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Abstract

We present here the most comprehensive analysis to date of neuroaesthetic processing by reporting
the results of voxel-based meta-analyses of 93 neuroimaging studies of positive-valence aesthetic
appraisal across four sensory modalities. The results demonstrate that the most concordant area of
activation across all four modalities is the right anterior insula, an area typically associated with
visceral perception, especially of negative valence (disgust, pain, etc.). We argue that aesthetic
processing is, at its core, the appraisal of the valence of perceived objects. This appraisal is in no
way limited to artworks but is instead applicable to all types of perceived objects. Therefore, one
way to naturalize aesthetics is to argue that such a system evolved first for the appraisal of objects
of survival advantage, such as food sources, and was later co-opted in humans for the experience
of artworks for the satisfaction of social needs.
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Introduction

The notion of “the aesthetic” is a concept from the philosophy of art of the 18th century
according to which the perception of beauty in sublime artworks occurs by means of a
special process distinct from the appraisal of ordinary objects, for example food items
(Goldman, 2001; Guyer, 2005). Hence, our appreciation of a painting is presumed to be
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cognitively distinct from our appreciation of an apple. This is due in part to our
“disinterested” approach to the painting, in other words our emotional detachment from the
painting due to its lack of practical use. The field of “neuroaesthetics” has adopted this
distinction between art and non-art objects by seeking to identify brain areas that mediate
the aesthetic appreciation of artworks, generally works from the domain of visual art (Zeki,
1999; Di Dio and Gallese, 2009; Skov, 2009; but see Brown and Dissanayake, 2009, and
Vartanian, 2009).

However, studies from neuroscience and evolutionary biology challenge this separation of
art from non-art, and instead call for a naturalization of aesthetics, in other words a revised
conception of aesthetic processing that is more biological and adaptive in scope. Human
neuroimaging studies have convincingly shown that the brain areas that mediate aesthetic
responses to artworks overlap those that mediate the appraisal of objects of evolutionary
importance, such as the desirability of food items or the attractiveness of potential mates.
Hence, it is likely that artworks have co-opted the neural systems that subserve these kinds
of adaptive assessments rather than having evolved a distinct type of neural processing. In
addition, while “the aesthetic” of Enlightenment philosophy places an exclusive focus on
positive-valence assessments — and thus beauty — aesthetic processing is best thought of as a
binary phenomenon, with both positive and negative counterparts. Thus, negative-valenced
emotions such as dislike and disgust are just as much aesthetic emotions as are awe and
ecstasy. Aesthetic processing, at its core, can thus be equated with object-appraisal
processes, resulting in emotions that sit along the spectrum from transcendence to repulsion.
When seen in this way, aesthetic emotions become major factors in guiding motivation and
decision making. We would thus expect neural pathways for object appraisal to involve areas
not only for object perception but those for homeostatic processing, emotion, motivation,
and motor control as well.

An important step towards naturalizing aesthetics is to ground aesthetic emotions in theories
of emotion more generally. The standard model of emotion in psychology and biology — the
basic emotion theory — offers little insight into aesthetics since it contains no primary
emotion for positive-valenced appraisals such as pleasure, although it does include the
negative-valenced counterpart of disgust (Ekman, 1992). The only positive-valenced
emotion in the basic emotion theory is happiness, an emotion that is often conflated with
pleasure. An influential alternative to the basic emotion theory, that put forward by Ortony et
al. (1988), makes clear that aesthetic pleasure is an object-related emotion, whereas
happiness is an outcome-related emotion. Hence, aesthetic emotions such as pleasure and
repulsion are qualitatively distinct from outcome-related emotions such as happiness and
disappointment.

This distinction between objects and outcomes figures prominently in neuroscience as well.
Rushworth et al. (2008) presented a neural model of decision-making based on the notion
that the appraisal of objects (what they refer to as “stimuli””) is most strongly associated with
the orbitofrontal cortex (OFC), whereas the appraisal of outcomes (what they refer to as
“actions”) is most strongly associated with the anterior cingulate cortex (ACC), and that
these two appraisals can be doubly dissociated through lesions in animals. This is consistent
with neuroanatomical studies showing that the OFC is a form of higher-level sensory cortex
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receiving input from “what” sensory pathways involved in object processing (Rolls, 2005),
whereas the ACC is a premotor area involved in predicting and monitoring outcomes in
relation to motivational intentions (Carter and van Veen, 2007). Hence, the object/outcome
dichotomy makes important predictions about aesthetic processing, suggesting that aesthetic
emotions should be primarily associated with object appraisal mechanisms in the OFC.

