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Network dynamics underlying alterations
in apparent object size

@®Lihong Chen,"? Baoyu Wu,'*? Haoyang Yu'? and ®lrene Sperandio®

A target circle surrounded by small circles looks larger than an identical circle surrounded by large circles (termed as the Ebbinghaus
illusion). While previous research has shown that both early and high-level visual regions are involved in the generation of the illusion,
it remains unclear how these regions work together to modulate the illusion effect. Here, we used functional MRI and dynamic causal
modelling to investigate the neural networks underlying the illusion in conditions where the focus of attention was manipulated via
participants directing their attention to and maintain fixation on only one of the two illusory configurations at a time. Behavioural
findings confirmed the presence of the illusion. Accordingly, functional MRI activity in the extrastriate cortex accounted for the illu-
sory effects: apparently larger circles elicited greater activation than apparently smaller circles. Interestingly, this spread of activity for
size overestimation was accompanied by a decrease in the inhibitory self-connection in the extrastriate region, and an increase in the
feedback connectivity from the precuneus to the extrastriate region. These findings demonstrate that the representation of apparent
object size relies on feedback projections from higher- to lower-level visual areas, highlighting the crucial role of top-down signals in
conscious visual perception.
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Configuration of the Ebbinghaus

illusion

Right precuneus correlates
with the occipital region for
both illusory conditions

L. Chen et al.

Larger and greater activation of
the occipital region in response

to apparently larger circles

Apparently larger circles increase
the feedback connectivity from the
precuneus to the occipital region

Introduction

It is often said that ‘seeing is believing’, implying that what
we see and what we believe we see are overlapping phenom-
ena. However, visual illusions teach us an important lesson:
subjective experience can depart from the physical sensation.
One of these instances is the Ebbinghaus illusion, whereby
the size of a central circle surrounded by an annulus of smal-
ler circles is perceived as larger than a physically identical cir-
cle surrounded by an annulus of larger circles. Visual
illusions, like the Ebbinghaus, are a key methodology in vi-
sion research as they provide a unique window into the me-
chanisms responsible for our subjective experience of the
visual world.

Previous research suggests that both early and higher or-
der visual areas might be involved in the processing of the
Ebbinghaus illusion. For example, psychophysical evidence
from interocular transfer studies indicates that the illusion
relies at least in part on monocular neural populations.'™
If one considers that monocular cells are mostly prevalent
in subcortical visual areas, such as the lateral geniculate nu-
cleus (LGN), and partially in the primary visual cortex (V1),
it follows that the illusion should occur early in the visual
pathway. Interestingly, Sperandio et al.* demonstrated,
using a variant of the Ebbinghaus illusion with flickering sur-
rounding stimuli and a static central target able to induce an

afterimage of the target only, that the afterimage of the target
changed according to perceived size, as opposed to its veridi-
cal size, therefore excluding a retinal locus for the phenom-
enon. The involvement of V1 in representing the
Ebbinghaus illusion has been further corroborated by brain
imaging studies. It has been shown that inter-individual vari-
ability in illusion susceptibility could be predicted by varia-
tions in the local architecture of V1, such that
susceptibility tended to decrease in individuals with greater
central cortical magnification.>® One possible explanation
for this finding is that in a large V1 the cortical distance be-
tween the target and its surrounding increases and, as a con-
sequence, the influence of contextual information on size
perception is reduced. More recently, Wang et al.” used tran-
scranial direct current stimulation and observed that when
anodal stimulation was applied over the occipital cortex,
the magnitude of the Ebbinghaus illusion was enhanced, pre-
sumably as a result of a weakening in the suppressive effect
exerted by feedback projections from higher to lower visual
areas on the surrounding context. Taken together, these find-
ings suggest that V1 plays a critical role in perceived size by
processing contextual information.

Beyond V1, there is evidence that higher order areas, such
as the parietal cortex, play an important role too. In fact, Wu
et al.® reported that when activity of the right superior
parietal lobule (SPL) was disrupted through repetitive
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fixation 10 s

target 12 s

Figure | Schematic representation of the experimental procedures. (A) In the behavioural experiment, the stimuli consisted of four
large and four small circles as well as a central target simultaneously presented in one display. A comparison circle was presented below the illusory
configurations. (B) In the fMRI experiment, the illusory configurations and a white fixation cross were simultaneously presented for 10 s, then the

fixation was replaced by the central target for 12s.

transcranial magnetic stimulation, the effect of the
Ebbinghaus illusion was temporarily increased. The authors
also found, by applying dynamic causal modelling (DCM)
on resting-state functional MRI (fMRI) data, that forward
connections from right V1 to SPL could explain inter-
individual differences in illusion susceptibility. Finally, a
positive correlation has been reported between susceptibility
to the Ebbinghaus illusion and different concentrations of
GABA, an inhibitory neurotransmitter, in the right parietal
cortex.” Although the literature reviewed so far suggests
that both early visual cortex and higher-level visual area
are involved in the Ebbinghaus illusion, it remains unclear
how the occipital and parietal areas interact to produce the
illusion effect.

