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Combined fMRI and eye-tracking
evidence on the neural processing
of visual ambiguity in photographic
aesthetics
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Alberto Sanna®

While visual ambiguity is known to play a central role in modern art, the neural correlates of its
processing remain substantially unexplored in the case of aesthetic stimuli. To fill this gap, we
combined eye-tracking and functional magnetic resonance imaging (fMRI) to investigate both visual
exploration, and the associated brain activity and connectivity, when observing (WO) or evaluating
(WE) either ambiguous (AMB+) or non-ambiguous (AMB-) artistic photographic stimuli. These
manipulations highlighted more fixations (suggestive of higher loading on exploratory processes)
when evaluating compared with observing, and stronger right fronto-parietal and occipito-temporal
activity (possibly supporting the resolution of visual ambiguity through attentional reorienting to
global vs. local aspects) when processing ambiguous compared with non-ambiguous stimuli. Task-
by-stimulus type interaction analyses showed that evaluating ambiguous stimuli was specifically
associated with stronger fixation-related activity in the left medial prefrontal cortex, as well as
decreased connectivity from this region to its right-hemispheric homologue, possibly supporting in-
depth visuospatial analyses of complex visual images. These findings pave the way for future studies
addressing the role of visual ambiguity in aesthetic appreciation, as well as the factors that might ease
vs. hamper its processing and resolution, and their neural correlates.

Keywords Neuroaesthetics, Visual ambiguity, fMRI, Eye-tracking, Superior parietal lobule, Medial
prefrontal cortex

Neuroaesthetics is a growing field aimed to highlight the neural correlates of aesthetic experience and
appreciation'. This goal is typically pursued with participants reporting aesthetic judgments of visual artworks
(i.e., visual aesthetic experience (VAE);?) while the associated brain activity is recorded via neuroimaging
techniques such as functional magnetic resonance imaging (fMRI; e.g.,>). The available evidence shows that
VAE entails a flexible interaction among three main brain systems (i.e., aesthetic triad;®), usually referred to
as the sensory-motor, the emotion-valuation and the meaning-knowledge systems>®. In particular, different
categories of visual art appear to involve specific components of the sensory-motor system, such as the fusiform
face area for portraits, the parahippocampal place area for landscapes, as well as the supplementary motor
area and the insula for body sculptures’. This activation pattern is considered to support the engagement of
embodied mechanisms in art comprehension and appreciation®®. The key-nodes of the emotion-valuation
system, including ventral striatum, insula, orbitofrontal cortex and anterior cingulate cortex, are considered
to underpin the pleasure inherent in, and thus the search for, a subjectively rewarding VAE'?. The latter is also
shaped, however, by exogenous and endogenous factors such as contextual information under which artworks
are presented (e.g., gallery vs. computer;!!), culture (e.g., Eastern vs. Western;'?), and individual art expertise
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(e.g., expert vs. novices;'>14), which highlights the engagement of key nodes of the meaning-knowledge system

such as the precuneus and the frontopolar cortex!”.

The responsiveness of these brain systems is modulated by multiple aesthetic factors (i.e., variables known
for their effect on aesthetic preferences;'®-!%), as shown by their stronger activation for stimuli characterized by
symmetric and smoothly-curved shapes, that are typically preferred over those characterized by asymmetric!®
and angular?®?! contours.

Another likely driver of the aesthetic experience is visual ambiguity, i.e., the stimulus quality of being open
to more than one interpretation’?*. Importantly, however, mixed results have been published regarding this
effect on aesthetic preferences. On the one hand, some studies have reported a stronger appreciation for non-
ambiguous and familiar stimuli that are fluently processed (i.e., fluency account for aesthetics;**), while others
reported an opposite effect, i.e., that ambiguous stimuli might be liked more, and considered more interesting,
than non-ambiguous ones*>~2. Regardless of the direction of this preference—which is probably subject to
individual differences?®**—it is surprising that the neural correlates of the effect of visual ambiguity on aesthetic
appreciation have been only marginally investigated. To the best of our knowledge, indeed, this topic has
been addressed only by two studies, reporting that the aesthetic evaluation of ambiguous paintings, such as
Arcimboldo’s portraits, selectively involved the right superior parietal cortex, likely supporting the integration
of aesthetic experience and perceptual processing of the attended stimuli*"*2. These studies provided a robust
ground for the inquiry on other possible facets of the effect of visual ambiguity on VAE. One such facet is
represented by the reward inherent in the challenging attempt to resolve visual ambiguity in artistic stimuli?”-¥3,
as in the case of Baranowski’s street art or Suissas’ photos (for an overview of ambiguity in modern art, see®*-¢.

Investigating the mechanisms underlying the resolution of art ambiguity might also provide novel insights
into the neural dynamics of flexibility and adaptation. While ambiguity resolution is mastered by most individuals
as a mean to act effectively in our everyday environment®’, and to enable new forms of efficient behaviour?, still
it is pursued with strategies that largely differ across individuals both in normal and pathological conditions.
In the latter case, an impairment of this ability in conditions such as Parkinson’s disease®, dyslexia®® and
schizophrenia?! severely worsens patients’ quality of life.

It is thus crucial to unveil the brain areas associated with the processing and the resolution of visual
ambiguity, that have been so far investigated mostly with non-artistic stimuli*”. The available data highlighted
a distributed brain network involving sectors of the occipito-temporal cortex—including the fusiform gyrus
and the lateral occipital cortex*>—alongside the prefrontal cortex*>4 and fronto-parietal areas*>*°, Interestingly,
their engagement is also shaped by specific stimuli features, such as ambiguous faces or motion illusion that
selectively involved the fusiform gyrus*? and premotor areas*, respectively. This response pattern was considered
to support the involvement of sensory and predictive mechanisms in integrating contextual information to
resolve visual ambiguity**.