There is, in fact, an abundant neuroimaging literature in humans (most of it distinct from the
neuroaesthetic banner) showing that the OFC is reliably activated during tasks that require
people to make appraisals of the quality of objects, both art and non-art objects
(Kringelbach, 2005; Wallis, 2007). This would suggest that the OFC is a prime candidate for
being the “aesthetic center” of the human brain. But the situation is more complicated than
that. First, the OFC plays a prominent role in general sensory processing, being a secondary
sensory cortex for both olfaction and gustation (Kringelbach, 2004; Rolls, 2004). Second, it
serves a role in polysensory convergence, not least in the interaction between olfaction and
gustation during “flavor” processing. Third, the OFC processes emotions of both valences,
and there is no clear understanding of how positive- and negative-valenced appraisals are
represented in the OFC.

Our goal in this study was to apply quantitative meta-analysis techniques to a comprehensive
corpus of human neuroimaging studies of aesthetic processing across multiple sensory
modalities and across both non-art and art objects. We were interested in seeing if there was
indeed a supramodal brain area that is active during the process of object appraisal. The
OFC was clearly our strongest candidate for such an area. Therefore, one of the major
questions we wanted to address was whether regions of OFC activation across sensory
modalities were overlapping or instead sensory-specific.

inclusion criteria for papers

Meta-analysis of 93 published neuroimaging studies was performed using “activation
likelihood estimation” (ALE) analysis. The studies are summarized in Supplementary Tables
1 and 2. They included papers that performed ROI-based and correlational analyses in
addition to standard activation analyses. Database searches were carried out by the first three
authors using search terms such as “aesthetics”, “aesthetics + fMRI”, “aesthetics +
orbitofrontal” and “aesthetics + insula”. In addition, extensive use was made of the Web of
Knowledge database in order to find articles citing ones we already had. All three authors
had to agree on the suitability of a paper for it to be included in a meta-analysis.

Our inclusion criteria for articles were: 1) that whole-brain analyses were performed, using
either functional magnetic resonance imaging (fMRI) or positron emission tomography
(PET) (thereby excluding electrophysiology-based studies; ROI-based analyses were taken
from whole-brain studies); 2) that the papers provided either Talairach or Montreal
Neurological Institute (MNI) coordinates for their activation foci (thereby excluding papers
that reported activations using neuroanatomical labels alone); 3) that the subjects were
healthy individuals and not part of clinical populations (thereby excluding studies on, for
example, depressed patients or individuals with feeding or body-perception disorders, such
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obese individuals or anorexics); 4) that the tasks involved some type of aesthetic evaluation
of the presented stimuli, including ratings of pleasantness, attractiveness, and liking (thereby
excluding studies of general sensory processing, decision making alone, or studies in which
no explicit aesthetic appraisal was made by subjects); and 5) that task appraisals were of
positive valence (thereby excluding studies of disgust, pain, noxious quality, unpleasantness,
and the like). While the issue of negative valence is of central relevance to our approach to
aesthetics, there were not enough papers across the five major sensory modalities to justify
doing a parallel set of meta-analyses for negative-valence processing at the present time.
Some of the studies that were included in the meta-analyses performed comparisons
between positive- and negative-valence assessments, but we only selected the positive-
valence tasks from those papers.

To elaborate further on our exclusion criteria, we excluded papers that did not place a central
focus on aesthetic evaluation. This included studies that were primarily devoted to decision
making, studies that were focused on learning and conditioning, studies that used rewarding
stimuli as primes for other cognitive tasks, studies that used aesthetic-connoting words only,
studies that had people state preferences among two choices, and studies that focused on
reward processing in neuroeconomic experiments. In addition, we excluded studies of
valence or arousal processing in which no ratings of pleasantness or attractiveness were
made by subjects. This exclusion covered many studies of picture processing, including
those of erotic stimuli.

While the distinction between “liking” and “wanting” is one that is frequently discussed in
the neural literature on reward processing (Berridge and Kringelbach, 2009; Berridge et al.,
2009), we do not consider this distinction here, as most of the studies looked at ratings of
pleasantness or attractiveness. Hence, the focus was more on hedonic value (liking) than
incentive value (wanting) or preference.

Activation likelihood estimation (ALE) analysis

Four parallel ALE meta-analyses were performed for four major sensory modalities,
respectively: 1) vision (56 papers, 242 foci across the whole brain); 2) audition (8 papers, 95
foci); 3) gustation (16 papers, 136 activation foci); and 4) olfaction (13 papers, 109 foci).
These are summarized in Supplementary Table 2. The vision category had a number of
subcategories, including artworks, faces, general pictures, erotic images, food images, and
images of loved ones (such as infants and romantic partners). For the purposes of this meta-
analysis, these subcategories were combined. While we intended to include touch as a fifth
sensory-specific analysis, there was an insufficient number of papers dealing with positive-
valenced evaluation in order to do so (see Francis et al., 1999; Rolls et al., 2003).

