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Abstract
Motion can be perceived in static images, such as photos and figurative paintings, representing realistic subjects in motion, with or without directional information (e.g., motion blur
or speed lines). Motion impression can be achieved even in non-realistic static images
such as motion illusions and abstract paintings. It has been shown that visual motion processing affects the diameter of the pupil, responding differently to real, illusory, and implied
motion in photographs (IM). It has been suggested that these different effects might be due
to top-down modulations from different cortical areas underlying their processing. It is
worthwhile to investigate pupillary response to figurative paintings, since they require an
even higher level of interpretation than photos representing the same kind of subjects,
given the complexity of cognitive processes involved in the aesthetic experience. Also,
pupil responses to abstract paintings allows to study the effect of IM perception in representations devoid of real-life motion cues. We measured pupil responses to IM in figurative and
abstract artworks depicting static and dynamic scenes, as rated by a large group of individuals not participating in the following experiment. Since the pupillary response is modulated
by the subjective image interpretation, a motion rating test has been used to correct individual pupil data according to whether participants actually perceived the presence of motion
in the paintings. Pupil responses to movies showing figurative and abstract subjects, and to
motion illusions were also measured, to compare real and illusory motion with painted IM.
Movies, both figurative and abstract, elicit the largest pupillary dilation of all static stimuli,
whereas motion illusions cause the smallest pupil size, as previously shown. Interestingly,
pupil responses to IM depend on the paintings’ style. Figurative paintings depicting moving
subjects cause more dilation than those representing static figures, and pupil size
increases with the strength of IM, as already found with realistic photos. The opposite effect
is obtained with abstract artworks. Abstract paintings depicting motion produce less dilation
than those depicting stillness. In any case, these results reflect the individual subjective
perception of dynamism, as the very same paintings can induce opposite responses in
observer which interpreted it as static or dynamic. Overall, our data show that pupil size
depends on high-level interpretation of motion in paintings, even when they do not represent real-world scenes. Our findings further suggest that the pupil is modulated by multiple
top-down cortical mechanisms, involving the processing of motion, attention, memory,
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imagination, and other cognitive functions necessary for enjoying a complete aesthetic
experience.

Introduction
The pupillary light reflex (PLR) controls the pupil diameter by constricting or dilating the
pupil in response to light changes, in order to regulate retinal illumination and optimize vision
[1–4]. It has been shown that the pupil also responds to extra-retinal factors, revealing that the
PLR is not an automatic low-level mechanism that merely regulates the intensity of the light
entering the eye [5–7].
Previous evidence showed that pupillary dilation can be induced not only by light decrements but also by cognitive factors associated with the activation of the sympathetic system
[7,8]. For example, pupillary responses have been successfully used as index of emotional processing and arousal [9–12], mental activity and cognitive load [13–15], memory creation and
retrieval [16–21].
Moreover, several studies demonstrated that pupil size is not solely determined by physiological factors but also by high-level visual processes not linked to increased arousal [22]. For
instance, pupil constriction has been found not only in response to light increments but also in
response to brightness and contrast changes in binocular rivalry conditions [23–26], onset of
low-level features changes [27,28], lightness or color visual illusions [29–31], covert attention
to light [32–34], imagery of brightness [29], and interpretation of luminous objects depicted in
photos or paintings [35–37].
Visual motion analysis, consisting in the processing of luminance and contrast changes
over time and space, has been also suggested to exert an influence on pupil diameter, as well as
the perception of dynamism from static images (illusory motion and implied motion—IM)
[28,38,39]. Particularly, it has been shown that movies with real moving subjects, optical illusions of motion, and realistic photos representing dynamic scenes (implied motion) elicit different pupillary responses, maybe related to different top-down modulation [38].
The movement investigated through the medium of photography is given by images that
capture reality. However, the perception of movement can also be communicated by a class of
stimuli that belong to a special category called art, such as paintings and sculptures, which
express different kinds of contents according to the point of view of the artist, his style, and his
vision of the world [40]. In different forms of visual arts the viewers can have the impression
that what they see is a depiction of real locomotion, although artworks can be either faithful
and accurate illustrations or even highly distorted representations of reality [40,41].
In figurative artworks the perception of motion can be attributed to several factors:
dynamic balance or instability (e.g., a picture breaking bilateral symmetry), multiple images
(e.g., several pictures of the same objects shifting horizontally or overlapping one another),
affine shear (e.g., objects inclined and in a diagonal position), blur (e.g., a fuzzy picture); vector-like lines (e.g., streaks superimposed on an image indicating motion direction) [42], extension (e.g., animals’ legs extension during gallop) [43]. Some of these techniques, used to
enhance motion impression, are unrealistic: indeed, in real-life conditions, given the spatiotemporal properties of our motion mechanisms, we do not see blur, motion strikes, and lines
when something moves in the scene [44,45].
Besides, in artworks, we are able to grasp the presence of movement even if they that do
not represent the real world, such as abstract paintings. Abstract art is characterized by the
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presence of structural features such as lines, shapes, colors and materials, and compositional
characteristics such as balance, symmetry, orientation, etc., where the representation of everyday objects is absent. Thus, in the abstract artworks, the perceived dynamism does not derive
from the intrinsic realistic characteristics of the depicted object (a running man, galloping
horse, waterfall, etc.), but from the use of different techniques playing with lines, shapes, and
directions on the bi-dimensional surface [46]. For example, patterns with acute angles presented as diagonals or wedge shapes in oblique position [47], shapes with curvy and wavy lines
[48], multiple and successive stroboscopic images superimposed on a flat surface [49], might
convey the sense of movement.
Whatever factor is used to describe the movement, the observer grasps the dynamism communicated by the artworks and usually gives a positive aesthetic appreciation [46,47]. However, generally, non-expert observers show a preference for figurative art compared to abstract
one [50–53]. In addition, familiarity with an art style plays an important role in its appreciation
[54–56]. It has been also shown that familiarity results in a faster processing and higher preference for the familiar stimuli compared to the novel ones [57–59]. Finally, expertise in art facilitates the so-called aesthetic fluency [60]; a process that could lead people to better grasp the
aspects related to the movement in an artwork and to its aesthetic appreciation. Very few studies have tried to relate the pupillary responses with aesthetic pleasantness or familiarity, generally finding pupillary dilation for pleasant and familiar stimuli [21,61–63].
Here, for the first time, we study if pupil diameter is influenced by the perception of motion
in paintings, which require a greater interpretative effort and a greater involvement of multiple
cognitive dimensions (attention, imagination, familiarity, memory, pleasantness, etc.) compared to photographs [40,64–67]. Furthermore, unlike in photography, abstract art offers the
advantage to study the influence of implied motion on the pupil using geometrical stimuli
devoid of representational subjects or real-life motion cues. Given the diversity and complexity
of our stimuli we expect to find different pupil responses.
We measured pupillary responses to artistic representations of implied motion by presenting figurative and abstract paintings belonging to different styles and different historical periods. To assess the strength of the responses to IM paintings, these were compared to those
induced by real motion of abstract and figurative subjects. Figurative stimuli included either
humans and objects/animals, that have shown to induce different pupil responses [38]. We
also measured pupillary responses to illusory motion stimuli, that are images devoid of representational subjects and have been shown to induce a different pupil modulation compared to
photographs with IM and real movies [38]. The comparison of the response to illusory stimuli
with those to abstract paintings giving the impression of motion will provide insights about
the mechanisms subtending perception of motion devoid of figurative content. Since the subjective interpretation of the stimuli modulates the pupil size of the observers [37,38,68], pupillary responses to each painting were corrected based on participants’ perception of dynamism
or staticity in the scene by means of a motion rating test. Given the complexity of our stimuli,
participants’ judgment about aesthetic pleasantness and familiarity for each painting was also
collected, in order to control possible influences of these factors on the pupillary responses of
the observers.

