and Shamay, S. G. (2002). Empathy and social-
emotional factors in recovery from stroke. Curr. Opin. Neurol. 15,91-97. doi: 10.
1097/00019052-200202000-00014

Feldman, H., and Friston, K. J. (2010). Attention, uncertainty and free-energy.
Front. Hum. Neurosci. 4:215. doi: 10.3389/fnhum.2010.00215

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., and Raichle, M. E. (2006).
Spontaneous neuronal activity distinguishes human dorsal and ventral attention
systems. Proc. Natl. Acad. Sci. U S A 103, 10046—10051. doi: 10.1073/pnas.
0604187103

Friston, K. J. (2007). “Dynamic causal models for fMRI,” in Statistical Parametric
Mapping: The Analysis of Functional Brain Images, eds K. J. Friston, J. T.
Ashburner, S. J. Kiebel, T. E. Nichols and W. D. Penny (London: Elsevier), 541—
560.

Friston, K. J. (2012). The history of the future of the Bayesian brain. Neuroimage
62, 1230-1233. doi: 10.1016/j.neuroimage.2011.10.004

Friston, K. J., Daunizeau, J., Kilner, J., and Kiebel, S. J. (2010). Action and behavior:
a free-energy formulation. Biol. Cybern. 102, 227-260. doi: 10.1007/s00422-010-
0364-z

Friston, K. J., and Kiebel, S. J. (2009). Predictive coding under the free-energy
principle. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1211-1221. doi: 10.
1098/rstb.2008.0300

Greenspan, J. D., Lee, R. R, and Lenz, E. A. (1999). Pain sensitivity alterations as a
function of lesion location in the parasylvian cortex. Pain 81, 273-282. doi: 10.
1016/50304-3959(99)00021-4

Gu, X., Hof, P. R., Friston, K. J., and Fan, J. (2013). Anterior insular cortex and
emotional awareness. J. Comp. Neurol. 521, 3371-3388. doi: 10.1002/cne.23368

Hanson, C., Hanson, S. J., Ramsey, J., and Glymour, C. (2013). Atypical effective
connectivity of social brain networks in individuals with autism. Brain Connect.
3, 578-589. doi: 10.1089/brain.2013.0161

Harmon-Jones, E. (2004). Contributions from research on anger and cogni-
tive dissonance to understanding the motivational functions of asymmetrical
frontal brain activity. Biol. Psychol. 67, 51-76. doi: 10.1016/j.biopsycho.2004.
03.003

Harper, R. M., Bandler, R., Spriggs, D., and Alger, J. R. (2000). Lateralized
and widespread brain activation during transient blood pressure elevation
revealed by magnetic resonance imaging. J. Comp. Neurol. 417, 195-204. doi: 10.
1002/(sici)1096-9861(20000207)417:2<195::aid-cne5>3.0.co;2-v

Henley, S. M., Wild, E. J., Hobbs, N. Z., Warren, J. D., Frost, C., Scahill, R. L,
etal. (2008). Defective emotion recognition in early HD is neuropsychologically

and anatomically generic. Neuropsychologia 46, 2152-2160. doi: 10.1016/j.
neuropsychologia.2008.02.025

Ibafiez, A., and Manes, E (2012a). Contextual social cognition and the behav-
ioral variant of frontotemporal dementia. Neurology 78, 1354-1362. doi: 10.
1212/WNL.0b013e3182518375

Ibafiez, A., and Manes, F. (2012b). Contextual social cognition and the behav-
ioral variant of frontotemporal dementia. Neurology 78, 1354-1362. doi: 10.
1212/WNL.0B013e3182518375

Ibafiez, A., Gleichgerrcht, E., and Manes, F (2010). Clinical effects of insular
damage in humans. Brain Struct. Funct. 214, 397-410. doi: 10.1007/s00429-010-
0256-y

Ibénez, A., Veldsquez, M. M., Caro, M. M., and Manes, E. (2013). Implicit emotional
awareness in frontotemporal dementia. Cogn. Neurosci. 4, 204-206. doi: 10.
1080/17588928.2013.854756

Jabbi, M., Bastiaansen, J., and Keysers, C. (2008). A common anterior insula rep-
resentation of disgust observation, experience and imagination shows divergent
functional connectivity pathways. PLoS One 3:€2939. doi: 10.1371/journal.pone.
0002939