These findings do not seem to support the engagement of affect- and/or reward-related brain responses
when processing visual ambiguity in non-artistic*? or artistic>! contexts. However, this conclusion is in striking
conflict with behavioural evidence from studies entailing the analysis of ambiguous artworks?”*. Indeed,
their results rather highlighted the role played by the motivation and reward associated with processing and
trying to solve visual ambiguity, which is reported as stimulating and challenging?”-**. A dynamic gain of
insights seems to represent the critical factor enhancing the reward inherent in the challenging—and therefore
stimulating—analysis of visual ambiguity in artistic stimuli*>. Interestingly, the experience of this feeling even
when participants are not fully able to solve such ambiguity suggests that the associated reward might reflect the
challenging processing even more than its successful completion®”%,

On this ground, the present study aims to investigate both the behavioural processes of visual exploration and
aesthetic appreciation, and the underlying neural patterns of brain activity and connectivity, while processing
visual ambiguity in challenging and stimulating artworks. To this purpose, fMRI was combined with eye-
tracking - to measure both brain activity and the number of fixations (a reliable metric of intensive interest
for a given stimulus;**)—in participants presented with ambiguous or non-ambiguous photographs differing
with respect to the presence of multiple potential interpretations. Based on the notion of street photography
as a mature form of art>’, we took advantage of the potential of photographic artistic stimuli in terms of the
precise characterization and balance of multiple semantic dimensions across ambiguous and non-ambiguous
photographs®!. In particular, to ensure that brain activity was driven by our manipulation of visual ambiguity
rather than the appreciation of the artwork itself, we balanced ambiguous and non-ambiguous stimulus types
for aesthetic appreciation based on the results of a preliminary rating procedure. We predicted that - also in the
case of photographic aesthetics - the processing of ambiguous (compared with non-ambiguous) artistic stimuli
would recruit fronto-parietal and occipito-temporal areas underlying the computational facets of processing and
solving visual ambiguity*’*4, alongside structures supporting the reward inherent in developing insights about
their artistic meaning?’.

Materials and methods

Participants

34 right-handed healthy volunteers (25 females and 9 males; mean age =22.9 years, standard deviation (SD) = 3.8,
range = 19-39) participated in the study. To ensure high data quality, as described below (see sections “Analysis
of eye-tracking data” and “fMRI data preprocessing”) we removed from statistics 11 participants exceeding pre-
defined thresholds of scan-to-scan head motion (n=5) or broken visual fixations during stimulus presentation
(n=6). The final sample therefore included 23 right-handed healthy volunteers (18 females and 5 males; mean
age=22.6 years, standard deviation (SD)=2.9, range=19-29). All participants had normal or corrected-to-
normal visual acuity. None of them reported a history of neuro-psychiatric conditions or substance abuse, nor
was currently taking any medication interfering with cognitive functioning. They gave their written informed
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consent to the experimental procedure, that was approved by the Ethics Committee of IRCCS Ospedale San
Raffaele (Milan, Italy) and performed in accordance with the Declaration of Helsinki.

Stimuli and task

Participants were presented with colour photographs of various kinds of indoor and outdoor sceneries, classified
into two distinct experimental conditions differing for stimulus type, i.e., with (AMB+) and without (AMB-)
graphical elements generating visual ambiguity and multiple possible interpretations (see Fig. 1).

AMB + photographs were characterized by the presence of natural visual reflection (e.g., reflections from
mirrors, water, glasses, etc.), that resulted in natural visual ambiguity, i.e., difficulty in understanding which part
of the image is real and which is reflected. AMB- photographs served as baseline, to isolate neural responses
underlying the processing of visual ambiguity in aesthetic photography while controlling for the analysis of
semantic visual features, as well as for motor responses and their preparation. AMB- stimuli were searched and
selected from Google image database so as to balance the presence of objective semantic features (other than
the elements generating visual ambiguity) that might confound the interpretation of behavioural and neural
findings, such as the presence of biological stimuli and other relevant semantic features (see Table 1 for the
full list of features taken into consideration). The different properties of AMB +and AMB- photographs were
confirmed by 20 participants (13 females and 7 males other than those recruited for the fMRI study), who were
asked to indicate, for each stimulus, whether it presented a visual reflection (yes/no response). Results indeed
showed that AMB + images were more strongly characterized by visual reflection (AMB+: mean response =0.97,
SD=0.71 AMB-: mean response=0.26, SD=0.17; t(81.42) =30.14, p<0.001). These procedures resulted in a
final selection of 62 AMB +and 62 AMB- photographs.

The retained stimuli underwent a preliminary rating procedure, with 60 participants (45 females and 15
males other than those recruited for the fMRI study and for the first assessment on visual reflection) who
were asked to evaluate—on a 7-level scale—the degree to which they considered each photograph to be (a)
complex, (b) beautiful, and (c) stimulating (20 raters per dimension). AMB + photographs were rated as more
complex (t(122)=11.33, p<0.001) and stimulating (t(122) =2.35, p=0.020) than AMB- ones, with no significant
difference concerning beauty (t(122)=0.49, p=0.62). This procedure therefore ruled out the possibility that
any difference in the neural processing of AMB +and AMB- photographs could be attributed to their aesthetic
quality per se (see “Introduction”).

Fig. 1. Stimuli examples. The figure depicts selected examples of ambiguous (AMB+) and unambiguous
(AMB-) photographs.
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Orientation (vertical vs. horizontal)

Presence of simmetry

Presence of famous places

Pedagogical elements (verbal indications specifying the location)

Presence of biological stimuli

Presence of buildings

Presence of inanimate stimuli as animate (e.g., mannequin)

Presence of food (reward)

Presence of clothes or jewellery or watches (reward)

Time of the day of photo shoot (day vs. evening)

Presence of objects/photos/images depicting human figures

Presence of movements and dynamism

Presence of objects

Presence of manipulable objects

Presence of inscriptions

Presence of branded inscriptions

Presence of animals

Presence of vegetation

Presence of art stimuli

Table 1. Full list of features considered in stimuli selection. The table reports the full list of features that were
balanced across AMB +and AMB- photographs.

During fMRI, every stimulus was presented once for each of two experimental tasks, in which participants
were either asked to (a) just watch the photograph as if they were attending a photo exhibition (Watch Only,
i.e., WO); or (b) watch the photograph while preparing to evaluate - on a 4-level scale - how beautiful they
experienced them to be (not at all, a little, much and very much) (Watch-Evaluate, i.e., WE). To enable an
implicit aesthetic processing of stimuli in the WO task, the latter always preceded the WE task during fMRI (see
“Experimental design and procedures”), and participants were informed of the additional WE requirements
only at the beginning of the corresponding fMRI runs. Importantly, the fact that the same photographs were
presented in both tasks without counterbalancing their order does not allow to exclude that any evaluation-
specific activation might be biased by repetition effects, and therefore represents an inherent limitation of the
present experimental design. In keeping with previous related studies (e.g.,*), however, this design was aimed
at enabling a passive observation of stimuli that would have been prevented by the previous request to evaluate
them.