Materials and methods
Participants
Twenty-four subjects, all non-expert in art, participated in the experiment (mean age = 25
years, SD = 4). Before starting the pupillary data collection, information about personal data
and art expertise (rated with a 5-point Likert scale) of participants were collected. All
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participants had normal vision or corrected by contact lenses and were naïve to the purpose of
the experiment. None of our participants was a painter, and, on average, they reported to have
little artistic experience (mean score = 2.3, SD = 0.9) and to have visited museums or art exhibitions only 1 or 2 times in the last year. Participants gave written informed consent prior the
participation. The experimental procedures were approved by the local ethics committee
(Comitato Etico Pediatrico Regionale—Azienda Ospedaliero-Universitaria Meyer—Firenze
FI) and were compliant with the Declaration of Helsinki.

Apparatus and set up
All measurements were recorded in the dark and observers’ heads were supported by a chinand forehead-rest. Stimuli were presented on a 51 x 29 cm ASUS monitor at a fixed viewing
distance of 57 cm. The refresh rate of the screen was 60 Hz, and the resolution was set to
1920 x 1080 pixels. Left and right pupils’ diameter was tracked with a CRS LiveTrack FM system (Cambridge Research Systems) at 60 Hz. During the whole pupil recording, the experimenter controlled the corrected position of the observers’ eyes by means of a camera
(QuickTime software). Stimuli were generated on a Mac computer (iMac Retina 5K, 27-inch,
mid 2015 3.3 GHz Intel Core i5 processor, MacOs Sierra software 10.12.6) and presented
using using the Psychophysics Toolbox extensions [69–71] for Matlab (R2016b version). Data
were analyzed by JASP software (Version 0.8.6).

Stimuli
A wide variety of stimuli were used in this study: 80 paintings, realized in different historical
periods and different styles, 20 movies and 10 optical illusions.
The 80 paintings in the final set have been selected from an initial pool of 200 images,
which were categorized by 50 naïve judges (different from the participants to the experiment)
as static or dynamic representations. Images that did not reach at least 70% agreement on the
judgment as static or dynamic were excluded from the pool of possible experimental stimuli.
Paintings that reached the highest percentage of agreement among the judges were included in
the chosen set of stimuli. For a complete list of all paintings used see S1 List.
Paintings and movies representing recognizable images of the world around us were considered as “figurative stimuli”. Figurative paintings were assigned to three different nominal
categories according to the depicted motion intensity: the “No-Implied Motion” category (NoIM) consists of 20 paintings of static scenes (such as a man sitting or a vase of flowers on a
table); the “Implied Motion” category (IM) consists of 20 depictions of dynamic subjects (such
as a woman dancing or the waves of a stormy sea); the “Enhanced Implied Motion” category
(E-IM) consists of 20 paintings depicting blurred subjects or backgrounds (such as a blurry
racing car or a runner with motion streaks in the direction of the movement) (for examples
see Fig 1A and 1B). In each motion category, 10 paintings depict human figures and the other
ten animals/objects. Figurative real motion stimuli were 10 short clips (2 sec) of movies, 5 containing moving people (e.g., cyclists in a race) and 5 moving objects/animals (e.g., a running
horses).
Paintings and movies depicting non-representational images (shapes, forms, marks, etc.),
with no derivation from real figures or objects, were considered as “abstract stimuli”. Abstract
paintings were assigned to two different nominal categories according to the depicted motion
intensity: the “No-Implied Motion” category (No-IM) consists of 10 representations conveying
a sense of stillness (i.e., by symmetric patterns arrangement); the “Implied Motion” category
(IM) consists of 10 representations conveying a sense of dynamism (i.e., by asymmetric and
curved shapes) (for examples see Fig 1C). Abstract real motion stimuli were 10 short clips
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Fig 1. Paintings’ categories and procedure. (A) Examples of figurative paintings representing objects or animals. From left to right: Dopo il tramonto
(Carrà, 1927); Cavallo al galoppo (Segantini, 1858); Idrovelocità: folgore rossa (Sansoni, 1935); (B) Examples of figurative paintings representing humans.
From left to right: Sleeping boy in the bay (Anker, 1891); Monelli di strada (Palizzi, 1872); Ciclista (Depero, 1922); (C) Examples of abstract paintings. From
left to right: Composizione con grigio e ocra (Mondrian, 1918); Velocità di motoscafo (Cappa Marinetti, 1922). Paintings shown are in the public domain.
Copyright laws prohibit reproduction of all paintings used as stimuli, but they can be viewed on the web using the links reported in S1 List. (D) Schematic
representation of a trial.
https://doi.org/10.1371/journal.pone.0258490.g001

(2 sec) of movies, containing squares of different colors moving right-to-left of left-to-right on
a grey background, purposedly created by the authors.
Optical illusions, which make up the “Illusory Motion” category, are 10 color-full images
retrieved from internet, whose features were specifically manipulated by the illusions’ creators
to induce the impression of motion. The set of illusions was the same as that used in a previous
experiment [38]. Motion illusions can be, in some way, suitable stimuli to be compared with
abstract paintings, being non-objective images without any realistic recognizable representation but still conveying a strong impression of motion trough several structural characteristics.
All experimental stimuli were resized, without modifying proportions, to have either a
width or a height of 340 pixels (the other side ranged from 186 to 420 pixels). The original
mean luminance of each stimulus was changed and adjusted to be the same for all of them and
the same of the stimuli used in our previous work on photographs (25 cd/m2) [38]. This adjustment allows us to make comparison between pupillary responses to different types of motion
and between motion in photos and paintings.