Kahan, J., and Foltynie, T. (2013). Understanding DCM: ten simple rules for the
clinician. Neuroimage 83C, 542—549. doi: 10.1016/j.neuroimage.2013.07.008

Kahan, J., Mancini, L., Urner, M., Friston, K., Hariz, M., Holl, E., et al. (2012).
Therapeutic Subthalamic nucleus deep brain stimulation reverses cortico-
thalamic coupling during voluntary movements in Parkinson’s disease. PLoS
One 7:¢50270. doi: 10.1371/journal.pone.0050270

Kelly, C., Toro, R., Di Martino, A., Cox, C. L., Bellec, P,, Castellanos, F. X., et al.
(2012). A convergent functional architecture of the insula emerges across imag-
ing modalities. Neuroimage 61, 1129-1142. doi: 10.1016/j.neuroimage.2012.03.
021

Keysers, C., and Gazzola, V. (2007). Integrating simulation and theory of mind:
from self to social cognition. Trends Cogn. Sci. 11, 194-196. doi: 10.1016/j.tics.
2007.02.002

Kiebel, S. J., Daunizeau, J., and Friston, K. J. (2008). A hierarchy of time-scales and
the brain. PLoS Comput. Biol. 4:¢1000209. doi: 10.1371/journal.pcbi.1000209

Kipps, C. M., and Hodges, J. R. (2006). Theory of mind in frontotemporal
dementia. Soc. Neurosci. 1, 235-244. doi: 10.1080/17470910600989847

Koban, L., and Pourtois, G. (2014). Brain systems underlying the affective and social
monitoring of actions: an integrative review. Neurosci. Biobehav. Rev. doi: 10.
1016/j.neubiorev.2014.02.014. [Epub ahead of print].

Kurth, E, Zilles, K., Fox, P. T., Laird, A. R., and Eickhoff, S. B. (2010). A link
between the systems: functional differentiation and integration within the
human insula revealed by meta-analysis. Brain Struct. Funct. 214, 519-534.
doi: 10.1007/s00429-010-0255-z

Lamm, C., Decety, J., and Singer, T. (2011). Meta-analytic evidence for common
and distinct neural networks associated with directly experienced pain and
empathy for pain. Neuroimage 54, 2492-2502. doi: 10.1016/j.neuroimage.2010.
10.014

Lamm, C., Meltzoff, A. N., and Decety, J. (2010). How do we empathize with
someone who is not like us? A functional magnetic resonance imaging study.
J. Cogn. Neurosci. 22, 362-376. doi: 10.1162/jocn.2009.21186

Lamm, C., and Singer, T. (2010). The role of anterior insular cortex in social
emotions. Brain Struct. Funct. 214, 579-591. doi: 10.1007/s00429-010-0251-3

Lavin, C., Melis, C., Mikulan, E., Gelormini, C., Huepe, D., and Ibafiez, A. (2013).
The anterior cingulate cortex: an integrative hub for human socially-driven
interactions. Front. Neurosci. 7:64. doi: 10.3389/fnins.2013.00064

Lee, S. E., Seeley, W. W., Poorzand, P., Rademakers, R., Karydas, A., Stanley, C. M.,
et al. (2012). Clinical characterization of bvFTD due to FUS neuropathology.
Neurocase 18, 305-317. doi: 10.1080/13554794.2011.604637

Leigh, R., Oishi, K., Hsu, J., Lindquist, M., Gottesman, R. E, Jarso, S., et al. (2013).
Acute lesions that impair affective empathy. Brain 136, 2539-2549. doi: 10.
1093/brain/awt177

Liang, X., Zou, Q., He, Y., and Yang, Y. (2013). Coupling of functional connectivity
and regional cerebral blood flow reveals a physiological basis for network hubs of
the human brain. Proc. Natl. Acad. Sci. US A 110, 1929-1934. doi: 10.1073/pnas.
1214900110

Limongi, R., Sutherland, S. C., Zhu, J., Young, M. E., and Habib, R. (2013).
Temporal prediction errors modulate cingulate-insular coupling. Neuroimage
71, 147-157. doi: 10.1016/j.neuroimage.2012.12.078

Mar, R. A. (2011). The neural bases of social cognition and story comprehension.
Annu. Rev. Psychol. 62, 103—134. doi: 10.1146/annurev-psych-120709-145406

Frontiers in Behavioral Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 380 | 6


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Limongi et al.

