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Action and perception interact reciprocally in our daily life. Previous studies have found

that object manipulability can affect visual perceptual processing. Here we probed the

neural mechanisms underlying the manipulability-related modulation effect using the

well-known Ebbinghaus illusion with the central circle replaced by a high (i.e., a basketball)

or a low (i.e., a watermelon) manipulable object. Participants (N ¼ 30) were required to

adjust the size of a comparison circle to match that of the central object in the Ebbinghaus

configuration. The results showed that the perceived illusion magnitude for the basketball

target was significantly reduced than that for the watermelon target, and the

manipulability-related modulation effect was manifested in self-connections in the left

primary visual cortex and the left superior parietal lobule (SPL), as well as reciprocal

connections between the left lateral occipital cortex (LOC) and SPL. Notably, the disparity of

the illusion magnitude between the watermelon and the basketball target was positively

correlated with the extrinsic connectivity from the left LOC to SPL. The findings suggest

that object manipulability can modulate the Ebbinghaus illusion, likely through accentu-

ating the high-manipulability object along the visual processing streams. Moreover, they

provide clear evidence that manipulability-related modulation of visual perception relies

on the functional interactions between the ventral and dorsal visual pathways.
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1. Introduction

An object's action properties can affect both our cognitive

processes and behavioral responses. For instance, the mere

observation of pictures representing everyday manipulable

objects results in facilitated cross-modal integration (Van Elk

& Blanke, 2011). A manipulable object with similar action

properties to a prime is recognizedmore accurately than those

with dissimilar action properties (Helbig, Graf, & Kiefer, 2006;

Helbig, Steinwender, Graf,&Kiefer, 2010; Kiefer, Sim, Helbig,&

Graf, 2011). Pairs of action-related objects (i.e., a corkscrew

and a bottle) are identified more accurately when they are

positioned for action and oriented for use by the viewer's
dominant hand (Roberts & Humphreys, 2011). In a visual

search task, search performance is faster when the images

depict action-related objects compared to non-action-related

objects (Gomez & Snow, 2017). The above findings indicate

that objectmanipulability can facilitate cognitive processes as

revealed by more accurate and faster responses.

However, the neural mechanisms underlying

manipulability-related facilitation of cognitive processes are

largely unexplored. Here we probed this issue by using the

Ebbinghaus illusion with the central circle replaced by a high

(i.e., a basketball) or a low (i.e., a watermelon) manipulable

object. In the Ebbinghaus illusion, the central object looks

larger when surrounded by several small circles than when

surrounded by several large ones. Previous studies have

found that action-related features of an object are automat-

ically processed, and the mere presentation of a manipulable

object automatically potentiates object use information

(Creem-Regehr & Lee, 2005; di Pellegrino, Rafal, & Tipper,

2005; Grezes, Tucker, Armony, Ellis, & Passingham, 2003;

Tucker & Ellis, 1998). Manipulable objects elicit activation in

both the dorsal steam consisting of the premotor, the inferior

parietal, and the superior parietal cortices (Grezes et al., 2003;

Tettamanti, Conca, Falini, & Perani, 2017), and the ventral

stream including the lateral occipital cortex (LOC) and the

fusiform gyrus (Kassuba et al., 2011; Roberts & Humphreys,

2010).

Converging evidence has found that human posterior pa-

rietal cortex and primary visual cortex (V1) are involved in

visual size perception. For example, human posterior parietal

cortex demonstrates object size-tuned responses in a topo-

graphic manner (Harvey, Fracasso, Petridou, & Dumoulin,

2015), and is also involved in the processing of object length

(Borghesani et al., 2019). Interindividual variability of GABA

level in the posterior parietal lobe significantly correlates with

the magnitude of the Ebbinghaus illusion (Song, Sandberg,

Andersen, Blicher, & Rees, 2017). Moreover, the superior pa-

rietal cortex is found to be associated with the processing of

the Müller-Lyer illusion (Plewan, Weidner, Eickhoff, & Fink,

2012). In addition, visual size illusions have been found to be

correlated with the functional and structural features of V1

(Chen et al., 2021; Fang, Boyaci, Kersten, & Murray, 2008;

Murray, Boyaci,&Kersten, 2006; Pooresmaeili, Arrighi, Biagi,&

Morrone, 2013; Schwarzkopf, Song, & Rees, 2011; Wang, Chen,

& Jiang, 2021).