Procedure
The whole session consisted in the presentation of 110 stimuli, of which 90 images, divided
into five blocks, and 20 movies (presented in a single block). At the beginning of the block, the
eye tracker was calibrated with a standard 9-point calibration routine. The stimuli presentation
order was generated using a random sequence and was the same for all participants. Each trial
started with the presentation of a black fixation cross (5 x 5 mm) for two seconds, centrally
located in a white screen (124 cd/m2). Then, one of the stimuli appeared for two seconds in the
center of the screen, with the fixation cross still visible. The luminance of the background was
the same of the fixation interval. Observers were asked to process the content of the presented
stimulus without performing any other task, and they were instructed to refrain from blinking.
To avoid any effect of eye movements on pupil size, participants were asked to fixate on the
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screen centre for the entire length of the experiment. Fixation was also monitored by the
experimenter (see Apparatus and set-up section). Every stimulus presentation was followed by
a blank screen (124 cd/m2) of two seconds, during which pupil recording was interrupted and
participants could blink and rest their eyes before the next trial (Fig 1D). The post-stimulus
interval was sufficiently long to prevent the build-up of after-images. Every two blocks, observers were allowed to take a break of about 5 minutes.
Once the experiment is over all the images were presented again in sequence to the participants, without pupil recording. For each image the observers had to evaluate on a three-point
scale; 1) how much motion they perceived in the scene (0 = no motion, 1 = low motion,
2 = high motion); 2) how much they liked it (0 = not at all, 1 = a bit, 2 = a lot); 3) if they have
already seen it prior to the experiment (0 = No, 1 = Maybe, 2 = Yes). In order to simplify the
data analysis, the participants’ answers were scored and classified in two possibilities only. For
Question 1 the answer was considered as “perception of staticity” if the participants reported
to not perceive motion in the image at all (score 0), and as “perception of dynamism” if they
reported to perceive low or high motion (score 1 or 2). Question 1 was used as motion rating
test to correct observers’ pupil data (see Data processing section). For Question 2 the answer
was considered as “unpleasant” if the participants reported not to like the picture at all (score
0), and as “pleasant” if they reported to like it, both a bit or a lot (score 1 or 2). For Question 3
the answer was considered as “unfamiliar” if the participants reported to have never seen the
stimulus (score 0), and as “familiar” if they report to have already seen it before the experiment
(score 2), whereas the answer was excluded if the participants reported to be doubtful about
their familiarity with the stimulus (score 1). The total time required for the whole experiments
was approximately 1 hour.

Data processing
The eye-tracker measured the width and the height of both pupils in pixels. Right and left
pupil diameters were then averaged, and the resulting value was converted from pixels to millimeters, based on the instrument’s recording of a 4 mm artificial pupil, positioned at the location of the observer’s left eye [36–38].
Pupil responses elicited by different categories of stimuli were analyzed following a widelyused method for this type of experiments [35–37]. For each observer, a baseline pupil diameter
was calculated by averaging pupil diameter recorded over the last 500 ms of the fixation slide
in each trial. This baseline was subtracted from each recording of that observer over the whole
4 sec period [37,72]. Baseline-corrected pupil size as a function of time of each observer was
calculated by averaging the pupil responses for the ten stimuli of each category. Final traces for
each category were then obtained by averaging all observers’ traces.
The average pupil size of each observer for each image/video was calculated by averaging
the baseline-corrected pupil values during the stimulus presentation (120 data points). Then,
for each observer, these values were averaged over all ten stimuli of the same category. However, data have been corrected based on the participants’ answers to the motion rating test
(Question 1 of the final questionnaire, see Procedure section) and pupillary responses to stimuli that participants did not categorize in agreement with our nominal classification were
considered as "miscategorizations" and were excluded from the analysis. That is, if participants
perceived motion (score 1 or 2 on Question 1) in some paintings nominally categorized in the
“No-Implied motion” category, or if they did not perceive motion (score 0) in paintings nominally categorized in the “Implied motion” or “Enhanced IM” category, their answers were considered as “miscategorizations”. Finally, the mean pupil responses for each category were
obtained by averaging the responses over all observers. Differences between the means of
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categories were assessed with ANOVAs, and pairwise comparisons were done with post-hoc ttests (Bonferroni corrected). The size effect of differences between categories was evaluated
by Cohen’s d statistics [73,74]. Kruskal-Wallis tests have been used to compare pupillary
responses of observers which categorized differently the same stimuli. Significant differences
between the percentages of miscategorization, aesthetic pleasantness, and familiarity, across
the stimuli categories, were identified through the Chi-squared test.
The eye-tracker also recorded the observer’s eye position along the horizontal and vertical
axes. To control fixation, for all categories, we measured the average distance of the eyes, with
respect to fixation, of all subjects during stimulus presentation in all trials. ANOVA test was
used for comparisons between average distances of categories.

Results
Given that all types of stimuli have the same average luminance, which is lower than the luminance of the screen during the fixation interval, we would expect the same pupillary dilation
for all of them. Instead, either the pupil traces and the average dilation differ significantly
across motion categories and art styles.
Fig 2 shows results for figurative stimuli regardless of their content (human vs nonhuman). Pupil responses over time show that figurative movies induce an increasing pupil
dilation for about a second, then the diameter remains almost stable for the rest of stimulus
presentation, as found previously [38]. Instead, pupil responses to figurative paintings, regardless of whether they represent motion or not, induce a gradual dilation for the whole time of
image presentation (Fig 2A). Mean pupil dilation increases with the amount of motion in the
stimulus (Fig 2B). A Two-way ANOVA analysis—type of motion (four levels: No-IM, IM,
Enhanced IM, and real motion) and type of content (two levels: human or non-human

Fig 2. Pupillary responses to motion in figurative stimuli. (A) Baseline-corrected pupil size for the different figurative stimuli plotted as a function of
time from trial onset. The horizontal line represents the baseline: Data over the zero-line represent pupil dilation whereas data under the line represent
pupil constriction. The vertical line indicates the stimulus onset. Error bars are SE. (B) Mean pupillary diameter for different figurative categories during
stimulus presentation. Categories include both objects/animals’ and humans’ subjects. Error bars are SE. Color saturation of the bars increases with motion
strength, in order: Paintings with no implied motion (No-IM), paintings depicting simple implied motion (IM), paintings depicting enhanced implied
motion (E-IM); movies of moving subjects (Real motion). See examples of paintings for each category in Fig 1A and 1B. Asterisks mark statistically
significant pairwise comparisons across figurative motion categories: ��� p < 0.001, �� p < 0.01. All data shown have been corrected based on each
observer’s motion rating test.
https://doi.org/10.1371/journal.pone.0258490.g002
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subjects) shows a significant main effect of type of motion (F(3,69) = 13.15, p < 0.001, η2 =
0.16). Post-hoc comparisons (Bonferroni correction) between motion categories show that
real motion in representational movies causes the largest dilation (M = 0.18 ± 0.01), larger
than that produced by enhanced IM (M = 0.15 ± 0.01, d = 0.4, small effect), and significantly
larger than simple IM (M = 0.12 ± 0.01; t(3) = -4.494, p < 0.001; d = 0.9, large effect) and noIM (M = 0.11 ± 0.01; t(3) = -5.50, p < 0.001; d = 1.1, large effect). Enhanced IM, in turn,
induces larger pupil size than IM (d = 0.2, small effect) and even significantly larger dilation
than no-IM (t(3) = 3.66, p < 0.01; d = 0.5, medium effect). Finally, IM induces larger dilation
than no-IM although not significant (d = 0.2, small effect). The difference of dilation between
static and all dynamic paintings, obtained by pooling together responses to IM and Enhanced
IM paintings (M = 0.14 ± 0.01), results to have a medium effect size (d = 0.6). Pupil responses
to stimuli representing humans do not differ from that to stimuli showing objects or animals
(F(1,23) = 0.61, p > 0.05, η2 = 0.001). No interaction between the two factors—type of motion
and type of content—is found (F(3,69) = 0.10, p > 0.05, η2 = 0.001).
Abstract stimuli of different motion categories also induce different pupillary responses
(Fig 3). After presentation of abstract movies pupil diameter rapidly increases with time and
then stops increasing, while responses to paintings keep increasing during all stimulus viewing,
as for figurative stimuli (compare Fig 3A with Fig 2A). Motion illusions, instead, induce a very
different pupil response, as observed previously [38]. After about 300 ms from stimulus onset,
pupil size for these stimuli decreases until reaching baseline values and then increases for the
rest of stimulus viewing (Fig 3A). Different abstract categories induce different mean pupil
diameters as shown by a One-Way ANOVA—with factor type of motion (3 level: No-IM, IM,
and real motion)–(F(2,46) = 17.67, p < 0.001, η2 = 0.20), but the dilation does not increase
with the motion strength as for figurative paintings (Fig 3B). Abstract real motion causes the