Coordinates for activation foci from conditional contrasts were taken from the original
publications. No deactivations were examined in our meta-analyses. ALE meta-analyses
were performed using GingerALE 2.0.1a3 (brainmap.org). MNI coordinates were
automatically converted to Talairach coordinates. The ALE statistic, first described by
Turkeltaub et al. (2002), was computed according to the modified procedure of Eickhoff et
al. (2009), which is based on creating activation maps for each experiment, and then running
a random effects analysis across all experiments, with significance determined by a non-
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parametric permutation test thresholded at p < 0.05 using the “false discovery rate”
correction for multiple comparisons and a cluster threshold of k = 10 voxels. Compared to
the original ALE procedure, this modified procedure indicates convergence of brain
activation across experiments rather than foci. The ALE results were registered onto a
Talairach-normalized template brain using Mango (ric.uthscsa.edu/mango). The logical
analysis presented in Fig. 3 was performed using Mango.

A conjunction analysis was carried out to identify voxels engaged by aesthetic processing
independent of stimulus modality. To identify convergence among the four analyses, the
FDR-thresholded ALE maps obtained from the individual analyses were binarized. The
resulting images — indicating voxels that were significantly associated with aesthetic
processing in the visual, auditory, gustatory or olfactory domains — were then summed up,
producing a probabilistic map indicating how many of the modality-specific analyses
overlapped in each voxel of the reference space. A series of such conjunctions was carried
out: a 2-of-4 overlap (i.e., a conjunction where any 2 of the 4 individual meta-analyses
overlapped); a 3-of-4 overlap (where any 3 of the 4 meta-analyses overlapped); and a 4-of-4
overlap (where all 4 meta-analyses overlapped).

Four sensory-specific ALE meta-analyses (i.e., vision, audition, gustation, and olfaction)
were carried out, as shown in Fig. 1 (the Talairach coordinates of the ALE foci are reported
in Supplementary Tables 3-6). As predicted, all analyses showed activation in the
orbitofrontal cortex. Additional common areas of activation included the anterior cingulate
cortex, anterior insula, and ventral region of the basal ganglia. Modality-specific brain areas
in the individual analyses included the following patterns. 1) For vision: the left inferior
parietal lobule (Brodmann area [BA] 40), fusiform gyri bilaterally (BA 19/37), inferior
frontal gyri bilaterally (BA 44), hypothalamus, and caudate nuclei and amygdala bilaterally.
2) For audition: the supplementary motor area (BA 6), midbrain in the region of the
periaqueductal gray, and posterior cerebellum. 3) For gustation, olfaction and vision: the left
anterior insula and pregenual anterior cingulate cortex (ventral BA 32).

The principal aim of the study was to examine zones of polysensory convergence for
aesthetic processing. To do this, we binarized the four individual FDR-corrected maps and
computed a probabilistic map of each voxel’s engagement across the four modalities. Fig.
2A shows voxels that were concordantly engaged by aesthetic processing in any two of the
four modalities (“2-of-4” analysis). The regions identified in this analysis define a general
limbic network associated with aesthetic appraisal and emotion, including the anterior
midcingulate cortex, bilateral anterior insula, left nucleus accumbens, and medial
orbitofrontal cortex (Table 1).

No voxel in the brain was concordantly engaged in all four modalities (“4-of-4” analysis).
However, the analysis revealed that the anterior insula bilaterally was the most concordant
region of activation in three of the four analyses (“3-of-4” analysis; Fig. 2B). In a follow-up
assessment, we examined which of the four analyses contributed to these clusters of
convergence (see boxes in Fig. 2B). While three of the four analyses contributed to the
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cluster in the left anterior insula (all except audition), all four analyses contributed to the
cluster in the right anterior insula. That is, while no voxel in the brain showed overlap
among all four analyses, we found a region in the right anterior insula where all four
analyses became significant, with three of the four FDR-thresholded ALE maps overlapping
in each voxel of this region. The right anterior insula therefore emerged as the strongest
candidate for a supramodal area for positive-valence aesthetic processing.