Experimental design and procedures

Participants read standardized instructions and underwent a training session before f/MRI scanning. The whole
experiment included 2 WO runs (62 photographs per run, corresponding to 10 min 37 s) followed by 4 WE runs
(31 photographs per run, corresponding to 7 min 1 s). Each run started with written instructions, lasting 4 s.
Every stimulus was presented once for each of the two experimental tasks. Photographs were shown for 5 s both
in the WO and WE tasks. In the latter, each stimulus was followed by a blank screen (lasting 4 s) and a screen
(lasting 2.5 s) depicting the four possible aesthetic evaluations (from left to right: not at all, a little, much and very
much). Participants were instructed to provide their assessment of each photograph after the onset of this screen,
by pressing, with the four fingers (index to pinkie) of the right hand, one of four buttons on an MRI-compatible
response-box, corresponding to the left-right spatial locations of the four possible responses.

To optimize our design and detect the overlapping hemodynamic responses to stimuli closely spaced in time,
the duration of interstimulus intervals (ISIs) were varied across trials®!. To this purpose, successive trials were
separated by ISIs, during which a white fixation-cross was shown, which were presented in different (“jittered”)
durations across trials (mean = 5200 ms; range =2000-16800 ms).

Presentation software (v23.1; http://www.neurobs.com) was used both to collect responses through a 4-button
fiber optic response box (Current Designs, Philadelphia, PA), and to deliver stimuli via fMRI-compatible
binocular OLED video goggles (Nordic Neurolab VisualSystem, Bergen, Norway) that were mounted to the
head-coil and oriented toward both eyes. This visual presentation system, providing 800 x 600-pixel resolution
with a field-of-view that nominally spans 23.5° in the vertical direction and 30° in the horizontal direction,
was also used to record eye position binocularly at 60 Hz - during the whole scanning session - through an
infrared video eye-tracker. Before each fMRI run, the eye-tracker was calibrated at a central position and at 8
eccentric points. During each run, changes in pupil position in the horizontal (X) and vertical (Y) directions
were computed online and sampled at 60 Hz using the image-analysis software ViewPoint® (v2.9.5; http://www
.arringtonresearch.com/viewpoint.html) that is integrated with the visual presentation/eye-tracking hardware.
The resulting eye-tracking data were recorded from both eyes and saved separately for offline analysis.
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fMRI data acquisition

We collected anatomical T1-weighted and functional T2*-weighted MRI images with a 3 Tesla Philips Ingenia
CX scanner (Philips Medical Systems; Best, The Netherland), equipped with a 32-channels head coil. Participants
were positioned comfortably on the scanner bed and fitted with soft ear plugs; foam pads were used to minimize
head movements. Functional images were acquired using an echo-planar-imaging (EPI) sequence with
multiband factor =2 (52 interleaved ascending transverse slices covering the whole brain, tilted 30° downwards
with respect to the bicommissural line to reduce susceptibility artifacts in orbitofrontal and inferior temporal
regions; TR=1400 ms, TE=30 ms, flip-angle=85°, field-of-view (FOV)=192 mm x 192 mm, no interslice
gap, in-plane resolution=3 mm x 3 mm, slice thickness=3 mm), preceded by 5 “dummy” functional volumes
covering the amount of time required for T1-equilibration effects. A high-resolution 3D T1-weighted brain scan
was also acquired along the AC-PC plane (243 slices, FOV =384 x 384 mm, in-plane resolution=0.7 x 0.7 mm,
slice thickness=0.7 mm).

Analysis of behavioural data

The SPSS software (v. 29.0.1; https://www.ibm.com/it-it/spss) was used to perform paired-sample t-tests assessing
possible differences in aesthetic evaluation across AMB +and AMB- photographs during fMRI scanning. The
Kolmogorov-Smirnov test confirmed that the normality assumption was met.

Analysis of eye-tracking data

Eye movement data were collected using Viewpoint® software, which recorded raw eye movement signals
at a sampling rate of 60 Hz, along with operational events, generating logfiles. Viewpoint® logfiles were then
imported into Matlab (v9.13.0 (R2022b); https://www.mathworks.com/products/matlab.html) for preprocessing
and analysis of the raw eye-tracking signals. Visual fixation events were identified through an adaptive algorithm
using a data-driven adaptive velocity threshold that dynamically adjusts to accommodate different viewers,
recording conditions, and noise levels across the entire experiment or individual trials®2.

This procedure allowed to quantify the number of fixations for each participant, task (WO, WE) and stimulus
type (AMB+, AMB-). We used a Generalized Linear Mixed Model (GLMM) to assess whether the number of
fixations was significantly modulated by stimulus type (AMB +vs. AMB- photographs) and task (WO vs. WE),
or their interaction, during fMRI scanning.

From a physiological perspective, it must be noted that fixations are essential for visual perception®,
and, accordingly, the absence of fixations during the 5-second presentation of a photograph indicates either
inadequate engagement in the task, or a failure of the eye-tracking device to accurately detect and track the pupil
movements. Consequently, to ensure high-quality data, 6 participants with 0 fixations for more than 50% of the
stimuli (AMB+, AMB-) within each task (WO, WE) were excluded from analyses (see Supplementary Table 1 for
details on the number of fixations for each participant and experimental factor).

fMRI data preprocessing

We performed the pre-processing and statistical analyses of fMRI data using SPM12 (http://www.fil.ion.ucl.ac.
uk/spm), implemented in Matlab (v9.11 (R2021b); https://www.mathworks.com/products/matlab.html)*. The
2114 volumes from each subject underwent a standard spatial preprocessing including slice-timing correction
with the middle slice in time as reference, spatial realignment to the first volume and unwarping, spatial
normalization into the standard Montreal Neurological Institute (MNI) space, as well as spatial smoothing with
a 8 mm full-width half-maximum (FWHM) isotropic Gaussian kernel. The resulting timeseries across each
voxel were then high-pass filtered to 1/128 Hz, and serial autocorrelations were modelled as an autoregressive
AR(1) process. We used the MotionFingerprint toolbox (v.1.6.2; http://www.medizin.uni-tuebingen.de/kinder/e
n/research/neuroimaging/software/)* to compute a comprehensive indicator of total and framewise (i.e., scan-t
o-scan) head motion for each subject. A pre-specified threshold of average framewise displacement <0.15 mm
led to remove 5 further participants. The average total displacement in the final sample of 23 participants was
0.563+0.182 mm, while the average framewise displacement was 0.068 +0.015 mm.