Fig 3. Pupillary responses to motion in abstract stimuli and to illusory motion. (A) Baseline-corrected pupil size for the different abstract stimuli and
motion illusions plotted as a function of time from trial onset. The horizontal line represents the baseline: Data over the zero-line represent pupil dilation
whereas data under the line represent pupil constriction. The vertical line indicates the stimulus onset. Error bars are SE. (B) Mean pupillary diameter for
different abstract categories and motion illusions during stimulus presentation. Error bars are SE. Color saturation of bars for abstract stimuli increases
with motion strength, in order: Paintings with no implied motion (No-IM), paintings depicting simple implied motion (IM); movies of moving objects
(Real motion). Purple bar: Illusory motion. Examples of paintings of each abstract category are shown in Fig 1C. Black asterisks mark statistically significant
pairwise comparisons across abstract motion categories; pink asterisks denote significant differences with illusory motion: ��� p < 0.001, �� p < 0.01. All
data shown have been corrected based on each observer’s motion rating test.
https://doi.org/10.1371/journal.pone.0258490.g003
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largest dilation of all (M = 0.16 ± 0.1), significantly larger than that produced by abstract IM
(M = 0.09 ± 0.1; t(2) = -5.38, p < 0.001; d = 1.1, large effect) and slightly larger than that
induced by abstract No-IM (M = 0.14 ± 0.1; d = 0.4, small effect). Pupil diameter in response
to abstract IM resulted significantly smaller than that produced by abstract No-IM (t(2) =
-4.04, p < 0.01; d = 0.8, medium effect). The mean pupil size in response to illusory motion
(M = 0.03 ± 0.1) is much smaller than that induced by all the other abstract stimuli (F(3,69) =
34.86, p < 0.001, η2 = 0.40, all t-tests post-hoc comparisons are significant with p < 0.001).
The comparison between stimuli in the two art styles (abstract vs figurative), does not highlight any significant effect of the style (F(1,23) = 1.23, p > 0.05, η2 = 0.003), but only of motion
(F(2,46) = 29.35, p < 0.001, η2 = 0.17).
There is only one important difference though, while figurative artworks with IM induce an
increase of pupil size with respect to their no-IM controls, IM in abstract artworks induce a
significant reduction of pupil size with respect to no-IM. With motion illusions this reduction
is even stronger.
Although our observers were instructed to keep fixation, motion viewing in the stimuli
could trigger eye movements [75,76], which in turn could influence pupil size [77]. For this
reason, we measured the average position of subjects’ eyes with respect to the fixation cross,
for all the different stimulus categories. The average distance from fixation is minimal (Figurative stimuli—No-IM: 2.14 ± 0.3 mm, IM: 2.44 ± 0.4 mm, E-IM: 1.86 ± 0.4 mm, Real motion:
3.09 ± 0.5 mm; Abstract stimuli—No-IM: 2.42 ± 0.3 mm, IM: 2.61 ± 0.4 mm, Real motion:
2.62 ± 0.4 mm; Illusory motion: 2.55 ± 0.4) and the same for all categories (ANOVA, F(7,161) =
1.36, p > 0.05).
Further analyses were conducted to exclude possible effects of variables other than motion
on the pupil size. As described in the Procedure section, after the pupillary recording our
observers filled out a questionnaire in which they reported how much motion they perceived
in each scene, how much they appreciated each picture and whether they already known the
stimuli. All our data have been reanalyzed according to individual answers to the questionnaire and are reported in Figs 4 and 5.

Fig 4. Effects of motion interpretation on pupil size. Mean pupillary diameter for paintings/illusions correctly categorized in accordance with our
nominal categorization (colored bars with color-code used in Figs 2 and 3) versus miscategorized stimuli (gray bars: Images rated as dynamic; black bars:
Images rated as static). Data of miscategorized paintings/illusions are those excluded from the analysis of pupil responses to each category. Errors bars are
SE. Percentages of correct categorization/miscategorization of dynamism for each stimulus category are reported over each bar.
https://doi.org/10.1371/journal.pone.0258490.g004
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Fig 5. No effect on pupil size of aesthetic pleasantness and familiarity. (A) Mean pupillary diameter for paintings/illusions judged as pleasant by our
participants (full-colored bars) versus stimuli considered unpleasant (colored bars with diagonal lines texture). Data reported are the same reported in Figs
2B and 3B (same color-code of bars) but divided based on aesthetic pleasantness. Errors bars are SE. Percentages of pleasantness for each stimulus category
are reported over each bar. No significant differences between the mean pupil sizes for pleasant vs unpleasant stimuli. (B) Mean pupillary diameter for
paintings/illusions recognize as familiar by our participants (full-colored bars) versus stimuli considered unfamiliar (colored bars with crossed-lines
texture). Data reported are the same reported in Figs 2B and 3B but divided based on familiarity (same color-code of bars). Errors bars are SE. Percentages
of familiarity for each stimulus category are reported over each bar. No significant differences between the mean pupil sizes for familiar vs unfamiliar
stimuli.
https://doi.org/10.1371/journal.pone.0258490.g005