Contrary to our expectations, there were no OFC voxels in the 3-of-4 analysis. In other
words, the OFC showed a more sensory-specific than supramodal pattern of activation. This
is demonstrated in Fig. 3 as a logical analysis of the four sensory-specific ALE analyses.
Some overlap was seen among modalities, as suggested in the 2-of-4 conjunction analysis.
There was overlap between gustation and olfaction and between gustation and vision in the
pregenual ACC (ventral BA 32), although this area is not typically found in published work
on flavor processing. There was also overlap between audition and gustation in the posterior
part of the gyrus rectus. Overall, the OFC did not satisfy the criterion of being a supramodal
aesthetic area, in that no single area showed concordance across all four sensory modalities
or even among subsets of three.

Finally, we were interested in whether studies devoted to artworks would show the same
activation pattern as those involving non-artworks. Because of the small number of studies
devoted to artworks and because these covered only two sensory modalities (audition and
vision), we simply performed a qualitative analysis of these papers to see if they showed
activation in the anterior insula. Four of the six studies of musical pleasantness did (Blood
and Zatorre, 2001; Brown et al., 2004; Koelsch et al., 2006; Menon and Levitin, 2005),
while only one of the five studies of visual artworks did (Di Dio et al., 2007). The reasons
for this discrepancy are unclear. Music might simply be a more emotive/hedonic stimulus
than photographs of visual artworks, and the insula might be tracking this difference.

Discussion

The combined results of the four sensory-specific meta-analyses and the two conjunction
analyses point to the right anterior insula as being the most concordant area of activation
across all of the studies of positive-valence aesthetic processing. The OFC did not have any
significant voxels in the 3-of-4 conjunction analysis. Instead, we observed a pattern of
adjacency among modalities. Hence, an overall picture of aesthetic processing emerged of
sensory-specific regions of the OFC being co-activated with a supramodal area located in the
anterior insula.

Before discussing the activation profiles in detail, it is important to point out limitations of
this study vis-a-vis our objective of naturalizing aesthetics. While we argued in the
Introduction that standard models of aesthetics place an unbalanced focus on positive-
valenced appraisals, and thereby ignore the other half of aesthetic processing, our own meta-
analyses were unable to rectify that situation, due to an insufficient number of articles
devoted to negative-valenced aesthetic processing across the four sensory modalities. Article
limitations likewise prevented us from doing a quantitative comparison between artworks
and non-artworks. However, the burden of proof is on artwork-centered aesthetic models to
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demonstrate neural specificity for artworks. A comparison of our supramodal findings
against individual studies of artwork processing does not support such a view of neural
specificity for artworks.

Anterior insula

The anterior insula‘s status as the most concordant brain area for positive-valenced aesthetic
appraisal was an unexpected finding of this work, given that much of the literature dealing
with the insula highlights its importance for negative-valenced emotions such as disgust,
sadness, and pain. Moreover, aside from emotional processing, the insula has well-
established roles in the sensory processing of taste, touch, vestibular function, and visceral
perception. Finally, the anterior insula is situated directly medial to the frontal operculum
(and is often confounded with it) and thus a brain area involved in vocalization, language
syntax, and imitation (Ackermann and Riecker, 2004; Dronkers, 1996). Hence, the insula is
a complex region with a multitude of functions and unclear anatomical demarcations from
surrounding regions. How can all the functions attributed to it be disentangled?

The most strongly activated region corresponds with the anterior insula proper, a paralimbic
region associated with interoceptive awareness/insight (Critchley, 2005; Critchley et al.,
2004), a sense of the “feeling self” (Craig, 2009), core affect (Barrett et al., 2007), the
subjective experience of emotions such as pain, sadness, anxiety and disgust (Liotti et al.,
2000), and the capacity to predictively anticipate the impact of emotional events on the
body’s responses (Bechara and Damasio, 2005; Singer et al., 2009). Two ALE meta-
analyses of the insula have attempted to specify functional sub-domains within this
structure. The ALE foci of our 3-0f-4 conjunction analysis mapped onto the anterior-dorsal
part of the insula that Kurth et al. (2010) demonstrated as being a functional integration zone
within this structure — representing such processes as emotion, empathy, interoception,
olfaction, and gustation — and the zone that Mutschler et al. (2009) associated with the
“sense of agency” in hand movement.