Therefore, we expected that altered effective connectivity

among cortical regions involved in the processing of object
manipulability and object size would be observed under the

manipulability-related modulation of the Ebbinghaus illu-

sion. It has been proposed that visual attribute (such as

action-related features) determines whether information is

processed in the ventral or dorsal pathway instead of

whether the information is used for perception or action (de

la Malla, Brenner, de Haan, & Smeets, 2019; Smeets &

Brenner, 2019; Smeets, Kleijn, van der Meijden, & Brenner,

2020), and size illusions can be processed along both the

ventral and the dorsal pathways, depending on which spatial

attributes are used (Smeets, Brenner, de Grave, & Cuijpers,

2002). Thus, the modulation effect could affect the bidirec-

tional connections between the ventral and the dorsal path-

ways, such as those between LOC and the superior parietal

cortex (Plewan et al., 2012).
2. Materials and methods

2.1. Participants

Thirty participants (10 male, mean age ¼ 21.5 ± 2.0 years) took

part in the study. They were right-handed, reported normal or

corrected-to-normal vision, and had no knownneurological or

visual disorders. They were naive to the purpose of the study,

and gave written, informed consent. Sample size was deter-

mined based on our previous studies of the Ebbinghaus illu-

sion (Chen, Qiao, Wang, & Jiang, 2018; Chen, Wu, Qiao, & Liu,

2020; Wang et al., 2021). The study was approved by the

institutional review board of Liaoning Normal University and

conducted in accordance with the tenets of the Declaration of

Helsinki.

2.2. Stimuli and procedure

We selected a basketball as a high manipulable object

(Tettamanti et al., 2017) and a watermelon as a low manipu-

lable object. The difference of object manipulability between

the basketball and watermelon target was confirmed by an

online rating study. In particular, 20 participants were

required to view and rate the manipulability of the basketball

and the watermelon target on a 7-point Likert scale (1 ¼ “low”,

7 ¼ “high”) according to how easy it is to grasp and use the

object with one hand (Salmon, McMullen, & Filliter, 2010). The

results suggested that the basketball target was rated as more

manipulable than the watermelon target (t(19) ¼ 7.26, p < .001,

d ¼ 1.62). Low-level visual features such as physical size and

mean luminance were adjusted and matched between these

two objects.

Stimuli were generated using Matlab (Mathworks, Natick,

MA) together with the Psychophysics Toolbox (Brainard, 1997;

Pelli, 1997). In the illusion condition, the greyscale image of

the watermelon or the basketball (.6�) target surrounded by

four grey large (.9�) or small (.3�) inducers was presented for

400 msec, followed by a comparison circle presented in the

lower field of the screen for 5500 msec (Fig. 1A and C). There

was no spatial and temporal overlap between the illusory

configuration and the comparison circle. The initial diameter

of the comparison circle was randomly chosen from .46� to

.66� for each trial. In the control condition (Fig. 1B), therewas a

https://doi.org/10.1016/j.cortex.2021.11.019
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temporal gap of 1000 msec between the presentations of the

inducers and the target in order to reduce or eliminate the

illusion effect, according to previous studies (Cooper &

Weintraub, 1970; Jaeger & Pollack, 1977). In both conditions,

participants were required to adjust the size of the compari-

son circle to match that of the central target by repeatedly

pressing up and down response keys to respectively increase

and decrease the size of the comparison circle within

5500 msec.