Analysis of brain activity

Statistical analyses were aimed at isolating the voxels showing a significant effect of stimulus type (AMB +vs.
AMB-), task (WO vs. WE), or their interaction, on brain activity associated with (a) task execution, (b) aesthetic
appreciation based on participant’s rating (henceforth, “beauty-related activity”), or (c) number of fixations
based on eye-tracking data (henceforth, “fixation-related activity”). We pursued this goal via a random-effect
model implemented in a two-levels procedure®®.

At the first (single-subject) level we modelled fMRI responses as mini-epochs in a design-matrix comprising
the onset of all stimuli for each of the 4 conditions of interest (i.e., WO/AMB+, WO/AMB-, WE/AMB+, WE/
AMB-) with duration = 5. The design matrix additionally included the rating epoch in WE task (duration=2.5s),
and a single regressor of no interest encoding the onset of both the instructions and the whole WE trials that
were removed due to lack of responses.

Each of the 4 condition-specific regressors was associated with a parametric regressor coding a trial-wise
linear modulation of task-related activity by (a) participant’s evaluation, and (b) number of fixations. For WO
trials, stimulus-wise evaluation values corresponded to those provided to the same photographs in the WE
task. To increase statistical power in subsequent connectivity analyses, we concatenated the 6 functional runs
to form one single timeseries per subject, and added a regressor modelling session effects. A regressor coding
framewise displacement was also included in the model. We then convolved regressors modelling events with
a canonical hemodynamic response function (HRF), and we obtained parameter estimates for all regressors by
maximum-likelihood estimation. The resulting first-level beta maps were contrasted to highlight the voxels in
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which significant changes of activity reflected either (a) each of the four conditions, regardless of evaluation
or number of fixations; (b) condition-specific evaluation, regardless of the number of fixations; (c) condition-
specific number of fixations, regardless of evaluation.

The resulting single-subject contrast images were entered into distinct group-level analyses aimed to unveil
the voxels in which these 3 dependent variables of brain response reflected the effect of task (WO/WE), stimulus
type (AMB+/AMB-), or their interaction, via a 2 (WO/WE) x 2 (AMB+/AMB-) factorial design.

The resulting SPMs were thresholded at p <0.05 corrected for multiple comparisons based on cluster-extent
using topological false discovery rate (FDR;*7), with p<0.001 at the voxel-level. To ensure the robustness of our
results we also used probabilistic threshold-free cluster enhancement (pTFCE; v0.2.0; https://spisakt.github.io/p
TFCE/)%, that integrates cluster information into voxel-wise statistical inference (see*).

We used the SPM Anatomy Toolbox (v.2.2¢; https://www.fil.ion.ucl.ac.uk/spm/ext/)® to localize the activated
brain regions in the MNI space in terms of (a) microanatomical labels based on the overlap between each
cluster and probabilistic cytoarchitectonic maps (when available); (b) macroanatomical labels provided by the
Automated Anatomical Labeling (AAL3; https://www.fil.ion.ucl.ac.uk/spm/ext/) atlas®%? for clusters located
outside these maps.

Analysis of brain connectivity

/MRI results informed a subsequent Psycho-Physiological-Interaction (PPI) analysis®> aimed to unveil the
functional neural interactions underlying the interactive effect of task (WO/WE) and stimulus type (AMB+/
AMB-) on brain activity.

The PPI approach highlights a significant increase/decrease of connectivity, from a seed region to all other
brain voxels, in association with a given context, by regressing the activity at any voxel on the activity of the
seed. PPI represents an advancement with respect to functional connectivity analyses based on pairwise
temporal correlation, which cannot disambiguate context-specific connectivity from resting-state connectivity
or connectivity associated with a common neuro-modulatory input. Indeed, to discount correlations due to
shared task inputs, the PPI model also includes—as nuisance covariates—the activity of the seed region and
an experimental context, i.e., the physiological and psychological factors, respectively. The resulting regression
coeflicient represents, at every voxel, the degree of change in activity per unit change in the seed region, or in
simpler words a measure of the influence one neural system has on another, due to a psychological variable
that—based on fMRI results (section “Fixation-related brain activity”)—was here represented by the number
of fixations when processing photographs. In keeping with our aim and hypotheses (see “Introduction”), we
therefore investigated changes of connectivity, reflecting the interactive effect of task and stimulus type on brain
activity tracking the number of fixations, between the left medial prefrontal cortex cluster showing the same
interaction in standard fMRI analyses (section “Fixation-related brain activity”) and any other brain voxel.

PPIanalyses were carried out with the CONN toolbox (v22a; https://web.conn-toolbox.org/). FMRI timeseries
first underwent denoising steps aimed to remove the effects of non-neural noise related to linear drifts in the
BOLD signal, subject-specific head motion, and physiological noise related to cardiac and respiratory sources,
through the “anatomical component-based noise correction” (aCompCorr) method®, as previously reported®.

We then defined our region-of-interest (ROI) as a 8-mm radius sphere centred on the peak coordinates of
the left medial prefrontal cortex cluster that, in standard fMRI analyses, was found to reflect the same interactive
effect of task and stimulus type on brain activity tracking the number of fixations (see section “Fixation-related
brain activity”). The first eigenvariate of the BOLD timeseries from this ROI was then extracted, temporally
filtered, mean corrected and deconvolved to generate the underlying neuronal signal. We then created: (a) the
interaction factor (PPI regressor), i.e., the product of the mean-centred task time course and the demeaned
seed ROI time course; (b) the psychological factor (P regressor) representing the contrast for fixation-related
activity in the single conditions; and (c) the physiological factor (Y regressor) representing the ROI time course.
These regressors were convolved with the canonical hemodynamic response function (HRF), and entered into a
regression model also including regressors for framewise head displacement and session effects. This procedure
was carried out for each subject, and the resulting images of contrast estimates were entered into a random-effect
group analysis to isolate voxels in which significant changes of connectivity with the seed region reflected the
interactive effect of task (WO/WE) and stimulus type (AMB+/AMB-) on fixation-related activity.