The major input to the anterior insula is from the dorsal posterior insula, which is considered
to be the primary interoceptive cortex, receiving input from the nucleus of the solitary tract
via the ventral posteromedial nucleus of the thalamus. The posterior insula is located next to
the secondary somatosensory cortex (S2), and processes tactile information, including
somatic pain. Rostral to that, the primary gustatory cortex is located in the anterior insula (de
Araujo and Simon, 2009; de Araujo et al., 2003; Small et al., 1999), as corroborated by our
gustatory ALE meta-analysis. Electrophysiological studies in the Rhesus monkey have
shown that the gustatory cortex responds not only to the chemical properties of tastants but
to the viscosity, fat texture, grittiness, and temperature of foodstuffs in the mouth (Verhagen
et al., 2004). Human neuroimaging studies have shown that viewing pictures of appetizing
foods can lead to activation close to this region (Simmons et al., 2005). According to de
Araujo and Simon (2009), the gustatory cortex is a “multisensory system dedicated to
evaluating the biological significance of intra-oral stimuli” (p. S34). This is in good
agreement with our findings, except that the anterior insula might be processing the
biological significance of all stimuli, not just intra-oral stimuli (Kurth et al., 2010). Given
that aesthetic preference is often considered to be a matter of “taste” (Korsmeyer, 1999,
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2001), these results about the insular cortex demonstrate that aesthetic processing literally
maps onto the taste center of the human brain, an area associated with subjective awareness
of interoceptive state more generally. This part of the brain, along with the anterior cingulate
cortex, has shown a strong evolutionary expansion in humans, and contains a unique and
recently-evolved type of projection neuron, called the von Economo neuron, that is only
found in higher primates (Allman et al., 2005).

While bilateral activation of the anterior insula was seen in most of the analyses of this
study, the right anterior insula emerged as a slightly more concordant area of activation than
the left, in part due to the presence of the right but not left insula in the auditory analysis.
Laterality effects have been described for the anterior insula. For example, Craig (2003)
argued that the right anterior insula contains a meta-representation of the state of the body
that is associated with the subjective awareness of the “feeling self”, based on input from
visceral afferent pathways leading to interoceptive representations in the posterior insula. In
addition, the right anterior insula is associated with sympathetic autonomic activity whereas
the left anterior insula is associated with parasympathetic activity (Craig, 2005). By this
reasoning, aesthetic processing should most likely be associated with the right insula due to
its arousing nature.

How can we reconcile our findings with the large literature on negative-valence processing
in the insula? One proposal is laterality. Craig (2005) argued that the right insula is more
associated with negative valence and the left insula with positive valence, a proposal that is
not borne out in our meta-analyses, with their bilateral activations for positive aesthetic
evaluation. Another possibility could relate to the antero-posterior dimension, with the
anterior part of the insular cortex being positive and the posterior part negative. Tsukiura and
Cabeza (2011) analyzed the neural basis of the “beauty-as-good” intuition by having
subjects perform attractiveness ratings for faces as well as “action goodness” ratings for
short sentences describing hypothetical actions of individuals. Parametric analysis of neural
areas whose activity varied systematically with these two ratings showed that a part of the
right insular cortex decreased in activity with increasing ratings of both attractiveness and
moral goodness. However, this area was in the posterior insula, being 33 mm more posterior
than the centers of mass our anterior insula foci (y = 18 compared with y=-15 in their
study). So, the posterior insula might process negative valence, and the anterior insula
positive valence.

In the dataset of Tsukiura and Cabeza (2011), no brain area showed a U-shaped response for
attractiveness or goodness ratings that would be suggestive of bivalent functioning.
However, Viinikainen et al. (2010) showed exactly such a profile of responsiveness for both
the right and left anterior insula, in a region anterior to our conjunction foci. In that study,
subjects viewed pictures from the International Affective Picture System (IAPS) database
and had to make ratings of their valence (pleasantness) along a 9-point scale. A handful of
regions, including a very anterior part of the insula bilaterally, showed an inverted-U pattern,
being strongest for neutral stimuli and being equally strong for either positive or negative
stimuli (though less so than for neutral stimuli). This supports the contention that the insula
is a bivalent region. Viinikainen et al. found this pattern comparably for the right and left
insula, arguing against a strong laterality effect for valence.
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Overall, our findings of concordant activation in the right anterior insula for positive-valence
aesthetic processing across four sensory modalities suggest that interoceptive processing
(whether conscious or unconscious) is key to the assignment of valence to perceived objects.
It probably does so by referencing the visceral/motivational state of the individual in the
presence of such objects. This part of the right insula might correspond to a sub-component
of a bivalent brain region that is more responsive to positive than negative valence. The
greater concordance of the right hemisphere compared to the left might reflect the functional
specialization of this part of the insula for meta-representations of subjective bodily
awareness (Craig, 2003). Finally, it should be pointed out that the insula is strongly
responsive to autonomic parameters such as heart rate and blood pressure (Critchley, 2005;
Critchley et al., 2004), and so it is likely that autonomic changes that are induced by the
perception of attractive stimuli are contributing to the observed activations in the insula.