The current study aimed to investigate the neural net-
works underlying the Ebbinghaus illusion and characterize
their effective connectivity by asking our participants to dir-
ect their attention to one of the two illusory configurations at
a time. It has been shown that paying attention to the small
or large surrounding circles can change the apparent size of
the central target systematically: attending small contextual
circles increased the perceived size of the central target,
whereas attending large contextual circles decreased its per-
ceived size.'® Therefore, we hypothesized that when both
large and small contextual circles are presented together in
an Ebbinghaus display, focusing attention on the large sur-
rounding circles would induce size underestimation of the
target, while focusing attention on the small surrounding cir-
cles would elicit size overestimation.

Materials and methods

Participants

A total of 36 healthy participants (14 males, mean age = 22.3
years, SD =2.2) took part in the study: 16 were recruited for
the behavioural experiment and another 20 for the fMRI ex-
periment. Sample size was determined based on our previous
studies of the Ebbinghaus illusion.>” All participants were
right-handed, reported normal or corrected-to-normal vi-
sion and had no known neurological or psychiatric

disorders. They were naive to the purpose of the study, and
gave written informed consent before taking part in the ex-
periment in accordance with the Declaration of Helsinki.
The study was approved by the institutional review board
of Liaoning Normal University.

Stimuli and procedure

Stimuli were generated and displayed using Matlab
(Mathworks, Natick, MA) together with the Psychophysics
Toolbox."""'* For the behavioural experiment (Fig. 1A), four
large (diameter = 1.7°) and four small (diameter = 0.6°) circles
were respectively presented on the left and right sides of the
screen simultaneously (6.8° from the screen centre), with their
locations counterbalanced across trials. The central target cir-
cle (diameter = 1.1°) was presented either among the four large
inducers or the four small inducers, and meanwhile a compari-
son circle was presented below the illusory configurations (8.3°
from the screen centre). The diameter of the comparison circle
was selected from one of 11 equally spaced values ranging from
0.8° to 1.4°. Participants were instructed to freely view the stim-
uli and adjust the size of the comparison circle to match that of
the central target with no time limit. All stimuli were black and
were presented on a grey background. Participants were posi-
tioned 57 cm away from the computer screen (1920 x 1080
at 60 Hz) with their head fixed on a chin rest. There were 44
trials in total, with 11 repetitions for each condition (layout
of illusory configuration: large inducers on the left and small in-
ducers on the right or vice versa; location of the central target:
left or right).

The fMRI experiment consisted of four functional runs of
110 volumes each. Each run included 10 blocks, alternating
10 s fixation and 12 s target presentation (Fig. 1B). The con-
textual information (i.e. four small and four large inducers)
was always presented on the screen, which allowed for direct
comparison of overestimation and underestimation portion
of the illusion effect while keeping the physical properties
of the configurations constant. The position of the large
and small inducers was counterbalanced between runs.
Within each block, the fixation and the central target were
always presented on the same location, which was
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counterbalanced across blocks. In order to avoid task- and
motor-related brain signals, participants did not perform
an explicit task during the fMRI session.'* They were simply
required to maintain fixation on the cross and the central tar-
get. Visual angles of the stimuli were linearly scaled (factor =
1.5) to adjust sizes to the MRI setting.

In the MRI scanner, stimuli were back-projected via a video
projector (1280 x 1024 at 60 Hz) onto a translucent screen
placed inside the scanner bore. Participants viewed the stim-
uli through a mirror located above their eyes. Functional
MRI data were collected using a 3 T scanner (MR-750, GE
medical systems, Milwaukee, WI) with an eight-channel
phase-array coil. BOLD signals were acquired using a
T,*-weighted EPI sequence (echo time =30 ms, repetition
time =2000ms, field of view =224 mm, matrix = 64 X 64,
flip angle = 90°, number of slices = 33, spatial resolution =
3.5%3.5% 3.5 mm?). High-resolution 3D T;-weighted ana-
tomic images (echo time =3 ms, repetition time =6.9 ms,
field of view =256 mm, matrix =256 x 256, flip angle = 8°,
number of slices =176, spatial resolution=1x1x1 mm?)
were collected for each participant. To minimize head move-
ments, straps and foam pads were used to fix the head com-
fortably during scanning. The first three scans were
discarded to allow for magnetic field stabilization.