2.3. MRI data acquisition

In the scanner, the stimuli were back-projected via a video

projector (60 Hz, 1280 � 1024) onto a translucent screen placed

inside the scannerbore. Participants viewed the stimuli through

a mirror located above their eyes. Functional MRI data were

collected using a 3T scanner (MR-750, GE medical systems,

Milwaukee, WI) with an 8-channel phase-array coil. BOLD sig-

nals were measured with a gradient echo-planar imaging

sequence (echo time ¼ 29 msec, repetition time ¼ 2000 msec,

fieldofview¼192mm,matrix¼64�64,flipangle¼90�, number

of slices ¼ 43, spatial resolution ¼ 3 � 3 � 3 mm3). A high-

resolution 3D structural dataset (echo time ¼ 2.9 msec, repeti-

tion time¼ 6.7msec, fieldof view¼ 256mm,matrix¼ 256� 256,

flip angle¼ 12�, spatial resolution¼ 1� 1� 1mm3)wascollected

for each participant. Tominimize headmovements, straps and

foam pads were used to fix the head comfortably during scan-

ning. The first three scans were discarded to allow formagnetic

field stabilization.

2.4. Designs

There were 8 experimental conditions: target type

(watermelon and basketball) � size of inducers (large and

small)� presentation sequence (simultaneous and sequential).

We used an event-related design and added 50% null trials
Fig. 1 e Schematic representation of experimental procedure an

basketball target surrounded by four large or small inducers wa

Participants were required to adjust the size of the comparison

within 5500msec. (B) In the control condition, the surrounding in

with a temporal gap of 1000 msec, followed by a comparison cir
among 8 functional runs, each with a duration of 256 sec. Each

run consisted of sixteen 8-sec stimuli presentation with

random distributed 2-sec blank intervals whose overall time

was 128 sec. The best stimuli sequence and onset time of the

blank intervals were calculated by AFNI's RSFgen program

(http://afni.nimh.nih.gov), to maximize hemodynamic signal

sensitivity. We considered in our analyses only the brain re-

sponses evoked during the first 2-sec of each trial including the

presentation of the fixation and components of the illusory

configuration (i.e., the surrounding inducers and the central

target), in which no active comparison task was performed, to

ensure that neural responses in the processing of the illusory

configuration would not be related to the comparison process

itself (Borghesani et al., 2019).

A separate functional localizer run was conducted, which

composed of eight 16-sec blocks with alternating blocks be-

tween intact objects and scrambled images that were pre-

sented centrally (2.6� � 3.4�). Participants were asked to

perform 1-back repetition detection task whenever two suc-

cessive images were identical. For each participant, LOC was

defined by the contrast between intact and scrambled images

with a t-map threshold of p < .05, FWE corrected.

2.5. MRI data processing and analysis

Image time-series were preprocessed and analyzed using

SPM12 (r7487). Images were slice timing corrected, spatially

normalized into a standard stereotactic space (Montreal

Institute on Neurology, MNI template) and smoothed using an

isotropic 6-mm Gaussian kernel. Low frequency noise was

removed through the use of a high-pass filter (cutoff 1/128 Hz),

and time-series were corrected for serial autocorrelations

using a first-order autoregressive [AR(1)] model.

Regions of interest (ROIs) included bilateral V1, LOC and the

superior parietal lobule (SPL). MNI coordinates of V1 (left: �14,

�100, 0; right: 14, �96, �2) were literature-defined from
d stimuli. (A) In the illusion condition, a watermelon or a

s presented for 400 msec followed by a comparison circle.

circle to match that of the watermelon or basketball target

ducers and the central target were presented in succession

cle. (C) Illustration of stimuli used in the illusion condition.

http://afni.nimh.nih.gov
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previously published fMRI research on visual size illusion

(Weidner et al., 2014), and coordinates of LOC (left: �39, �79,

14; right: 48, �73, 11; see Fig. 2) were based on the contrast

between intact and scrambled objects (p < .05, FWE corrected).