In Fig 4, for each category, the mean pupillary response to paintings categorized in accordance with our nominal categorization, already shown in Figs 2 and 3, is shown with that in
response to the miscategorized stimuli, that were excluded from the analysis shown before.
The percentages of nominal categorizations vs miscategorizations are also shown for each category. The proportion of miscategorizations in each category of figurative paintings is about
5%. That is the large majority of participants correctly interpreted the paintings of the No-IM
category as “static” and those of the IM and E-IM categories as “dynamic”. Within figurative
paintings, no differences between percentages of miscategorization of human vs non-human
representations are found in each motion category (all X2 tests yielded to p > 0.05). Similarly,
abstract paintings of the No-IM category are miscategorized only in 7% of cases. Instead, a big
percentage of miscategorizations occurs for the IM abstract category (14%), which results statistically greater than all the other conditions (all X2 tests yielded to p < 0.05). This means that
there is less agreement between participants about the content represented in the dynamic
abstract paintings, which, therefore, are considered the most ambiguous. Also, there is a small
percentage of cases (6%) in which the participants do not perceive the illusion of apparent
motion.
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Pupil responses of observers that interpreted the same stimulus as static or dynamic are
clearly different. Kruskal-Wallis tests have been used to assess the significance of these differences. For figurative paintings, the pupil size of participants that perceived dynamism in paintings nominally representing static subjects is larger than the size of those who correctly
categorized them (H(2) = 34.86, p < 0.001) as static. Conversely, pupil size of participants that
interpreted paintings of IM or E-IM categories as representing static scenes is lower compared
to that of those who categorized them as dynamic (H(2) = 5.89, p < 0.05; H(2) = 11.29,
p < 0.001). The very opposite trend is observed in the abstract condition: static paintings interpreted as dynamic produce less dilation with respect to those correctly categorized (H(2) =
6.65, p < 0.01), whereas dynamic paintings interpreted as static induce more dilation than
those judged in accordance with their nominal categorization (H(2) = 25.78, p < 0.001). Also,
the absence of motion perception in illusion induces a larger dilation than the perception of
illusory motion (H(2) = 16.99, p < 0.001). These results clearly show an influence of the subjective interpretation of motion on the pupil, always consistent with the response to motion
for the specific style: dilation for figurative motion and constriction for abstract motion.
In Fig 5A mean pupil responses have been replotted, for each category, according to the
subjective aesthetic pleasantness. The percentage of aesthetic pleasantness for each category
highlights differences between categories and styles. Static and IM figurative paintings are generally considered pleasant and to the same extent (75% and 77% respectively). Figurative paintings with Enhanced IM are less pleasant than paintings with simple IM (69% vs 77%, X2(1) =
7.26, p < 0.01) and no-IM (69% vs 75%, X2(1) = 4.37, p < 0.05), maybe because motion perception is induced in an excessively unrealistic way. No differences between percentages of
pleasantness for human vs non-human representations are found in each motion category (all
X2 tests yielded to p > 0.05). Figurative paintings are judged as more pleasant than abstract
ones, both for static and dynamic categories (No-IM: 75% vs 54%, X2(1) = 32.41, p < 0.00001;
IM: 77% vs 65%, X2(1) = 10.51, p < 0.01), confirming that non-expert observers (like ours)
prefer figurative art. Abstract dynamic paintings are rated more pleasant than static ones (65%
vs 54%, X2(1) = 5.86, p < 0.05), maybe due to positive aesthetic appreciation of dynamism in
artworks. All paintings, regardless of their style, are also rated more pleasant than optical illusions, which are pleasant only for 52% of the observers (all X2-tests yielded to p < 0.01).
Although the amount of pleasantness varies across categories, it does not seem to influence
pupil responses. A two-way ANOVA–type of motion and pleasantness—shows no effect of
aesthetic pleasantness, neither for figurative (F(1,20) = 0.51, p > 0.05, η2 = 0.001) or abstract
paintings (F(1,19) = 0.70, p > 0.05, η2 = 0.005). Only the type of motion has a significant effect
on the pupil response (F(2,40) = 4.54, p < 0.01, η2 = 0.13 for figurative stimuli, F(1,19) = 9.05,
p < 0.01, η2 = 0.20 for abstract stimuli), showing that what changes the pupil diameter is the
motion interpretation in the scene and not the appreciation of the painting. There are no
differences in pupil size between participants who liked the illusions and those who did not
(t(18) = -0.18, p > 0.05).
In Fig 5B, mean pupil responses have been replotted, for each category, according to the
subjective familiarity for the paintings. Independently on motion categories, on average, it
appears to be no difference in familiarity between figurative and abstract artworks (18% vs
20%, X2(1) = 0.31, p > 0.05), whereas optical illusions are much more known compared to figurative (43% vs 18%, X2(1) = 70.18, p < 0.0001) and abstract paintings (43% vs 20%, X2(1) =
37.80, p < 0.0001), probably because they are widespread on the internet and books. Paintings
with enhanced IM are the less known (11%) with respect to the other figurative and abstract
paintings (all X2-tests yielded to p < 0.05). There is no difference in familiarity between static
and dynamic abstract paintings (23% vs 18%, X2(1) = 0.14, p > 0.5). Dynamic IM figurative
paintings are more familiar than dynamic abstract ones (25% vs 18%, X2(1) = 4.24, p < 0.5).

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

11 / 20

PLOS ONE

Pupil responses to implied motion in figurative and abstract paintings

No differences between percentages of familiarity for human vs non-human figurative paintings are found in each motion category (all X2 tests have p values > 0.05). These data confirm
that our participants can be considered non-expert in art since they do not know most of the
artworks (on average 81% of the paintings are unfamiliar). No influences of familiarity on
pupil responses are found. A two-way ANOVA–type of motion and familiarity—does not
show any significant difference in pupil size between participants who recognized the paintings as familiar and those who did not, neither for figurative (F(1,17) = 1.48, p > 0.05, η2 =
0.007) and abstract paintings (F(1,14) = 1.006, p > 0.05, η2 = 0.02). Only the type of motion
has a significant effect on the pupil response (F(2,34) = 3.74, p < 0.05, η2 = 0.08 for figurative
stimuli, F(1,14) = 10.19, p < 0.01, η2 = 0.07 for abstract stimuli), showing that what changes
the pupil diameter is the motion interpretation in the scene and not the familiarity for the
painting. There are no differences in pupil sizes between participants who were familiar with
the illusions and those who did not (t(16) = 0.53, p > 0.05).