The resulting group-level maps were thresholded at p <0.05 FDR corrected based on cluster-extent (forming
threshold: p<0.001 uncorrected at the voxel-level).

Results

Behavioural results

Participants’ assessment on the WE task showed no significant difference between AMB +and AMB- photographs
in terms of aesthetic appreciation (Table 2). GLMM results highlighted a significantly larger number of fixations
in the WE, compared with WO, task (Table 2). Instead, there was neither a modulation by stimulus type nor an
interaction between task and stimulus type (Table 2) on the number of fixations.

fMRI results

Brain activity related to task or stimulus type

Regardless of stimulus type, WO, compared with WE, task recruited a widespread set of areas encompassing the
left middle occipital cortex and the cerebellum, the middle temporal gyrus (MTG) extending to the amygdala
and hippocampus bilaterally, as well as the anterior cingulate cortex (ACC) bilaterally (Table 3; Fig. 2a), likely
supporting a spontaneous affective processing of the aesthetic qualities of attended stimuli (see “Discussion’,
and Supplementary Fig. 1 for group-level histograms depicting mean activity and 90% confidence intervals for
these regions).
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Metric Contrast Estimate | SE df t-value | p-value
Aesthetic appreciation | AMB +vs. AMB- 0.015 0.023 22 075 0.45
Number of fixations WE vs. WO 0.088 0.018 | 4934 | 4.853 | <0.0001
Number of fixations AMB +vs. AMB- -0.010 0.019 | 4934 | 0.553 0.580
Number of fixations Interaction “task” x “stimulus type” | 0.009 0.026 | 4934 | 0.368 0.713

Table 2. Behavioural results. From left to right, the table reports the statistical values for the main contrasts
and variables of interest.

Cluster size | Hem | Anatomical region X y z t-value
R Hippocampus 38 | -36 |-10 | 549
R Amygdala 36 4|-26|504
1599 R Middle Temporal Gyrus 50| -6 |-18 |47
R Temporal Pole 50 8 1-30 (393
R ParaHippocampal Gyrus/Hippocampus 20 | -10 | -24 | 3.58
L Hippocampus -36 | -24 |-12 | 578
L Fusiform Gyrus -38 | -10 | -24 | 4.86
1568 L Amygdala -28 2 1-22(435
L Middle Temporal Gyrus -48 | -10 | -20 |4.23
L Cerebellum (Lobule IV-V) -22 | -32|-28 |3.55
R Ventral ACC (subgenual cortex) 4 22| -8|485
553 L Ventral ACC (subgenual cortex) -10 34| -8 (437
L Middle Orbital Gyrus -12 38| -8389
416 L Middle Occipital Gyrus -42 | -68 | 24 |5.64
374 R Superior Parietal Lobule 14 | -54 | 62 |4.53

Table 3. Stronger brain activity when observing, compared with evaluating, stimuli. From left to right, the
table reports the extent (number of 2 x 2 x 2 mm? voxels), hemispheric lateralization (Left/Right), anatomical
labeling, stereotactic coordinates and statistical value for the clusters showing a stronger response when
performing WO than WE task (p <0.05 FWE corrected). Hem: Hemisphere; ACC: Anterior Cingulate Cortex.

Instead, the opposite comparison highlighted the engagement of left-hemispheric structures that have been
associated with attentional and executive processes>**%’, such as the inferior frontal (IFG) and precentral gyri,
the inferior parietal lobule (IPL), the insula and the pallidum, alongside the ACC (extending to the middle
cingulate cortex (MCC) bilaterally), plus the right cerebellum (Table 4; Fig. 2b).

When focusing on stimulus type, we found that processing AMB+, compared with AMB-, photographs
recruited the middle occipital cortex bilaterally, extending to superior and inferior parietal areas in the right
hemisphere, as well as the right IFG (Table 5; Fig. 2¢), likely supporting the processing and resolution of visual
ambiguity in visual artistic stimuli** (see Supplementary Fig. 2 for group-level histograms depicting mean
activity and 90% confidence intervals for these regions).

Conversely, AMB-stimuli, compared with AMB +ones, activated the key nodes of the Default Mode
Network®, including both the left lateral fronto-temporal cortex, extending to the anterior insula and medial
temporal pole, the frontomedial cortex, involving both the ACC and the medial superior frontal gyrus, the
left posterior MTG, supramarginal gyrus and posterior insular cortex, plus the cerebellum bilaterally (Table 6;
Fig. 2d). No significant interaction between task and stimulus type were observed.

Evaluation-related brain activity

Regardless of stimulus type, higher implicit aesthetic appreciation (in the WO, as compared with WE, task) was
linearly and positively related to the strength of occipital activity in the left lingual gyrus (Table 7; Fig. 3a) (see
Supplementary Fig. 3 for group-level histograms depicting mean activity and 90% confidence intervals).

In contrast, explicit aesthetic appreciation (in the WE, as compared with WO, task) was related to stronger
occipital activity in the right lingual and calcarine gyri (Table 8; Fig. 3b). As expected, the lack of significant
differences in the aesthetic appreciation of AMB +and AMB- photographs reflected in no significant main effect
of stimulus type, or interaction between task and stimulus type, on brain activity.