Coordinates of SPL (left: �21, �52, 59; right: 18, �58, 56) were

obtained from the contrast of the illusion condition in com-

parison to the control condition (p < .001, uncorrected). We

summarized the BOLD signal in each participant using the

first eigenvariate (principal component) of voxels within a

sphere of 8 mm radius (Lumaca, Dietz, Hansen, Quiroga-

Martinez, & Vuust, 2021) centered on each participant's local

maximum within bilateral V1, LOC and SPL.

Effective connectivities among V1, LOC and SPL were

analyzed separately in the left and right hemispheres using

dynamic causal modeling (DCM) in SPM12. DCM models the

hierarchical organization of the brain using self-connections

within a region, as well as forward and backward connections

between regions (Lumaca et al., 2021). The model space con-

sisted of a full model (Model A) and a reducedmodel (Model B),

both of which had the same basic architecture and differed

only with respect to which connections (i.e., the bidirectional

connections between V1 and SPL) were allowed to vary to

explain the manipulability-related modulation of the illusion

effect (Fig. 8A). InModel A, all the eight experimental conditions

served as the modulatory effect on all the connections among

the three ROIs. It has been found that the strength of the

Müller-Lyer illusion modulates the bidirectional connections

between LOC and the superior parietal cortex rather than those

between V1 and the superior parietal cortex (Plewan et al.,

2012). Therefore, Model B featured a connectivity architecture

that was equivalent to Model A with the exclusion of bidirec-

tional connections between V1 and SPL. We used Bayesian

Model Reduction (BMR) to evaluate the evidence for these two

models, and reported the posterior estimates under each

model. All the eight experimental conditions were used as

driving inputs into V1, which is lowest in hierarchy (Van de

Steen, Krebs, Colenbier, Almgren, & Marinazzo, 2020).
3. Results

3.1. Behavioral results

The illusion magnitude was measured as the difference of

the perceived size of the central target surrounded by small
Fig. 2 e Group analysis of the LOC localizer (objects minus scra
and large inducers relative to its physical size (%). In the

illusion condition, the illusion magnitude compared with

zero was significant for both the watermelon (M ¼ 13.9%,

t(29) ¼ 10.66, p < .001, d ¼ 1.95) and the basketball (M ¼ 11.1%,

t(29) ¼ 9.90, p < .001, d ¼ 1.81) targets, with the former being

significantly larger than the latter (t(29) ¼ 4.78, p < .001,

d ¼ .87; Fig. 3A). However, in the control condition, the illu-

sion effect disappeared (watermelon: M ¼ �.3%, t(29) ¼ �.40,

p ¼ .695, d ¼ .07; basketball: M ¼ �.1%, t(29) ¼ �.19, p ¼ .852,

d ¼ .03; Fig. 3B). When the illusion effect in the control con-

dition was subtracted from that in the illusion condition,

similar patterns of results were observed. In particular, the

illusion magnitude was significant for both the watermelon

(M ¼ 14.2%, t(29) ¼ 9.80, p < .001, d ¼ 1.79) and the basketball

(M ¼ 11.2%, t(29) ¼ 10.58, p < .001, d ¼ 1.93) targets, and the

former was significantly larger than the latter (t(29) ¼ 2.90,

p ¼ .007, d ¼ .53).

3.2. Group level GLM

Brain regions that responded to the illusion condition in

contrast to the control condition were shown in Fig. 4

(p < .001, uncorrected). As expected, this whole volume

analysis revealed robust activations throughout the occipi-

tal cortex, as well as bilateral SPL (left: �21, �52, 59; right:

18, �58, 56). It should be noted that the activations in

bilateral SPL did not survive correction for multiple com-

parisons, but these two regions were still adopted for

further DCM analysis because converging evidence has

demonstrated their involvement in the processing of both

visual size illusions and object manipulability. When the

four illusory stimuli (a basketball or a watermelon target

surrounded by large or small inducers) was examined

separately, robust activations throughout the occipital cor-

tex were still observed in contrast to their corresponding

control conditions (Table 1, Figs. 5 and 6). Moreover, when a

watermelon was surrounded by small inducers, activations

were also observed in bilateral inferior and superior parietal

lobules, as well as bilateral inferior frontal gyri and insula.