Discussion
In the present study we recorded pupillary responses to implied motion depicted in figurative
and abstract paintings. Figurative paintings showing static subjects and abstract artworks conveying the perception of stillness have been presented as controls for implied motion. Pupil
responses to movies (figurative and abstract) and motion illusions have been also measured in
order to compare the effect of depicted implied motion with that of real and illusory motion.
The average luminance of all stimuli was the same and lower than that of the background,
allowing us to measure the effect of the different types of motion independently of PLR.
Our results show that all figurative stimuli (movies and paintings), showing human and
non-human subjects, induce an increase in pupil size with a different amount of dilation based
on motion strength. Perception of figurative real motion induces the greatest pupillary dilation
compared with static stimuli with and without implied motion, confirming previous findings
[38]. Perception of motion in figurative paintings induces a dilation that increases with its
strength: enhanced implied motion (blur, motion streaks, speed lines, etc.) induces a larger
pupil size than simple implied motion (action freezing), similar to that induced by real motion.
Both types of dynamic paintings induce more dilation than paintings of static subjects,
although only the difference with enhanced motion paintings is significant, suggesting again
that the more evident the motion in the stimulus, the larger the pupil dilation. This same effect
is also found in those observers that misinterpreted the motion in a given figurative painting:
pupil size is larger for those observers that consider it as dynamic with respect to those that
consider it as static.
As already suggested [38], pupillary responses to real motion could be attributed to the activation of the sympathetic system [78]. That is, the observed dilation could reflect a physiological response of the system preparing for a dynamic situation causing arousal [8–11,79]. We
can also speculate that the pupil increases its diameter in order to widen the visual field [80] to
better perceive the objects’ movement in the periphery [81]. The same hypotheses might
explain pupil responses to figurative implied motion, which simulate the movement of realistic
subjects in the scene. The different amount of pupil dilation to real and implied motion of figurative subjects may reflect different degrees of activation of the cortical area MT, dedicated to
the processing of both real motion [82–87] and implied motion information in photos [88–92]
and paintings [49,93–95]. Also, the difference between enhanced and simple implied motion
in paintings may depend on the degree of MT activation, since it increases with the strength of
implied motion in images [96]. The hypothesis that pupil dilation for figurative implied
motion actually depends on the processing of the embodied motion information in the
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paintings is also supported by the fact that, for a given artwork, pupil size is larger for those
observers that consider it as dynamic with respect to those that consider it as static. Thus,
pupil responses depend on the subjective interpretation of dynamism in complex images, as
seen previously [38], confirming previous studies finding that the subjective interpretation of
complex images has a relevant effect on pupil diameter [29,31,37,38,68,97].
Since our paintings have the same mean luminance as the photos used in previous studies
[38], it is possible to compare pupil responses to stimuli showing the same types of figurative
subjects but differing for the realism of their representations. The effect found here with figurative paintings is comparable to that obtained with realistic photographs, although the effect
sizes, estimated by Cohen’s d statistics, shows that the magnitude of the differences between
static and dynamic stimuli is larger in photos than in paintings [38]. This is probably due to
the fact that, albeit photos and figurative paintings show realistic static or dynamic subjects,
paintings are not faithful reproductions of reality, but rather artistic representations mediated
by the artist mind and its technique. We conclude that figurative implied motion in paintings
induce dilation as real movies, although to a lower extent, and this effect is similar to that
observed with photographs [38]. Overall, these results suggest that motion processing influences the pupil diameter even if the motion information is embodied in very complex and
ambiguous stimuli as artworks. Differently from the previous study [38], here we do not find
differences in pupil responses to paintings showing human versus non-human subjects.
Motion illusions induce pupil constriction with respect to real and implied motion, as
shown before [38]. The pupil size of observers that rated the illusion as dynamic is also smaller
than the pupil of those that consider it as static, confirming that the observed constriction actually depends on the subjective perception of apparent motion.
The pupillary constriction for illusory motion does not seem to be due to the specific features of illusions, since images sharing the same colors and shapes with illusions without conveying the impression of motion, have been shown to induce dilation as expected from their
physical luminance [38]. The different effects induced by illusory motion compared to that
produced by real and figurative implied motion cannot be explained either by differences in
the degree of activation of MT [98–100], or by time differences of MT+ response [100]. It
could be that the extraction of motion information from artificial static stimuli with no realistic subjects in action requires a higher attention load. It has been found that non-visual cortical
areas, that are part of an extended attentional network, are activated during observation of
motion illusions, but not during the presentation of real movies [99]. Involvement of multiple
areas could be explained by considering that the perception of illusory motion, arises through
the cognitive combination of several image features [101,102]. Moreover, the perception of
real motion has a stronger adaptive valence for survival than the sensation of motion in artificial stimuli, leading to fine-tuned dedicated brain mechanisms [84,85,87,103–108], Thus, it
could be that illusory motion, relying on the relative contribution of several parts of the brain
[99], induces different pupil responses compared to real figurative and implied motion elaborated by specific motion areas.
The trend of pupil responses for abstract stimuli is also different from figurative stimuli.
Abstract real motion induces pupil dilation, larger than that induced by all the other abstract
categories, as observed for figurative movies. However, abstract paintings depicting dynamism
induces less dilation than paintings conveying the perception of stillness. This effect is the
exact opposite and of a larger magnitude than that obtained with figurative paintings or photos
[38], where dynamic realistic subjects induce more dilation than static subjects. Thus, it seems
that the processing of abstract motion induces pupil constriction compared to processing of
stillness. We found the same effect by analysing the results of miscategorizations: for a given
abstract artwork, pupil size is smaller for those observers that consider it as dynamic with
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respect to those that consider it as static, confirming again the influence of subjective interpretation on pupil modulation. One could note that the effect of abstract dynamic paintings is
similar to that produced by illusory motion, although less powerful.
The explanation of the different effect on the pupil of abstract dynamic paintings with
respect to all other painting categories (figurative static and dynamic and even abstract static)
pose a challenge since there are no other studies investigating pupil responses to non-figurative
stimuli. A possible explanation could be these paintings may be considered more complex and
difficult to be understood than all others. However, this explanation is not consistent with the
existing literature showing that a large cognitive effort induces pupil dilation [15,109]. We
could argue that in abstract paintings, as in illusions, the impression of motion is conveyed by
structural features such as curved lines, shapes, orientations, colors contrast, asymmetry, etc.
For this reason, the explanations proposed above for the constriction effect of illusory motion
with respect to that of real motion and figurative implied motion might be held for abstract
implied motion as well. That is the processing of figurative motion may have a more adaptive
valence and a consequent specialization of dedicated cortical areas compared to abstract
motion, which may be elaborated by a more extended cortical network. In fact, the effect could
be dependent on different top-down cortical modulations involving MT, that is activated by
both abstract and representational dynamic paintings [49,93], and other non-visual areas.
Indeed, in figurative paintings, the observers may interpret the motion sequence of an object,
infer the intentions of the subjects, imaging the narration of the event, and so on. This suggests
that, when the perception of dynamism derives from the intrinsic realistic characteristics of
the depicted subject, many areas in charge of objects’ recognition, attention, imagination,
memory, familiarity, etc., are also involved, possibly leading to the increase of pupil size.
Instead, when motion impression is conveyed only by image structural features (lines and
shapes orientations, colors combinations, particular compositional characteristics such as balance), other areas, involved in processing of low-level features (colors, contrast, symmetry,
etc.), may be activated, leading to a decrease of pupil size. This is supported by studies suggesting that in abstract paintings, compared to the representational ones, attention is more focused
on low-level visual features [110,111].
Although the mean luminance was strictly matched across stimulus categories, its spatial
distribution could be variable and in principle affects pupil size differences [112]. However,
from a visual inspection of our stimuli (S1 List), it appears that there are very slight differences
between categories in the positions of bright areas that can be located either in the center of
the stimulus, corresponding to the fovea, or more peripherally. Anyway, past works have
shown that pupil responses did not depend on the position of very bright light sources [36,37].
Finally, a possible effect of the luminance distribution on our result is unlikely, given the small
size of our images (~9˚x7˚) and the large, bilateral receptive field sizes of the brainstem neurons driving pupillary constrictions in response to luminance increments [113].
Our data also exclude the possibility that pupil responses for the different types of motion
stimuli are influenced by observers’ eye movement.
The subjective evaluation of motion in our stimuli reveals that it is easier to perceive
motion in figurative than in abstract paintings. This suggests that abstract artworks are more
ambiguous, and that the extraction of motion information is easier when real-life subjects
are represented (a moving car, a running man, etc.). Illusions, on the other hand, even
though structurally similar to abstract paintings, give way to impression of motion most
of the times: just a small percentage of participants did not perceive motion in some of the
illusions, as reported previously [114]. Interestingly the number of cases in which our
participants miscategorized figurative paintings (5.3%) is compatible with that found
with realistic photos [38], suggesting that observers are very good at extracting motion

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

14 / 20

PLOS ONE

Pupil responses to implied motion in figurative and abstract paintings

information even from very complex and ambiguous images as artworks. The higher percentage of miscategorizations found for photos of humans compared to objects or animals
[38], revealing our tendency to rate humans as more dynamic, does not emerge here with
paintings.
Appreciation and pleasantness, being associated with a general state of arousal [115,116],
produce the activation of the sympathetic system and therefore induce pupil dilation [61].
However, here, they do not seem to be responsible for the observed modulation of the pupil.
For example, abstract dynamic paintings induce constriction despite being considered more
pleasant than static.
In a similar way, familiarity, that has been shown to increase pupil size [62,63], cannot
explain the different effects produced by our stimuli. Therefore, if familiarity was responsible
for the effects on the pupil, we should expect more dilation for illusions, that, instead, induced
the smallest pupil diameter of all other stimuli.