Fixation-related brain activity

Task-by-stimulus type interaction analyses showed that the activity of the left medial prefrontal cortex (ACC
and superior frontal gyrus) was more strongly related to the number of fixations when evaluating (vs. observing)
ambiguous (vs. non-ambiguous) photographs (Table 9; Fig. 3c) (see Supplementary Fig. 3 for group-level
histograms depicting mean activity and 90% confidence intervals). In particular, we observed a significant
linear positive correlation between brain activity and number of fixations only when evaluating ambiguous
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A. Watch > Evaluate B. Evaluate > Watch

o

o

C. AMB+ > AMB-

2 4 t-value 0 3 6 9 t-value

2 4 6 t-value 0 2 4 6 t-value

p<0.05 corrected

Fig. 2. Task-related brain activity. The figure shows the regions that were more strongly activated by observing
than evaluating (A; red) or evaluating than observing (B; green) regardless of stimulus type, as well as by
ambiguous than non-ambiguous (C; yellow) or non-ambiguous than ambiguous (D; blue) photographs
regardless of task (p <0.05 corrected). Colorbars depict the range of t-values reported in each figure panel, with
brightest colors reflecting highest t-values and, accordingly, strongest brain activity.

photographs (r=0.583, p=0.0035), while this correlation was not significant in the other three conditions
(observing-ambiguous: r = - 0.350, p=0.101; observing-non ambiguous: r=0.104, p=0.637; evaluating-non
ambiguous: 7 = - 0.151, p=0.502). No other significant main effects of tasks or stimulus type were observed.
The available evidence suggests that the engagement of this region might reflect the depth of visual exploration,
promoting the encoding and integration of multiple features as an essential mean to resolve visual ambiguity®’;
see “Discussion”).

Fixation-related functional connectivity

A PPI connectivity analysis was performed to investigate trial-wise changes of functional connectivity, reflecting
the interactive effect of task and stimulus type on fixation-related brain activity, between the left medial prefrontal
cluster showing the same interaction in standard fMRI analyses (section “Fixation-related brain activity”) and
any other brain voxel. The larger number of fixations when watching to evaluate (WE), compared with only
watching (WO), therefore represents a reference for interpreting the present PPI results in terms of increased or
decreased seed-to-voxel connectivity. Under this assumption, the number of fixations associated with watching
to evaluate (compared with just observing) AMB+ (compared with AMB-) photographs, reflected in decreased
connectivity from the left medial prefrontal cortex (x=-12, y=48, z=4) to its homologue region in the right
hemisphere (x=14, y=54, z=30) (Fig. 3d; Table 10). Based on previous related findings, this interhemispheric
prefrontal inhibitory connectivity might support in-depth visuospatial analyses aimed to evaluate, and make
sense of, artistic ambiguous stimuli’’; see “Discussion”).
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Cluster size | Hem | Anatomical region X y z t-value
L Precentral Gyrus -32|-24 56 | 11.5
2812 L Inferior Parietal Lobule -50 | -26 | 44| 849
L Rolandic Operculum -46 | -22 | 18| 6.26
L Posterior Frontal Gyrus -6 | -4| 52| 853
L MCC -6 20 38 | 5.53
2419
L ACC -8 28 30 | 5.04
R MCC 8 28 30 | 4.62
L IFG (pars Opercularis) -56 8 22 | 598
L Pallidum -26| -8 | -2 521
1248 L Rolandic Operculum -40 | -4 | 14| 495
L Insula Lobe -32| 16 8| 4.8
L Middle Frontal Gyrus -30| 46| 20| 521
72 L IFG (pars Triangularis) -34 34 24 | 479
529 R Cerebellum (Lobule IV-V) 18 | -52 | -22 | 849

Table 4. Stronger brain activity when evaluating, compared with observing, stimuli. From left to right, the
table reports the extent (number of 2 x 2 x 2 mm? voxels), hemispheric lateralization (Left/Right), anatomical
labeling, stereotactic coordinates and statistical value for the clusters showing a stronger response when
performing WE than WO task. Hem: Hemisphere; MCC: Middle Cingulate Cortex; ACC: Anterior Cingulate
Cortex; IFG: Inferior Frontal Gyrus.

Cluster size | Hem | Anatomical region X y z | t-value

R Middle Occipital Gyrus 42 |-74 |18 | 6.73

R Intraparietal Solcus 28 | =58 | 40 | 5.99
1972 R Inferior Parietal Lobule 34 | - 46 | 46 | 5.15

R Superior Parietal Lobule 18 | - 68 | 54 | 4.25

R Precuneus 20 | -56 |22 |3.71
582 R IFG (pars Opercularis) 44 8 128 |576
436 L Middle Occipital Gyrus | -36 | - 80 |28 | 5.52

Table 5. Stronger brain activity when processing AMB+, compared with AMB-, stimuli. From left to right,
the table reports the extent (number of 2 x 2 x 2 mm3 voxels), hemispheric lateralization (Left/Right),
anatomical labeling, stereotactic coordinates and statistical value for the clusters showing a stronger response
to AMB +than AMB- photographs. Hem: Hemisphere; IFG: Inferior Frontal Gyrus.

Discussion

While visual ambiguity is known to play a central role in modern art’!, contributing to make artworks more
challenging and stimulating®, the neural correlates underlying its processing have been only marginally studied
by the rising field of Neuroesthetics. To fill this gap, we combined fMRI with eye-tracking to investigate the
visual and neural processing of the multiple potential interpretations of ambiguous (AMB+) vs. non-ambiguous
(AMB-) photographs (“stimulus type” factor) that were either evaluated (WE) vs. just watched (WO) (“task”
factor) by 23 healthy young participants.