However, in the control condition (Fig. 7), no significant

activation was observed for the watermelon target preceded

by small inducers in contrast to large inducers (p < .001,

uncorrected), and only frontal regions including inferior and

middle frontal gyrus were activated by the basketball target

condition (p < .001, uncorrected).
mbled objects) with a threshold of p < .05, FWE corrected.

https://doi.org/10.1016/j.cortex.2021.11.019
https://doi.org/10.1016/j.cortex.2021.11.019


Fig. 3 e Results of behavioral measurements. Illusion magnitudes in (A) the illusion condition and (B) the control condition.

Asterisks (*) indicate a significance level of ***p < .001.

Fig. 4 e Cortical areas responding to the illusion condition in contrast to the control condition (p < .001, uncorrected). White

circles indicate the locations of the left and right superior parietal lobule (SPL).
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3.3. Connectivity results

In the left hemisphere, the evidence for model B (posterior

probability ¼ .57) was higher than that for model A (posterior

probability¼ .43; see Fig. 8B). For thewinningmodel (i.e., model

B; Fig. 8C), the results of effective connectivity showed that the

manipulability-related modulation effect was manifested by

significantly increased self-connection in V1 (paired t-tests;

M¼ .05, t(29)¼ 2.62, p¼ .014, d¼ .48) and significantly decreased

self-connection in SPL (M¼�.10, t(29)¼�2.79, p¼ .009, d¼ .51),

as well as significantly strengthened reciprocal connections

between LOC and SPL (from LOC to SPL: M ¼ .19, t(29) ¼ 2.90,

p ¼ .007, d ¼ .53; from SPL to LOC:M ¼ .05, t(29) ¼ 2.56, p ¼ .016,

d ¼ .47). However, significantly altered effective connectivity

was not observed in the control condition (ps > .13). When

directly comparing the illusion condition with the control
condition (paired t-tests), similar patterns of results were

observed. Specifically, the manipulability-related modulation

effect was demonstrated by significant self-connections in V1

(M ¼ .07, t(29) ¼ 2.73, p ¼ .011, d ¼ .50) and SPL (M ¼ �.13,

t(29) ¼ �2.82, p ¼ .009, d ¼ .52), as well as significant forward

connection from LOC to SPL (M ¼ .25, t(29) ¼ 2.74, p ¼ .010,

d¼ .50). Moreover, behavioral performance (i.e., the disparity of

illusion magnitudes between the watermelon and the basket-

ball target) was positively correlated with the extrinsic con-

nectivity from LOC to SPL that was associated with

manipulability-related modulation effect (r(30) ¼ .38, p ¼ .040,

95% confidence interval ¼ [.02, .65]; see Fig. 8D).

In the right hemisphere, the evidence for model B (poste-

rior probability ¼ .37) was lower than that for model A (pos-

terior probability ¼ .63). The results of effective connectivity

for the winning model (i.e., model A) showed that significant

https://doi.org/10.1016/j.cortex.2021.11.019
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Fig. 5 e Cortical areas responding to the target (watermelon: yellow; basketball: red) surrounded by large inducers in

contrast to the corresponding control condition (p < .001, uncorrected).