Conclusions
Overall, our results show that real motion perception induces pupillary dilation independently
on the type of moving subjects, figurative or abstract. Even motion information embodied in
very complex stimuli as artworks can influence pupil size, and even when paintings have no
real-life motion cues, as in abstract paintings. Interestingly, the effect of implied motion
depends on the way motion perception is conveyed: pupil size increases by showing realistic
figures in action (humans, objects, animals), whereas pupil size decreases by using particular
image features to create the impression of motion (colors, asymmetry, contrast, balance, etc.).
This suggests the involvement high-level visual processing recruiting distinct mechanisms in
the analysis of figurative and abstract implied motion. All these effects depend on the subjective interpretation of the stimuli, providing further evidence that pupil size is not merely regulated by the subcortical system responsible for the PLR, but it is also influenced by top-down
cortical modulations.

Supporting information
S1 List. List of paintings used as stimuli. Title, artist, year and web source are reported for
each painting. Paintings are divided by type of content (abstract, non-human, humans) and
motion category (No-IM, IM, Enhanced-IM). Some images have been cut with respect to the
originals to better fit with the assigned nominal category.
(XLSX)
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Einhäuser W, Stout J, Koch C, Carter O. Pupil dilation reflects perceptual selection and predicts subsequent stability in perceptual rivalry. Proc Natl Acad Sci U S A. 2008. https://doi.org/10.1073/pnas.
0707727105 PMID: 18250340

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

16 / 20

PLOS ONE

Pupil responses to implied motion in figurative and abstract paintings

24.

Fahle MW, Stemmler T, Spang KM. How much of the “unconscious” is just pre-threshold? Front Hum
Neurosci. 2011. https://doi.org/10.3389/fnhum.2011.00120 PMID: 22025912

25.

Kimura E, Abe S, Goryo K. Attenuation of the pupillary response to luminance and color changes during interocular suppression. J Vis. 2014. https://doi.org/10.1167/14.5.14 PMID: 24879861

26.
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Cela-Conde CJ, Marty G, Maestú F, Ortiz T, Munar E, Fernández A, et al. Activation of the prefrontal
cortex in the human visual aesthetic perception. Proc Natl Acad Sci U S A. 2004; 101(16):6321–5.
https://doi.org/10.1073/pnas.0401427101 PMID: 15079079

66.

Ishizu T, Zeki S. Toward a brain-based theory of beauty. PLoS One. 2011; 6(7).

67.

Kawabata H, Zeki S. Neural Correlates of Beauty. J Neurophysiol. 2004; 91(4):1699–705. https://doi.
org/10.1152/jn.00696.2003 PMID: 15010496

68.

Sperandio I, Bond N, Binda P. Pupil Size as a Gateway Into Conscious Interpretation of Brightness.
Front Neurol. 2018. https://doi.org/10.3389/fneur.2018.01070 PMID: 30631301

69.

Brainard DH. The Psychophysics Toolbox. Spat Vis. 1997. PMID: 9176952

70.

Kleiner M, Brainard DH, Pelli DG, Broussard C, Wolf T, Niehorster D. What’s new in Psychtoolbox-3?
Perception. 2007.

71.

Pelli DG. The VideoToolbox software for visual psychophysics: Transforming numbers into movies.
Spat Vis. 1997.

72.

Mathôt S, Fabius J, Van Heusden E, Van der Stigchel S. Safe and sensible preprocessing and baseline correction of pupil-size data. Behav Res Methods. 2018. https://doi.org/10.3758/s13428-0171007-2 PMID: 29330763

73.

Cohen J. Statistical Power Analysis for the Behavioural Science ( 2nd Edition). In: Statistical Power
Anaylsis for the Behavioral Sciences. 1988.

74.

Sawilowsky SS. New Effect Size Rules of Thumb. J Mod Appl Stat Methods. 2009.

75.

Spering M, Montagnini A. Do we track what we see? Common versus independent processing for
motion perception and smooth pursuit eye movements: A review. Vol. 51, Vision Research. 2011.
https://doi.org/10.1016/j.visres.2010.10.017 PMID: 20965208

76.

Lisberger SG, Morris EJ, Tychsen L. Visual motion processing annd sensory-motor integration for
smooth pursuit eye movements. Vol. Vol. 10, Annual Review of Neuroscience. 1987.

77.

Gagl B, Hawelka S, Hutzler F. Systematic influence of gaze position on pupil size measurement: Analysis and correction. Behav Res Methods. 2011; 43(4). https://doi.org/10.3758/s13428-011-0109-5
PMID: 21637943

78.

McCorry LK. Physiology of the autonomic nervous system. Am J Pharm Educ. 2007. https://doi.org/
10.5688/aj710478 PMID: 17786266

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

18 / 20

PLOS ONE

Pupil responses to implied motion in figurative and abstract paintings

79.

Joshi S, Li Y, Kalwani RM, Gold JI. Relationships between Pupil Diameter and Neuronal Activity in the
Locus Coeruleus, Colliculi, and Cingulate Cortex. Neuron. 2016.

80.

Andersen RA. Neural mechanisms of visual motion perception in primates. Neuron. 1997. https://doi.
org/10.1016/s0896-6273(00)80326-8 PMID: 9208854

81.

Gabriel P, Kitchen C, Brown B. Effect of pupil size on kinetic visual field measurements. Clin Exp
Optom. 1988.

82.

Sereno MI, Allman JM. Cortical Visual Areas in Mammals. In: Leventhal AG, editor. The Neural Basis
of Visual Funtion. 1st ed. London: Macmillan; 1991. p. 160–72.

83.

Tootell RBH, Taylor JB. Anatomical evidence for MT and additional cortical visual areas in humans.
Cereb Cortex. 1995. https://doi.org/10.1093/cercor/5.1.39 PMID: 7719129

84.

Zeki S, Watson JDG, Lueck CJ, Friston KJ, Kennard C, Frackowiak RSJ. A direct demonstration of
functional specialization in human visual cortex. J Neurosci. 1991; 11(3):641–9. https://doi.org/10.
1523/JNEUROSCI.11-03-00641.1991 PMID: 2002358

85.

Watson JDG, Shipp S, Zeki S, Watson JDG, Myers R, Frackowiak RSJ, et al. Area v5 of the human
brain: Evidence from a combined study using positron emission tomography and magnetic resonance
imaging. Cereb Cortex. 1993; 3(2):79–94. https://doi.org/10.1093/cercor/3.2.79 PMID: 8490322

86.

Sunaert S, Van Hecke P, Marchal G, Orban GA. Motion-responsive regions of the human brain. Exp
Brain Res. 1999; 127(4):355–70. https://doi.org/10.1007/s002210050804 PMID: 10480271

87.

Tootell RBH, Reppas JB, Kwong KK, Malach R, Born RT, Brady TJ, et al. Functional analysis of
human MT and related visual cortical areas using magnetic resonance imaging. J Neurosci. 1995;
15(4):3215–30. https://doi.org/10.1523/JNEUROSCI.15-04-03215.1995 PMID: 7722658

88.