The latter experimental manipulation showed that—regardless of stimulus type—evaluating (WE task) the
photographs, as compared with just observing them (WO task), was associated both with a larger number of
visual fixations, and with stronger activity in the left (IFG) and precentral gyrus, extending into the anterior
insula, alongside the IPL. Instead, the opposite comparison highlighted the involvement of a widespread set of
structures encompassing the bilateral MTG, extending to the amygdala, the fusiform gyrus, and the cerebellum.
This functional segregation fits with previous evidence indicating that evaluating and passively observing
are cognitively different tasks engaging alternative strategies and distinct neural mechanisms®72 Providing
an explicit judgment is indeed expected to entail a stronger loading on attentional and executive processes,
in turn likely decreasing the spontaneous emotional neural response to aesthetic stimuli**’. In keeping with
this hypothesis, we found that evaluating, as compared with observing, stimuli was associated with a stronger
recruitment of the left inferior frontal and parietal cortex. Based on task requirements, these activations
might be suggestive of a stronger engagement of the ventral attentional network underlying the reorienting of
spatial attention”® when evaluating stimuli, whereas just observing them engaged brain structures that might
collectively underpin a more spontaneous affective processing of their aesthetic qualities. It is worth noting
that the ventral attentional network is usually considered to be lateralized in the right hemisphere’-7¢, but this
view has been questioned by neuroimaging and neurostimulation studies””. Moreover, in keeping with previous
proposals on the contribution of multimodal integration—driven by the cortical motor system—to the aesthetic
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Cluster size | Hem | Anatomical region X y z t-value
L/R | Superior Medial Gyrus 0| 58| 16 |7.62
L ACC -10 46 | -4 |7.07
10,956
R Superior Frontal Gyrus 18 40 34 | 6.32
R ACC 12 46 12 1 6.29
L Insula Lobe -26 16 | -16 | 5.84
R Amygdala 20| -2 |-18 (573
L Middle Temporal Gyrus | - 42 6 | -32|5.66
L IFG (pars Orbitalis) - 44 26 | -10 | 5.53
7967 R Superior Temporal Gyrus | 52 | - 32 12 | 543
R SupraMarginal Gyrus 64 | -32 24 1523
L Hippocampus -22|-28| -6|499
L Caudate Nucleus -4 14| -6 4383
R Temporal Pole 36 4 1-34 (472
L Calcarine Gyrus -8 1-80 6 | 5.68
R Lingual Gyrus 8 |-62 0 |5.66
R Calcarine Gyrus 14 | -72 8 |5.33
4821
L Superior Occipital Gyrus | -8 | - 96 8 1492
L Cuneus -4 |-84 16 | 4.72
L Middle Occipital Gyrus | - 18 | -98 | 10 | 4.26
R Cerebellum (Crus 1) 28 |-76 | -34|5.6
1137 R Cerebellum (VII) 40 | =52 | -44 | 4.26
R Cerebellum (VI) 30 | -56 | -28 | 3.56
L Cerebellum (Crus 2) -28 | -84 | -31 |4.82
17 L Cerebellum (Crus 1) -40 | -60 | -33 | 443
L Cerebellum (VI) -28 | -56 | -29 |4.16
L Cerebellum (VIII) -30 | -62 | -45 | 3.86
L Insula Lobe -34 | -30 | 20426
665 L Angular Gyrus -48 |-62 | 26 |4.06
L Superior Temporal Gyrus | - 54 | - 34 18 | 3.89
396 L PCC -4 |-54 31 |5.31

Table 6. Stronger brain activity when processing AMB-, compared with AMB+, stimuli. From left to right, the
table reports the extent (number of 2 X2 x 2 mm3 voxels), hemispheric lateralization (Left/Right), anatomical
labeling, stereotactic coordinates and statistical value for the clusters showing a stronger response to AMB-
than AMB + photographs. Hem: Hemisphere; ACC: Anterior Cingulate Cortex; IFG: Inferior Frontal Gyrus;
PCC: Posterior Cingulate Cortex.

Cluster size | Hem | Anatomical region |x |y z | t-value

485 L Lingual Gyrus <12 [-68 | -6 | 592

Table 7. Evaluation-related brain activity when observing, compared with evaluating, stimuli. From left to
right, the table reports the extent (number of 2 x 2 x 2 mm3 voxels), hemispheric lateralization (Left/Right),
anatomical labeling, stereotactic coordinates and statistical value for the cluster showing a stronger relationship
with (implicit) beauty assessment during WO compared with WE task. Hem: Hemisphere.

experience®’%7, the attentional reorienting required by evaluating, rather than just observing, artistic stimuli
might involve the output of “simulation” processes associated with the left-hemispheric inferior frontal and
inferior parietal nodes of the mirror network80-82,

The possible differences across evaluating and passively observing were also investigated with respect to
the individual trial-wise appreciation, as encoded by the linear parametric modulation of task-related activity
by aesthetic judgment. To this purpose, we compared the parametric neural effect of one’s own aesthetic
appreciation across the WE task (in which judgments were explicitly provided) and the WO one (in which no
judgment was given, and the evaluation values corresponded to those provided to the same photographs in
WE). We thereby found lateralized effects of implicit and explicit aesthetic appreciation in left and right occipital
regions, respectively. Based on the available relevant literature, this lateralization might have been driven by the
prominent role of the left and right occipital cortex in processes closer to the requirements posed by WO and WE
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Fig. 3. Evaluation- and fixation-related brain activity and connectivity. The top figure sector depicts the
regions showing a stronger relationship with (implicit) beauty assessment during WO compared with WE task
(A; red) or with (explicit) beauty assessment during WE compared with WO task (B; green). The bottom figure
sector depicts the left medial prefrontal cluster showing stronger fixation-related activity when evaluating

(vs. observing) ambiguous (vs. non-ambiguous) photographs (interaction analysis) (C; yellow) alongside the
scatterplot of activity against the number of fixations in the four conditions, as well its right-hemispheric target
of decreased connectivity in the same condition (evaluating ambiguous photographs; D; blue). Colorbars
depict the range of t-values reported in each figure panel, with brightest colors reflecting highest t-values and,
accordingly, strongest brain activity.

tasks, such as natural and intrinsic visual exploration®’ vs. active visuo-spatial exploration of the stimuli*>34-86,
respectively.

Our main goal was to investigate the effect of visual ambiguity on the neural processing of aesthetic
photographic stimuli, by comparing brain activations associated with AMB +and AMB- photographs. Regardless
of task, processing ambiguous, compared with non-ambiguous, stimuli recruited an extensive network involving
fronto-parietal and occipito-temporal areas. These activations were more extensive in the right hemisphere,
and, in particular, the right superior parietal lobule (SPL) was selectively recruited by processing ambiguous
photographs. This region is considered a crucial hub for the resolution of visual ambiguity, specifically concerning
the (re)orientation of attention to global vs. local aspects®” and the visuospatial analysis of complex visual
image®®. The latter function is likely supported by the right SPL role as a higher-level processing unit, supporting
the formation of visual percepts through information from the occipital cortex*!, which explains its engagement
in the processing of illusion*®%, as well as in action preparation via fronto-parietal interactions®*->. The present
evidence fits with previous reports of the SPL engagement during the evaluation of ambiguous portraits®!, that is
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Cluster size | Hem | Anatomical region |x |y z | t-value
205 R Lingual Gyrus 10 |[-68 | -2 |52
R Calcarine Gyrus 14 |-74 | 6|421

Table 8. Evaluation-related brain activity when evaluating, compared with observing, stimuli. From left to
right, the table reports the extent (number of 2 x 2 x 2 mm3 voxels), hemispheric lateralization (Left/Right),
anatomical labeling, stereotactic coordinates and statistical value for the cluster showing a significantly stronger
relationship with (explicit) beauty assessment during WE compared with WO task. Hem: Hemisphere.