Fig. 6 e Cortical areas responding to the target (watermelon: yellow; basketball: red) surrounded by small inducers in

contrast to the corresponding control condition (p < .001, uncorrected).
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effect of manipulability-related modulation on the Ebbing-

haus illusion was not observed in any of self-connections and

extrinsic connections under both the illusion and the control
condition (ps > .15), and similar patterns of results were

observed when directly comparing the illusion condition with

the control condition (ps > .23).

https://doi.org/10.1016/j.cortex.2021.11.019
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Fig. 7 e Cortical activations in response to the target (watermelon: yellow; basketball: red) preceded by small inducers

relative to large inducers in the control condition (p < .001, uncorrected).
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4. Discussion

The current study investigated the neural mechanisms un-

derlying the manipulability-related modulation of context-

dependent visual size perception by focusing on effective

connectivities among cortical regions that are associated with

the processing of object manipulability and object size (i.e.,

bilateral V1, LOC and SPL). Behavioral results showed that the

illusion magnitude for a basketball target was significantly

smaller than that for a watermelon target. DCM results

revealed that manipulability-related modulation effect was

observed in self-connections in V1 and SPL, as well as recip-

rocal connections between LOC and SPL in the left instead of

the right hemisphere. Notably, the disparity of the illusion

magnitudes between the watermelon and the basketball tar-

gets was positively correlated with the extrinsic connectivity

from the left LOC to SPL.

Previous studies have shown that object manipulability

facilitates the allocation of spatial attention towards the

location ofmanipulable objects (Van Elk& Blanke, 2011). High-

manipulability objects likely receive more automatic prioriti-

zation of attentional resources compared to low-

manipulability objects. Specifically, in contrast to low-

manipulability stimuli, high-manipulability stimuli elicit

larger P1 and P300 amplitudes, the latter of which reflects both

bottom-up and top-down attention processes (Handy &

Tipper, 2007; Madan, Chen, & Singhal, 2016). Likewise, the

amplitude of P1 elicited by the target presented in the right

visual field was larger when it was superimposed on a tool

object than on a non-tool object (Handy, Grafton, Shroff,

Ketay, & Gazzaniga, 2003). In an attentional blink paradigm,
providing an action relationship between T1 and T2 leads to

enhanced attentional selection and consolidation of T2, as

demonstrated by a diminished blink and an enhanced P3

amplitude (Adamo & Ferber, 2009). Moreover, patients suf-

fered from visual extinction after right-parietal injury show

reduced extinction when cups have handles affording a left-

hand grasp, even though no hand response is required (di

Pellegrino et al., 2005), and they are able to better identify

two concurrently presented objects that appear to be inter-

acting than pairs of objects placed in incorrect positions for

their combined use (Riddoch, Humphreys, Edwards, Baker, &

Willson, 2003). Therefore, in the current study, the relatively

high-manipulability basketball might attract more attentional

resources than the low-manipulability watermelon, thus less

attention is allocated to the inducers surrounding the

basketball target and further leads to the reduced illusion

magnitude.

Converging evidence has found the involvement of LOC in

the processing of object manipulability (Ishibashi, Pobric,

Saito, & Lambon Ralph, 2016). In particular, relative to non-

object control stimuli, manipulable objects lead to an

enhanced activation in bilateral LOC and the fusiform gyrus

(Kassuba et al., 2011). Object-related LOC is activated by both

visual and tactile recognition of manipulable objects relative

to scrambled versions of the same objects or textures (Amedi,

Jacobson, Hendler, Malach, & Zohary, 2002; Amedi, Malach,

Hendler, Peled, & Zohary, 2001). Furthermore, correct tool

manipulation produced significant activations at both bilat-

eral parietofrontal areas and bilateral occipitotemporal cortex

including the middle occipital gyrus in comparison to incor-

rect tool manipulation (Mizelle, Kelly, & Wheaton, 2013).