Image time-series were pre-processed and analysed using
SPM12  (Statistical Parametric Mapping software,
University College of London, London, UK; r7771). Images
were slice-time corrected, spatially normalized into a stand-
ard stereotactic space (Montreal Institute on Neurology,
MNI template) and smoothed using an isotropic 6 mm
Gaussian kernel. Low frequency noise was removed via a
high-pass filtering (cut-off 1/128 Hz), and time-series were
corrected for serial autocorrelations using a first-order auto-
regressive AR(1) process. All coordinates were reported using
the Montreal Neurological Institute (MNI) convention.

We applied an analysis of psychophysiological interaction
(PPI) with a seed region in the occipital cortex to test for
any changes in functional coupling between this seed region
and each voxel in the whole brain as a function of the
experimental conditions.'® Specifically, we tested for the
rest of the brain showing higher functional coupling with
the seed region when stimulated with illusory conditions ver-
sus fixation. The seed region was functionally localized
based on a combined activation of illusory conditions
relative to fixation including the occipital areas BA18
and BA17 (peak MNI: 11.5, =77, 14; cluster size =49
voxels).

We extracted the first eigenvariate of the fMRI signal from
the seed region. The experiment was expressed as a single

L. Chen et al.

regressor with illusory condition (i.e. the target presented
among large or small inducers) minus control condition
(i.e. fixation). PPI targeting whole brain regions were calcu-
lated with a general linear model that included the convolved
PPI interaction term, the seed region time course, the experi-
mental regressor convolved with HRF, the block regressor
and a constant. After single-subject PPI analysis, we per-
formed second level analysis with one-sample t-tests for
each of the analysis separately, in which we used a threshold
of P<0.001, uncorrected, and a minimum cluster size
threshold of k =20 voxels, based on a standard grey mask.

Based on the results of PPI analysis, effective connectivities
between the occipital region and the right precuneus were
analysed using DCM in SPM12. The occipital region was ac-
tivated by both illusory conditions, and the right precuneus
showed significant connectivity with this occipital region
for both illusory conditions. We summarized the BOLD sig-
nal in each participant using the first eigenvariate (principal
component) of voxels within a sphere of 8 mm radius for the
precuneus (MNI coordinates: 18.5, —80.5, 35), and using a
cluster mask for the occipital region (MNI coordinates:
11.5, =77, 14; cluster size =49 voxels). DCM models the
hierarchical organization of the brain using self-connections
within a region, as well as forward and backward connec-
tions between regions.'” The model space consisted of three
models, which had the same basic architecture and differed
with respect to the driving input region. The driving inputs
included the illusory conditions. Effective connectivity ana-
lysis between the two regions was divided into (i) selecting
the driving input region for the models and (ii) establishing
a model by analysing the connectivities between the regions
using parametric analysis. We used Bayesian Model
Reduction to evaluate the evidence for these three models,
and reported the posterior estimates under each model.

Results

As predicted, participants underestimated the perceived size
of the target when it was presented among large inducers
(mean=-4.47%, SD =4.25, t(15)=-4.21, P< 0.001, d =
1.05; Fig. 2A), and overestimated its perceived size when pre-
sented among small inducers (mean=15.70%, SD=46.10,
t(15)=3.73, P=0.002, d = 0.93). Both the underestimation
and the overestimation were unaffected by the location of
the target (left versus right, P > 0.59). All the 16 participants
showed a positive illusion effect (mean = 10.17%, SD = 4.33,
t(15)=9.40, P <0.001, d=2.35). The illusion effect was
comparable when the large inducers were presented on the
left side and the right side of the screen (#(15)=-0.19,
P=0.851,d=0.05).
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Figure 2 Results of behavioural performance, group level GLM and PPI analysis. (A) The perceived size of the central target (%) when
presented among large inducers and small inducers (n = 16). (B) Brain activations in response to underestimation and overestimation conditions, and (C)
BOLD response in the occipital region of interest (ROI) as a function of illusory conditions (n = 20, paired t-test). (D) Results of PPl analysis with the seed
of the occipital ROI for the underestimation and overestimationconditions (P < 0.001, uncorrected, cluster size = 20 voxels). Underestimation is in red,
and overestimation is in yellow. Error bars represent one standard error of the mean. Asterisks indicate a significance level of *P < 0.05, and ***P < 0.001.
The white arrow indicates a common region (i.e. right precuneus) that showed correlation with the occipital ROI for both illusory conditions.