Concerto C, Al Sawah M, Infortuna C, Freedberg D, Chusid E, Aguglia E, et al. Neural circuits underlying motor facilitation during observation of implied motion. Somatosens Mot Res. 2015; 32(4):207–10.
https://doi.org/10.3109/08990220.2015.1048329 PMID: 26422799

89.

Kolesar TA, Kornelsen J, Smith SD. Separating neural activity associated with emotion and implied
motion: An fMRI study. Emotion. 2016; 17(1):131–40. https://doi.org/10.1037/emo0000209 PMID:
27504596

90.

Kourtzi Z, Kanwisher N. Activation in human MT/MST by static images with implied motion. J Cogn
Neurosci. 2000; 12(1):48–55. https://doi.org/10.1162/08989290051137594 PMID: 10769305

91.

Pavan A, Cuturi LF, Maniglia M, Casco C, Campana G. Implied motion from static photographs influences the perceived position of stationary objects. Vision Res. 2011; 51(1):187–94. https://doi.org/10.
1016/j.visres.2010.11.004 PMID: 21092745

92.

Winawer J, Huk AC, Boroditsky L. A motion aftereffect from still photographs depicting motion. Psychol Sci. 2008; 19(3):276–83. https://doi.org/10.1111/j.1467-9280.2008.02080.x PMID: 18315801

93.

Cattaneo Z, Schiavi S, Silvanto J, Nadal M. A TMS study on the contribution of visual area V5 to the
perception of implied motion in art and its appreciation. Cogn Neurosci. 2017.

94.

Battaglia F, Lisanby SH, Freedberg D. Corticomotor excitability during observation and imagination of
a work of art. Front Hum Neurosci. 2011.

95.

di Dio C, Ardizzi M, Massaro D, di Cesare G, Gilli G, Marchetti A, et al. Human, nature, dynamism: The
effects of content and movement perception on brain activations during the aesthetic judgment of representational paintings. Front Hum Neurosci. 2016. https://doi.org/10.3389/fnhum.2015.00705 PMID:
26793087

96.

Williams AL, Wright MJ. Static representations of speed and their neural correlates in human area MT/
V5. Neuroreport. 2009; 20(16):1466–70. https://doi.org/10.1097/WNR.0b013e32833203c1 PMID:
19770688

97.

Laeng B, Endestad T. Bright illusions reduce the eye’s pupil. Proc Natl Acad Sci U S A. 2012. https://
doi.org/10.1073/pnas.1118298109 PMID: 22308422

98.

Goebel R, Khorram-Sefat D, Muckli L, Hacker H, Singer W. The constructive nature of vision: Direct
evidence from functional magnetic resonance imaging studies of apparent motion and motion imagery.
Eur J Neurosci. 1998; 10(5):1563–73. https://doi.org/10.1046/j.1460-9568.1998.00181.x PMID:
9751129

99.

Zeki S, Watson JDG, Frackowiak RSJ. Going beyond the information given: The relation of illusory
visual motion to brain activity. Proc R Soc B Biol Sci. 1993; 252(1335):215–22. https://doi.org/10.
1098/rspb.1993.0068 PMID: 8394582

100.

Luo J, He K, Andolina IM, Li X, Yin J, Chen Z, et al. Going with the flow: The neural mechanisms underlying illusions of complex-flow motion. J Neurosci. 2019; 39(14):2664–85. https://doi.org/10.1523/
JNEUROSCI.2112-18.2019 PMID: 30777886

101.

Goldstein EB, Brockmole J. R. Sensation and Perception. Wadsworth; 2009. 1–72 p.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

19 / 20

PLOS ONE

Pupil responses to implied motion in figurative and abstract paintings

102.

Kanazawa S, Kitaoka A, Yamaguchi MK. Infants see illusory motion in static figures. Perception. 2013;
42(8):828–34. https://doi.org/10.1068/p7460 PMID: 24303747

103.

Howard CJ, Holcombe AO. Unexpected changes in direction of motion attract attention. Atten Percept
Psychophys. 2010. https://doi.org/10.3758/bf03196685 PMID: 21097853

104.

Wurtz RH, Yamasaki DS, Dufy CJ, Roy JP. Functional specialization for visual motion processing in
primate cerebral cortex. In: Cold Spring Harbor Symposia on Quantitative Biology. 1990.

105.

Dubner R, Zeki SM. Response properties and receptive fields of cells in an anatomically defined region
of the superior temporal sulcus in the monkey. Brain Res. 1971; 35(2):528–32. https://doi.org/10.
1016/0006-8993(71)90494-x PMID: 5002708

106.

Howard RJ, Brammer M, Wright I, Woodruff PW, Bullmore ET, Zeki S. A direct demonstration of functional specialization within motion- related visual and auditory cortex of the human brain. Curr Biol.
1996; 6(8):1015–9. https://doi.org/10.1016/s0960-9822(02)00646-2 PMID: 8805334

107.

Van Essen DC, Maunsell JHR, Bixby JL. The middle temporal visual area in the macaque: Myeloarchitecture, connections, functional properties and topographic organization. J Comp Neurol. 1981;
199(3):293–326. https://doi.org/10.1002/cne.901990302 PMID: 7263951

108.

Maunsell JHR, Van Essen DC. Functional properties of neurons in middle temporal visual area of the
macaque monkey. I. Selectivity for stimulus direction, speed, and orientation. J Neurophysiol. 1983;
49(5):1127–47. https://doi.org/10.1152/jn.1983.49.5.1127 PMID: 6864242

109.

Poock GK. Information processing vs pupil diameter. Percept Mot Skills. 1973; 37(3). https://doi.org/
10.2466/pms.1973.37.3.1000 PMID: 4764491

110.

Cupchik GC, Vartanian O, Crawley A, Mikulis DJ. Viewing artworks: Contributions of cognitive control
and perceptual facilitation to aesthetic experience. Brain Cogn. 2009. https://doi.org/10.1016/j.bandc.
2009.01.003 PMID: 19223099

111.

Nadal M. The experience of art. Insights from neuroimaging. In: Progress in Brain Research. 2013.
https://doi.org/10.1016/B978-0-444-63287-6.00007-5 PMID: 24041322

112.

Clarke RJ, Zhang H, Gamlin PDR. Characteristics of the pupillary light reflex in the alert rhesus monkey. J Neurophysiol. 2003. https://doi.org/10.1152/jn.01131.2002 PMID: 12611973

113.

Clarke RJ, Zhang H, Gamlin PDR. Primate pupillary light reflex: Receptive field characteristics of pretectal luminance neurons. J Neurophysiol. 2003; 89(6). https://doi.org/10.1152/jn.01130.2002 PMID:
12611972

114.

Chi M Te, Lee TY, Qu Y, Wong TT. Self-animating images: Illusory motion using repeated asymmetric
patterns. ACM Trans Graph. 2008.

115.

Berlyne DE. Aesthetics and psychobiology. New York: Appleton-Century-Crofts; 1971.

116.

Libby WL, Lacey BC, Lacey JI. Pupillary and Cardiac Activity During Visual Attention. Vol. 10, Psychophysiology. 1973. p. 270–94. https://doi.org/10.1111/j.1469-8986.1973.tb00526.x PMID: 4702521

PLOS ONE | https://doi.org/10.1371/journal.pone.0258490 October 11, 2021

20 / 20