During real action planning and execution phases, both the

https://doi.org/10.1016/j.cortex.2021.11.019
https://doi.org/10.1016/j.cortex.2021.11.019


Fig. 8 eModel space and DCM Results. (A) Model space (black lines indicate latent connectivity, thick arrow indicates driving

input) and (B) model evidence estimated by Bayesian Model Reduction. (C) Schematic representation of the manipulability-

relatedmodulation effect on the Ebbinghaus illusion (watermelon e basketball) for Model B in the left hemisphere. Asterisks

indicate significant modulation effect. (D) Correlation of behavioral performance (i.e., the disparity of the illusion

magnitudes between the watermelon and the basketball target) with effective connectivity from the left LOC to SPL that

corresponds to the modulation effect. Asterisks (*) indicate a significance level of * p < .05 and **p < .01.
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left LOC and SPL show greater activations to tools than neutral

objects (i.e., bars) (Brandi, Wohlschl€ager, Sorg,&Hermsd€orfer,

2014). In line with and extending the above evidence, the

current study showed positive effective connectivity between

the left LOC and SPL under manipulability-relatedmodulation

of visual size perception. These positive values indicate that

an increase of neural activity in the source region results in an

increase of neural activity in the target region.

Moreover, the self-connection in the left SPL was negative

when comparing the illusion effect of the watermelon target

with that of the basketball target. The more positive the self-

connection parameter for the basketball target condition,

the more inhibited the region (i.e., the left SPL), and the less

this region responded to its inputs (Zeidman et al., 2019).

Therefore, the left SPL response to the inducers surrounding

the basketball target was more suppressive than to the in-

ducers surrounding the watermelon target. The findings

together with previous studies suggest that object manipula-

bility can be processed in the ventral LOC, and further projects

to the dorsal SPL to modulate cognitive processes. As a pre-

vious study has shown a positive correlation between the

parietal GABA level and the Ebbinghaus illusion magnitude

(Song et al., 2017), thus the forward projection from LOCmight
decrease the GABA level in the SPL, and further leads to the

reduced illusion effect. Notably, we observed a left hemi-

spheric asymmetry of the network involved in the

manipulability-related modulation effect, possibly due to the

left lateralized processing bias for the Ebbinghaus illusion

(Chen et al., 2021; Schwarzkopf et al., 2011) and/or for

manipulable objects (Goldenberg & Spatt, 2009; Styrkowiec,

Nowik, & Kr�oliczak, 2019).

Recent work has shown that there are significant in-

teractions between the ventral and the dorsal streams, as

demonstrated by some overlap in their functions and recip-

rocal connections between the two streams (Almeida, Fintzi,

& Mahon, 2013). For instance, increased functional connec-

tivity between the frontoparietal network and the ventral

occipitotemporal cortex is observed when participants

viewing tools in contrast to animals (Almeida et al., 2013),

watching videos of manipulation actions such as folding

(Yang, He, Han, & Bi, 2020), generating tool pantomimes

(Garcea, Chen, Vargas, Narayan, & Mahon, 2018), as well as

performing motor-based tasks (Garcea & Buxbaum, 2019;

Hutchison & Gallivan, 2018). Kristensen, Garcea, Mahon, and

Almeida (2016) used images of tools and animals and pre-

sented them at low (5 Hz) and high (15 Hz) temporal

https://doi.org/10.1016/j.cortex.2021.11.019
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Table 1 e Peak coordinates of the whole brain analysis with the contrast between the illusion condition and the control
condition (p < .001, uncorrected; BL¼ a basketball target surrounded by large inducers, BS¼ a basketball target surrounded
by small inducers;WL¼ awatermelon target surrounded by large inducers,WS¼ awatermelon target surrounded by small
inducers; Hemi. ¼ Hemisphere; Clust. ¼ Cluster size).