Insular hubs for social cognition in stroke

Melloni, M., Lopez, V., and Ibanez, A. (2014). Empathy and contextual social
cognition. Cogn. Affect. Behav. Neurosci. 14, 407—425. doi: 10.3758/s13415-013-
0205-3

Melloni, M., Sedefio, L., Couto, B., Reynoso, M., Gelormini, C., Favaloro, R., et al.
(2013). Preliminary evidence about the effects of meditation on interoceptive
sensitivity and social cognition. Behav. Brain Funct. 9:47. doi: 10.1186/1744-
9081-9-47

Menon, V., and Uddin, L. Q. (2010). Saliency, switching, attention and control: a
network model of insula function. Brain Struct. Funct. 214, 655-667. doi: 10.
1007/s00429-010-0262-0

Mesulam, M. M. (1986). Frontal cortex and behavior. Ann. Neurol. 19, 320-325.
doi: 10.1002/ana.410190403

Narvid, J., Gorno-Tempini, M. L., Slavotinek, A., Dearmond, S. J., Cha, Y. H,,
Miller, B. L., et al. (2009). Of brain and bone: the unusual case of Dr. A.
Neurocase 15, 190-205. doi: 10.1080/13554790802632967

Nelson, S. M., Dosenbach, N. U., Cohen, A. L., Wheeler, M. E., Schlaggar, B. L.,
and Petersen, S. E. (2010). Role of the anterior insula in task-level control
and focal attention. Brain Struct. Funct. 214, 669-680. doi: 10.1007/s00429-010-
0260-2

Penfield, W., and Faulk, M. E. Jr. (1955). The insula; further observations on its
function. Brain 78, 445-470. doi: 10.1093/brain/78.4.445

Penny, W. D,, Stephan, K. E., Daunizeau, J., Rosa, M. J., Friston, K. J., Schofield,
T. M., et al. (2010). Comparing families of dynamic causal models. PLoS
Comput. Biol. 6:1000709. doi: 10.1371/journal.pcbi.1000709

Ramsey, J. D., Hanson, S. J., Hanson, C., Halchenko, Y. O., Poldrack, R. A., and
Glymour, C. (2010). Six problems for causal inference from fMRI. Neuroimage
49, 1545-1558. doi: 10.1016/j.neuroimage.2009.08.065

Rankin, K. P,, Kramer, J. H., and Miller, B. L. (2005). Patterns of cognitive and
emotional empathy in frontotemporal lobar degeneration. Cogn. Behav. Neurol.
18, 28-36. doi: 10.1097/01.wnn.0000152225.05377.ab

Rorden, C., and Karnath, H. O. (2004). Using human brain lesions to infer function:
a relic from a past era in the fMRI age? Nat. Rev. Neurosci. 5, 813-839. doi: 10.
1038/nrn1521

Rosa, M. J., Friston, K. J., and Penny, W. (2012). Post-hoc selection of dynamic
causal models. J. Neurosci. Methods 208, 66—78. doi: 10.1016/j.jneumeth.2012.
04.013

Ruiz, S., Lee, S., Soekadar, S. R., Caria, A., Veit, R., Kircher, T., et al. (2013).
Acquired self-control of insula cortex modulates emotion recognition and brain
network connectivity in schizophrenia. Hum. Brain Mapp. 34, 200-212. doi: 10.
1002/hbm.21427

Saarela, M. V., Hlushchuk, Y., Williams, A. C., Schiirmann, M., Kalso, E., and
Hari, R. (2007). The compassionate brain: humans detect intensity of pain from
another’s face. Cereb. Cortex 17, 230-237. doi: 10.1093/cercor/bhjl141

Sambataro, F, Dimalta, S., Di Giorgio, A., Taurisano, P, Blasi, G., Scarabino, T.,
et al. (2006). Preferential responses in amygdala and insula during presentation
of facial contempt and disgust. Eur. J. Neurosci. 24, 2355-2362. doi: 10.1111/j.
1460-9568.2006.05120.x