Orbitofrontal cortex

The OFC receives inputs from the five major sensory pathways (through what are referred to
as “what” sensory pathways for vision and audition) as well as from the visceral afferent
system, and is thus one of the most important brain areas underlying multisensory
integration, not least in the form of gustatory/olfactory coupling for “flavor” sensation
(Rolls, 2004, 2005). But in addition, the OFC plays an important role in monitoring and
learning about the reward value of stimuli (Kringelbach, 2005; Wallis, 2007), as reflected in
subjective assessments of pleasantness, and as shown in these meta-analyses.

There is an extensive literature implicating the OFC in reward processing across all sensory
modalities, which is why we predicted that the OFC would be the most likely candidate for a
supramodal aesthetic area. Our major finding was that, while several OFC regions appeared
in each sensory-specific analysis, none of them was present in the conjunction, thereby
indicating an absence of convergence. In addition, we observed surprisingly little
convergence of ALE foci across the individual gustation and olfaction analyses, despite
strong expectations in the literature for such a convergence for flavor processing. Most of the
overlap for these two modalities was seen in the ventral part of the cingulate cortex (the
pregenual ACC) in BA 32. Overall, the strongest pattern seen for the OFC across our
analyses was adjacency between modalities, rather than overlap, consistent with there being
sensory-specific zones in the OFC.

To a first approximation, the OFC shows striking similarities to the anterior insula as “a
gateway to subjective conscious experience” (Kringelbach, 2005:699), especially the
experience of emotion. Both areas receive extensive sensory and visceral inputs, and are
important for polysensory convergence. Both connect with visceromotor areas such as the
ACC and hypothalamus. In addition, both are responsive to the reward value of stimuli, and
are important brain areas for emotion. Where they seem to differ is that the OFC is more
strongly associated with learning and memory processes than the insula, most likely via its
connections with the dorsolateral prefrontal cortex. The OFC is able to track the reward
value of a stimulus as this reward value changes as a function of conditioning in stimulus-
reward reversal experiments. The OFC might not only represent the value of an object but
keep this value in working memory to influence decision making and behavior. So, while
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both the insula and OFC respond to primary reinforcers, the OFC might be more important
in creating responsiveness to secondary reinforcers, for example when reward contingencies
change. Overall, the OFC and insula are reciprocally connected with one another and show
parallel functions when it comes to reward and emotion. But the OFC might be more linked
to conditioned learning and working memory processes than the insula, and may thus serve
as a brain area for storing the reward history of stimuli, as is important for decision making
(although see Singer et al. (2009) for the neuroeconomic implications of the anterior insula).

The OFC, like the anterior insula, is a bivalent brain region. One hypothesis about valence
processing (Kringelbach, 2005) is that the medial OFC is linked to positive valence
(rewards), and the lateral OFC (closest to the anterior insula) to negative valence (punishers).
While our meta-analyses did not include negative valence, several of the studies within them
did perform comparisons between valences, and some were supportive of a mediolateral
distinction for valence. For example, Small et al. (2001) had subjects eat chocolate to
beyond satiety. As chocolate eating changed from being rewarding to aversive, activity
switched from medial OFC to lateral OFC. Likewise, a medial-positive lateral-negative
relationship has been found in studies of valence processing for gustation (Small et al.,
2003) and olfaction (Anderson et al., 2003). However, the study of O’Doherty et al. (2001)
showed rather opposite results. They had subjects consume solutions of either glucose
(pleasant) or salt (aversive), and found more lateral OFC activity for glucose, and more
medial activity for salt. Finally, Zald et al. (2002) found medial OFC activation for the
consumption of both pleasant (sugar) and aversive (quinine) solutions, with no mediolateral
differences across valence. Further work is needed to resolve the important issue of valence
coding in both the OFC and insula.

It is reasonable to speculate that, to the extent that polysensory convergence of reward
processing does occur in the OFC, it most likely evolved in the service of perceiving the
quality of food sources, including their gustatory, olfactory, visual, and textural
(somatosensory) features (Kringelbach, 2004; Rozin, 1999). This is strikingly similar to the
reasoning that has been applied to the anterior insula/gustatory cortex (de Araujo and Simon,
2009), highlighting yet another deep similarity between the OFC and anterior insula. It also
suggests that the most primordial aesthetic appraisal that animals engage in relates to
foraging and the search for nutritional sources, and that all other appraisals — from attractive
mates to transcendent artworks — have co-opted an ancestral system of food appraisal (see
discussion below).