Cluster size | Hem | Anatomical region X y |z |t-value

L Medial superior frontal gyrus | - 12 |48 | 4 | 4.05
L ACC -4 144 |-2|359

496

Table 9. Fixation-related brain activity: “task-by stimulus type” interaction. From left to right, the table reports
the extent (number of 2 x 2 x 2 mm3 voxels), hemispheric lateralization (Left/Right), anatomical labeling,
stereotactic coordinates and statistical value for the cluster showing stronger fixation-related activity when
evaluating (vs. observing) ambiguous (vs. non-ambiguous) photographs. Hem: Hemisphere; ACC: Anterior
Cingulate Cortex.

Cluster size | Hem | Anatomical region X |y |z |tvalue
650 R Medial superior frontal gyrus | 14 | 54 | 30 | 4.80
R Middle frontal gyrus 34 |52 |14 | 428

Table 10. Fixation-related brain connectivity: “task-by stimulus type” interaction. From left to right, the
table reports the extent (number of 2 X2 x 2 mm3 voxels), hemispheric lateralization (Left/Right), anatomical
labeling, stereotactic coordinates and statistical value for the cluster showing a significant interaction between
stimulus type and task on fixation-related connectivity from the left medial prefrontal seed showing the same
effect in fMRI analyses. Hem: Hemisphere.

indeed more affected after right, than left, hemispheric lesions®2. Overall, these findings therefore provide novel
insights into a growing literature suggesting that the right parietal cortex supports the processing and resolution
of visual ambiguity in artistic stimuli. The opposite comparison showed that processing non-ambiguous (AMB-
) photographs, compared with ambiguous (AMB+) ones, recruited the anterior cingulate, medial prefrontal,
and middle temporal cortex. All these regions are key nodes of the so-called Default Mode Network (DMN;®®),
i.e., an “intrinsic” large-scale brain network that was originally considered to display decreased and increased
activity in association with goal-oriented tasks and wakeful rest (mind-wandering), respectively®*. However,
more recent evidence has refined this view, by highlighting the active and dynamic role of the DMN in integrating
external and internal information over time, ie., as a “sense-making network™>. While this hypothesis will
require further supporting evidence, the DMN regions might then be more strongly engaged by non-ambiguous,
compared with ambiguous, stimuli because - in the absence of conflicting cues - the smoother processing of their
features makes it easier to make sense of their meaning.

Importantly, processing visual ambiguity in artistic stimuli did not appear to modulate activity in well-
established nodes of the so-called “reward” network®>*7, such as basal ganglia or ventromedial prefrontal cortex,
that have been previously reported in association with different drivers of the aesthetic experience such as
paintings®®, videogames®’, favorite music!'?’, and even mathematical formulae!®! (see!®? for an overview on the
neural processing of “beauty”). While supporting our selection of ambiguous and non-ambiguous stimuli not
differing as to their aesthetic value, this negative evidence suggests that the activity of the reward network is not
modulated by “ambiguity”, and/or its processing, in itself.

Based on the hypothesis that ambiguity resolution might rather entail a prominent loading on visual
exploration, we additionally focused on the trial-wise linear modulation of brain activity by the number of
fixations. A task-by-stimulus type interaction analysis showed that the activity of the left medial prefrontal
cortex was more strongly related to the number of fixations when evaluating (vs. observing) ambiguous (vs.
non-ambiguous) photographs. The available literature provides multiple cues for interpreting this specific
functional role. While anatomical connections with visual areas enable this region to support visually guided
behavior!%, its involvement has been reported in distinct aspects of visual cognition that might help resolve
visual ambiguity, such as controlling spatial attention'*!, managing uncertainty during decision-making'®, and
visuo-spatial memory!®, which might in turn account for its recruitment in tasks entailing the recognition of
visually ambiguous objects!”’. Moreover, this region has been reported as a key hub of insight processing®’,
which fits with the observed improvement of creativity and problem-solving abilities after left medial prefrontal
stimulation!%®1%, Qverall, these data suggest that the engagement of this region when evaluating ambiguous
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photographs might reflect the depth of visual exploration, in turn promoting the encoding and integration of
multiple features as an essential mean to resolve visual ambiguity.

To ground this hypothesis in a network-level view, the left medial prefrontal cortex associated with evaluating
ambiguous photographs was modelled as seed in PPI analyses testing the same task-by-stimulus type interaction
analysis. PPI results showed that evaluating ambiguous photographs was specifically associated with decreased
connectivity from the left medial prefrontal cortex to its right-hemispheric homologue. Related findings from
distinct studies help interpret the possible functional role of this inhibitory mechanism when addressing visual
ambiguity. First, a similar deactivation of the right medial prefrontal cortex—encompassing the ACC—has
been previously reported in association with the recognition of scene configurations, proportionally to task
difficulty!!?. Moreover, the deactivation of this region has been reported when comparing spatial tasks with
different tasks not involving spatial exploration!!!, and when participants were forced to use distal room cues to
navigate to a hidden platform in a virtual environment!!2. Most importantly, the degree of deactivation of this
region was found to reflect the quality of visual scene recognition!!?, thus establishing a link between the efficacy
of such inhibitory mechanism and individual performance. Overall, these data therefore suggest that left-right
medial prefrontal inhibitory connectivity might support in-depth visuospatial analyses—whose complexity
reflects in the number of fixations’>—aimed to evaluate, and make sense of, artistic ambiguous stimuli.

While further evidence is needed to unveil the neural bases of the multiple drivers of aesthetic appreciation,
the present study provides novel cues into the behavioural and neural correlates of processing ambiguity in
artistic photographic stimuli. In particular, our results suggest that the right superior parietal cortex, as well as
left-right medial prefrontal inhibitory connectivity, might play a role in this aspect of visual cognition, possibly
by mediating the (re)orientation of attention to global vs. local aspects® as well as in-depth visuospatial analysis
of complex visual images!!?. The present findings therefore pave the way for future studies addressing the role
of visual ambiguity in aesthetic appreciation, as well as the factors that might ease vs. hamper its processing and
resolution, and their neural correlates.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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