Sedefio, L., Couto, B., Melloni, M., Canales-Johnson, A., Yoris, A., Baez, S., et al.
(2014). How do you feel when you can’t feel your body? Interoception, func-
tional connectivity and emotional processing in depersonalization-derealization
disorder. PLoS One 9:¢98769. doi: 10.1371/journal.pone.0098769

Seeley, W. W., Menon, V., Schatzberg, A. E, Keller, J., Glover, G. H., Kenna, H., et al.
(2007). Dissociable intrinsic connectivity networks for salience processing and

executive control. J. Neurosci. 27, 2349-2356. doi: 10.1523/jneurosci.5587-06.
2007

Seth, A. K. (2013). Interoceptive inference, emotion and the embodied self. Trends
Cogn. Sci. 17, 565-573. doi: 10.1016/j.tics.2013.09.007

Seth, A. K., and Critchley, H. D. (2013). Extending predictive processing to the
body: emotion as interoceptive inference. Behav. Brain Sci. 36, 227-228. doi: 10.
1017/50140525X12002270

Seth, A. K., Suzuki, K., and Critchley, H. D. (2012). An interoceptive predictive
coding model of conscious presence. Front. Psychol. 2:395. doi: 10.3389/fpsyg.
2011.00395

Shamay-Tsoory, S. G. (2011). The neural bases for empathy. Neuroscientist 17, 18—
24. doi: 10.1177/1073858410379268

Shapira, N. A,, Liu, Y., He, A. G., Bradley, M. M., Lessig, M. C., James, G. A,
et al. (2003). Brain activation by disgust-inducing pictures in obsessive-
compulsive disorder. Biol. Psychiatry 54, 751-756. doi: 10.1016/s0006-3223(03)
00003-9

Singer, T., Seymour, B., O’Doherty, J., Kaube, H., Dolan, R. ], and Frith, C. D.
(2004). Empathy for pain involves the affective but not sensory components of
pain. Science 303, 1157-1162. doi: 10.1126/science.1093535

Sprengelmeyer, R., Atkinson, A. P, Sprengelmeyer, A., Mair-Walther, J., Jacobi,
C., Wildemann, B., et al. (2010). Disgust and fear recognition in parane-
oplastic limbic encephalitis. Cortex 46, 650—657. doi: 10.1016/j.cortex.2009.
04.007

Stephan, K. E., Penny, W. D., Daunizeau, J., Moran, R. J., and Friston, K. J. (2009).
Bayesian model selection for group studies. Neuroimage 46, 1004—1017. doi: 10.
1016/j.neuroimage.2009.03.025

Straube, T., Weisbrod, A., Schmidst, S., Raschdorf, C., Preul, C., Mentzel, H. J., et al.
(2010). No impairment of recognition and experience of disgust in a patient
with a right-hemispheric lesion of the insula and basal ganglia. Neuropsychologia
48, 1735-1741. doi: 10.1016/j.neuropsychologia.2010.02.022

Uddin, L. Q., Kinnison, J., Pessoa, L., and Anderson, M. L. (2014). Beyond the
tripartite cognition-emotion-interoception model of the human insular cortex.
J. Cogn. Neurosci. 26, 16-27. doi: 10.1162/jocn_a_00462

van den Heuvel, M. P,, and Sporns, O. (2013). An anatomical substrate for
integration among functional networks in human cortex. J. Neurosci. 33, 14489—
14500. doi: 10.1523/JNEUROSCI.2128-13.2013

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 04 August 2014; accepted: 16 October 2014; published online: 04 November
2014.

Citation: Limongi R, Tomio A and Ibanez A (2014) Dynamical predictions of insular
hubs for social cognition and their application to stroke. Front. Behav. Neurosci. 8:380.
doi: 10.3389/fnbeh.2014.00380

This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Limongi, Tomio and Ibanez. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience

www.frontiersin.org

November 2014 | Volume 8 | Article 380 | 7


http://dx.doi.org/10.3389/fnbeh.2014.00380
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Dynamical predictions of insular hubs for social cognition and their application to stroke
	The insula: a rich hub for social cognition
	Controversies about insular specificity for emotion and social cognition: lesion studies
	Disentagling the insula from its connections in focal stroke studies
	A predictive coding framework for insular hubs
	Effective connectivity as a new approach to characterize lesion patient variability
	Conclusions
	Acknowledgments
	References