A functional connectivity model

An important way to naturalize aesthetic processing is to see it as the appraisal of valence of
perceived objects, and to argue that this appraisal process comes about through a comparison
between subjective awareness of current homeostatic state — as mediated by the anterior
insula — and exteroceptive perception of objects in the environment, as mediated by the
sensory pathways leading up to the OFC. The basic model of aesthetic processing that we
propose involves an interaction between interoceptive and exteroceptive processing via
recurrent connectivity between anterior insula and OFC, respectively, as shown in Fig. 4. We
call this a “core circuit for aesthetic processing”, and is comprised of areas contained in our
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2-of-4 conjunction analysis. See Barrett et al. (2007) for a similar model. This circuit is in no

way restricted to aesthetic processing, but may be related to all cognitive processes that

involve viscerality (Bechara and Damasio, 2005), as shown by the observation that it is
active when people evaluate the truth or falsity of religious propositions (Harris et al., 2009).

We propose that recurrent connectivity between the anterior insula and the OFC can mediate
what Craig (2009) calls “homeostatic emotions” and thus the assignment of valence to

objects as a function of current homeostatic state.

In this model, the OFC is seen as an extension of “what” sensory pathways that process
object-recognition information, whereas the anterior insula contains a meta-representation of
bodily responses from inputs coming from the interoceptive cortex in the posterior insula.
Another important part of this circuit is the ACC. The rostral part of the ACC is reciprocally
connected with both the anterior insula and OFC, and is co-activated with both of them in
many imaging experiments, as is clearly shown in all of our meta-analyses. Taylor et al.
(2009) used fMRI to examine resting-state connectivity between the various divisions of the
insula and cingulate cortex. One of their major findings was strong resting-state connectivity
between the anterior insula and the most rostral part of the cingulate (BA 32; pregenual
anterior cingulate). This interconnected system is proposed to be involved in “emotional
salience monitoring” and to operate across all sensory modalities (Taylor et al., 2009).
Finally, we include the ventral basal ganglia in this circuit, which are considered to be
among the “hedonic hotspots” of the brain (Berridge et al., 2009). Unlike areas such as the
OFC and insula, which seem to be bivalent, the ventral basal ganglia are overwhelmingly
associated with reward processing, pleasure, and thus positive valence. There is good
anatomical evidence that the ventral basal ganglia are connected with the OFC and perhaps
anterior insula as well (Haber and Knutson, 2010).

Naturalizing aesthetics: what needs do the arts satisfy?

We have argued that aesthetic processing is, at its core, the appraisal of valence of objects,
and that this is a general cognitive process that applies to both non-art and art objects. We
suggest that this processing is rooted in a comparison between subjective interoceptive state
and exteroceptive perception, whose goal is to determine whether perceived objects will
satisfy or oppose our homeostatic needs. The presence of anterior insula and OFC
activations in the analysis of artworks raises the important question about what kind of
“need” is being satisfied by artworks. Activation of reward circuits in response to artworks
might explain #ow we come to feel pleasure in response to art, but it does not explain the
deeper question of whywe do. Why are artworks aesthetic objects?

While the homeostatic need to appraise food quality can probably account for polysensory
convergence for aesthetic processing in the OFC and insula, it cannot account for why music
and other artworks activate this same circuitry. For that, we need to switch the focus to socia/
needs and the emotions associated with them. Principal among these are the needs to find
mates and to maintain the integrity of social relations within family groups and

communities, the latter including parent—child interactions and affiliative interactions among
non-kin members of a social group (Dissanayake, 2008, 2009). Evolutionary scenarios for
the arts invoke the mechanisms of sexual selection and group selection to explain these
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capacities (Brown, 2000; Brown and Dissanayake, 2009; Miller, 2000; Voland and
Grammer, 2003). So, while the rewarding properties of the arts derive most likely from
social needs rather than homeostatic needs, similar neural circuitry seems to be involved in
responding to attractive faces and alluring music as to desirable foods. The system of social
needs seems to have co-opted the basic circuitry used for homeostatic needs, as evidenced
by the everyday observation that artworks lead to strong bodily responses and can be as
desirable and motivating as homeostatic need satisfaction (Gabrielsson, 2001).