Condition Region Hemi. Clust. t Peak coordinates MNI

x y z

BL fusiform gyrus R 211 5.99 30 �49 �19

fusiform gyrus L 15 4.04 �27 �43 �22

lingual gyrus R 38 4.71 21 �76 �7

middle occipital gyrus R 188 5.24 42 �82 11

middle occipital gyrus L 28 4.22 �27 �88 17

BS fusiform gyrus R 29 4.57 30 �58 �13

cuneus R 168 5.27 12 �91 23

middle occipital gyrus L 31 4.76 �18 �91 17

WL fusiform gyrus L 201 5.70 �33 �46 �16

fusiform gyrus R 217 7.02 24 �43 �16

lingual gyrus L 13 3.88 �21 �79 �10

middle occipital gyrus L 17 3.97 �21 �85 17

cuneus R 67 5.07 9 �85 26

WS fusiform gyrus R 20 5.17 33 �37 �25

fusiform gyrus L 114 4.88 �15 �67 �16

midbrain R 11 3.95 6 �16 �10

midbrain L 19 5.49 �6 �13 �13

insula R 195 4.88 33 17 �4

middle occipital gyrus R 299 5.18 36 �79 8

insula L 63 4.93 �24 29 �1

cuneus L 590 6.12 �27 �79 20

inferior frontal gyrus R 14 3.94 51 41 5

inferior frontal gyrus L 22 4.28 �45 29 11

limbic lobe L 605 6.19 �9 �19 44

inferior parietal lobule R 140 5.15 42 �25 35

inferior parietal lobule L 27 4.09 �60 �37 26

inferior frontal gyrus R 33 6.01 57 5 32

middle frontal gyrus L 43 4.96 �33 35 32

superior parietal lobule R 184 6.19 15 �37 41

precental gyrus L 101 4.91 �30 �16 59

superior parietal lobule L 78 4.67 �21 �52 59

postcentral gyrus L 12 4.00 �36 �34 59

medial frontal gyrus L 11 4.42 �15 5 53
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frequencies to respectively bias processing toward the par-

vocellular and the magnocellular pathways, and found that

tool preferences under low temporal frequency were

restricted to the inferior parietal lobule, suggesting that the

inferior parietal lobule receives inputs from the ventral visual

pathway. Further, tool preferences in left ventral temporal

cortex are inversely related to the likelihood of a lesion to left

anterior intraparietal sulcus, suggesting that part of the

ventral visual hierarchy incorporates inputs from the dorsal

visual pathway (Garcea et al., 2019). Taken together, the above

evidence in favor of functional interactions of the two visual

pathways has used experimental tasks that are directly

related with tools, such as tool viewing, tool manipulation,

and tool pantomime.

Sim, Helbig, Graf, and Kiefer (2015) found increased func-

tional connectivity from the left superior parietal cortex to the

left anterior temporal area for the action priming effect on the

visual recognition of manipulable objects. In the current

study, we adopted a non-tool manipulable object and a size

matching task, and still observed significant functional con-

nectivity between the ventral and the dorsal pathways during

manipulability-related modulation of visual perception.
Moreover, this functional connectivity was significantly

correlated with behavioral performance. The findings support

the idea of automatic processing of object manipulability, and

reveal that manipulability-related modulation of visual size

perception relies on the functional interactions of the two

visual pathways.

There are some limitations to be considered in the current

study. We analyzed the brain responses evoked by the first 2-

sec of each trial for both the illusion and the control condition.

During this period, the surrounding inducers and the central

target were presented simultaneously or sequentially with a

gap of 1000 msec for the illusion and the control condition,

respectively. Though we kept the physical stimuli as identical

as possible for these two conditions, some cognitive pro-

cesses, such as memory, might still be different. Future study

could adopt another control condition to avoid the potential

confounding influence when investigating the processing of

the Ebbinghaus illusion.

In summary, the current study shows that object manip-

ulability can reduce the size illusion magnitude, which might

be caused by the automatic attentional attraction to the

manipulable object and the resulting reduced attentional

https://doi.org/10.1016/j.cortex.2021.11.019
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allocation to the surrounding inducers. Moreover, such

manipulability-relatedmodulation of the visual size illusion is

associated with reciprocal connectivity between LOC and SPL

in the left hemisphere, in favor of the functional interactions

of the ventral and the dorsal visual pathways.
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