Relative to fixation, the overestimation condition (i.e. central
target presented among small inducers) mainly activated oc-
cipital regions, including the lingual gyrus (peak MNI: 22,
—63,-7),BA18 and BA17 (peak MNI: 11.5,-77,14), where-
as the underestimation condition (i.e. central target presented
among large inducers) activated BA18 (peak MNI: -2.5,
—87.5,7; P <0.05, voxel-wise FWE corrected; Fig. 2B).

We combined the occipital region (including BA17 and BA18,
49 voxels) activated by overestimation and underestimation
conditions as a region of interest (ROI). Compared with fix-
ation, both underestimation (£(19) =4.08, P <0.001, d=
0.92) and overestimation (¢(19) =8.72, P < 0.001, d =1.95)
conditions elicited greater activity in the occipital ROI.
Notably, overestimation elicited larger activation than under-
estimation (¢(19)=2.55, P=0.019, d = 0.57; Fig. 2C).

We performed PPI analysis with the seed of the occipital ROI
(including BA17 and BA18; peak MNI: 11.5,-77,14) using a

grey mask and a threshold of P < 0.001, uncorrected, cluster
size =20 voxels. Activation positively correlated with size
overestimation was observed in the left middle occipital
gyrus, corpus callosum and right precuneus (Fig. 2D,
Table 1). Activation positively correlated with size underesti-
mation was observed in the left inferior putamen, left insula,
left inferior frontal gyrus, right precuneus and bilateral infer-
ior parietal lobule. The right precuneus region (parietal lobe,
MNI coordinates: 18.5, —80.5, 35, 3 voxels) showed signifi-
cant correlation with the occipital ROI for both illusory
conditions.

Both animal and human studies have found bidirectional struc-
tural connections between the precuneus and the subcortical
thalamus.'®!” Therefore, the driving input might enter either
of the occipital ROI and the precuneus, or both regions.
Three models, based on the connections between the occipital
ROI and the right precuneus and the driving input region,
were set up (Fig. 3A). The illusion effect (overestimation versus
underestimation, without subtracting the corresponding fix-
ation condition) was considered as a modulator of the connec-
tions between these sites and incorporated into the models.
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Table | Results of PPI analysis with the seed of the occipital ROI

Peak MNI coordinates

Condition Region Hemi x y z Cluster size

Overestimation Middle occipital gyrus L -20 -84 10.5 23
Corpus callosum R 8 —-385 35 27
Precuneus R | -70 52.5 89

Underestimation Putamen L -30.5 0 -35 26
Insula L -27 17.5 0 20
Inferior parietal Lobule L -20 -73.5 42 63
Precuneus R 18.5 =77 35 20
Inferior frontal gyrus L —48 35 35 36
Inferior parietal lobule R 395 —52.5 45.5 35

A model A model B model C B

) 4
precunel

) 4

u precune.us
0.24**,
/ / // -0.06

-0.18**

occipital
region

Figure 3 Model space and DCM results. (A) The model space consisted of three models, which had the same basic architecture and differed
with respect to the driving input region. (B) The connection strength of the winning model was derived by comparing overestimation with
underestimation condition (n = 20, paired t-test). The values indicate connectivity strength and asterisks indicate a significance level of ***P < 0.001.

As shown in Fig. 3, the evidence for Model B (posterior prob-
ability = 1) was higher than that for Models A and C. For the
winning model (i.e. Model B), results of effective connectivity
showed that the illusion effect was manifested by a significant
decrease in inhibitory self-connection in the occipital region
(paired #-testt M=-0.18, SD=0.17, #19)=-4.71, P<
0.001, d =1.05) and a significant increase in feedback connec-
tion from the right precuneus to the occipital region (M = 0.24,
SD =0.20, #19) = 5.35, P < 0.001, d = 1.20; Fig. 3B).