In conclusion, an important way to naturalize aesthetics is to argue that such a system
evolved first for the appraisal of appetitive objects of biological importance, including food
sources and suitable mates, and was later co-opted for artworks such as songs and paintings.
The larger evolutionary mystery of Enlightenment aesthetics is why artworks are rewarding
to begin with and therefore why they activate the same reward circuitry as food sources that
relate to homeostatic needs. The invocation of “social needs” provides some insight into the
evolution of aesthetics. Interestingly, the paralimbic structures highlighted in the present
study are critically involved in social cognition and empathy. This, therefore, may provide a
neural basis for shared aesthetic experience, which is so central to the social functionality of
the arts in human life, including their prominent role in religion.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Principal ALE foci for the four sensory-specific meta-analyses. Principal sites of activation

are labeled. Talairach z coordinates are shown below each slice. The right side of a slice is
the right side of the brain. The threshold is p<0.05, corrected for multiple comparisons using
the false discovery rate. Abbreviations (from left to right): IFG: inferior frontal gyrus; IPL,
inferior parietal lobule; pgACC, pregenual anterior cingulate cortex; OFC, orbitofrontal
cortex; SMA, supplementary motor area; ACC, anterior cingulate cortex.
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Principal ALE foci for the conjunction analyses. These analyses represent probabilistic maps
indicating where binarized FDR-corrected ALE analyses for the four sensory-specific meta-
analyses overlap, as registered onto a Talairach-normalized template brain. The right side of
a slice is the right side of the brain. A) “2-o0f-4”, analysis, showing where any two individual
meta-analyses overlap. The principal sites of overlap are labeled above each slice. Talairach
z coordinates are shown below each slice. The color bar indicates the number of sensory-
specific analyses in which overlap occurs. B) “3-0f-4" analysis, showing where any three
individual meta-analyses overlap. This analysis reveals foci exclusively in the bilateral
anterior insula. The boxes to the left and right of the slice indicate the percentage of studies
in each meta-analysis showing activation in this region. All four sensory modalities show
activation in the right anterior insula. The color bar indicates the number of sensory-specific
analyses in which overlap occurs. Abbreviations (from left to right): MCC, midcingulate

cortex; NAcc, nucleus accumbens.
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Olfaction

Gustation

Fig. 3.
Logical analysis of ALE foci in the orbitofrontal cortex. ALE foci are displayed for the

individual-level ALE analyses for the four sensory modalities in the orbitofrontal cortex and
ventral cingulate region, demonstrating the relationship among the modalities. For the four
axial slices at right, only the anterior portion of each slice is shown. Talairach z coordinates
are shown below the sagittal slice and to the right of each axial slice. The right side of a slice
is the right side of the brain. The color coding of the sensory modalities is shown at the
bottom left. An overall pattern of adjacency among modalities is observed. However, in the
pregenual ACC, gustation overlaps with vision (z = 4) and olfaction (z = -2). In medial
OFC, gustation overlaps with audition (z = —14). For simplicity, structures outside of the
ventral frontal cortex have been masked in all the slices.
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Fig. 4.

Tr?e core aesthetic network of the human brain. This is presented as a connectivity model in
which aesthetic appraisal is seen as a comparison between exteroceptive information passing
through the OFC and interoceptive information passing through the anterior insula. The
appraisal of an object‘s valence is assumed to involve recurrent connectivity between these
two areas. Also shown in the figure are the rostral/emotional part of the cingulate cortex (BA
32) and the ventral basal ganglia, the latter being one of the “hedonic hotspots” of the brain.
This diagram is not meant to represent connectivity in any comprehensive manner. Key
limbic areas missing from this diagram include the amygdala, hippocampus, hypothalamus,
and basal forebrain. Also missing are general sensory projections to the insula, and visceral
afferent projections to the OFC.
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Principal ALE foci for the conjunction analyses. The table shows the principal ALE clusters derived from the
“2-o0f-4” (top) and “3-o0f-4” (bottom) conjunction analyses. The columns labeled as X, y, and z are the Talairach
coordinates for the maximum or sub-maxima of each cluster. After several anatomical names in the “region”

column is the Brodmann area in parentheses.

Region X y z z score
2-of-4 analysis
Left anterior insula -32 16 6 3.46
-32 14 0 2.60
-28 0 4 1.48
-26 2 6 1.41
Ventral basal ganglia/nucleus accumbens ~ -12 2 -6 333
-10 4 -8 322
Right anterior insula 42 12 -4 320
34 20 4 3.09
34 14 12 2,65
32 14 2 2.56
Pregenual anterior cingulate cortex (32) -2 44 0 307
Anterior midcingulate cortex (32) 2 22 32 271
Dorsomedial nucleus of the thalamus 4 -16 8 2.35
Ventral basal ganglia 26 8 -4 201
Medial orbitofrontal cortex (25/11) -2 22 -12 125
-4 20 -14 116
0 14 -14 024
3-of-4 analysis
Left anterior insula -32 16 6 3.46
Right anterior insula 34 18 4 278
32 14 2 2.56
34 16 0 2.14
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