Discussion

The current study investigated the neural mechanisms under-
lying the Ebbinghaus illusion, which was generated by using
the classic ‘dual’ display: an annulus of big inducers and an
annulus of small inducers were presented side by side.
When participants focused their attention on the configur-
ation with four large inducers, the perceived size of the cen-
tral target was underestimated. In contrast, when they
directed their attention to the configuration with four small
inducers, the perceived size of the central target was overes-
timated. This modulation in perceived size induced by spatial
attention was associated with an increase in activity in the
extrastriate region that was greater for size overestimation

compared to size underestimation. There was also a
strengthening of connection between the extrastriate region
and the right precuneus. Further DCM analysis showed
that relative to underestimation, overestimation condition
significantly increased the extrastriate activity as a conse-
quence of decreased inhibitory self-connection and increased
feedback projections from the right precuneus to the extra-
striate region.

On a neurophysiological point of view, it is well-known
that the density of retinal receptive fields is higher in the fo-
vea than in the periphery and many more neurons are de-
voted to the processing of central vision (cortical
magnification). As a consequence, visual resolution is re-
duced in the periphery.'® Consistent with this, behavioural
studies have shown that object size is consistently underesti-
mated in the periphery,'”** suggesting that the number of
neurons activated determines perceived size.”®> The present
study provides direct evidence in favour of this hypothesis
by showing that the object associated with a larger perceived
size also activated a larger region of the early visual cortex in
comparison to an identical object associated with a smaller
perceived size.

A growing body of evidence indicates that extrastriate and
parietal regions are involved in subjective size perception.
Several fMRI studies have shown that context-dependent
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visual size perception is correlated with both anatomical and
functional properties of V1.%**?” Intriguingly, Moutsiana
et al.”® reported that even in the absence of contextual infor-
mation (and therefore top-down modulation), perceptual
biases in size perception correlated with individual differ-
ences in the size of the population receptive fields, providing
compelling evidence for the role of V1 in size perception.
Additional evidence comes from studies using perturbation
techniques. It has been reported that activation or disruption
of early visual cortex induced by transcranial direct current
stimulation and transcranial magnetic stimulation, respect-
ively, can increase or decrease the size illusion effects.”*’
Moreover, patients who have lesions involving the striate
and extrastriate visual areas fail to exhibit susceptibility to
the Miiller-Lyer illusion.?® In keeping with these findings,
our fMRI results confirmed an involvement of the early vis-
ual cortex in visual size perception: apparently bigger objects
elicited greater activation in the extrastriate region than ap-
parently smaller objects, even if the target had always the
same retinal size. Other than early visual areas, the parietal
cortex has also been found to be involved in the processing
of apparent object size,>'** and both the concentration of in-
hibitory neurotransmitter (i.e. GABA) and intrinsic activity
in the right parietal cortex can predict inter-individual vari-
ability in the strength of size illusions.®’

Importantly, occipital and parietal cortices are retino-
topically connected to allow for transmission of top-down at-
tention signals from parietal to occipital regions.*>**® For
instance, it has been reported that activity in extrastriate cor-
tex consistently covaries with responses in the parietal cortex
with a right hemispheric dominance during binocular rival-
ry.?” Moreover, the intrinsic forward connectivity from V1
to right parietal cortex negatively predicts the magnitude of
the Ebbinghaus illusion.® In line with these findings, our re-
sults showed that the connection between early visual cortex
and the right parietal region was associated with the process-
ing of the Ebbinghaus illusion. Notably, feedback projection
from the parietal region to the early visual cortex was linked
to perceived object size, with size overestimation strengthen-
ing the connection relative to a physically identical object of
smaller perceived size. Taken together, both task-free feed-
forward connection and task-based feedback connection be-
tween the early visual cortex and the right parietal cortex
predict apparent object size, but in opposite directions.

Our findings might have important implications for the re-
duced susceptibility to visual illusions sometimes observed in
children with autism spectrum disorder (ASD).*%%’
Intriguingly, it has been demonstrated that individuals with
ASD have decreased functional connectivity between the pre-
cuneus and the visual cortex.*® Future studies should exam-
ine if this connectivity might predict individual differences in
the strength of visual illusions.

In summary, the current study unravels the neural me-
chanisms underlying attentional modulation of apparent ob-
ject size in the context of the Ebbinghaus illusion. Our
findings clearly indicate that the illusion relies on feedback
projections from higher- to lower-level visual areas,
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highlighting the essential role of top-down signals in con-
scious visual perception. Moreover, we provide further sup-
port for the contribution of early visual cortex to
context-dependent visual size perception.
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