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Hypothesis.

Objective: Human visual size perception is not always a faithful representation of the
physical environment, but is heavily dependent on the surrounding context. The aim of
the present study was to investigate the effect of transcranial direct current stimulation of
the visual cortex on spatial errors and timing of tapping movements in the classical
Ebbinghaus illusion.

Methods: The present study was quasi-experimental and fundamental in its purpose.
Thirty-two university students aged 18 to 28 voluntarily participated in the study (real, 16
and sham, 16). In the pre-test, participants performed a dual-target tapping task in four
different Ebbinghaus illusion conditions. These conditions included two temporal
rhythms and two movement directions (horizontal and vertical). Timing error and spatial
error were measured. Then, for four consecutive days, transcranial direct current
stimulation was applied to the primary visual cortex (V1) in the real group and sham
stimulation was applied in the sham group. One day after the last stimulation session, a
post-test was performed, and three days later, a follow-up test similar to the pre-test was
performed. Friedman and Wilcoxon statistical methods were used at a significance level
of 0.05.

Results: The results showed that when performing movement in the Ebbinghaus illusion
condition, spatial and timing errors did not differ in the horizontal and vertical conditions.
Applying tDCS reduced the timing and spatial error in performing the rhythmic tapping
task with the Ebbinghaus illusion context (p<0.05).

Conclusions: Considering the effect of the Ebbinghaus visual illusion on spatial and
temporal errors of continuous movement, the hypothesis of separation of the two visual-
cognitive and motor streams is questioned. Also, considering the effect of anodal tDCS
on the V1 area and the reduction of spatial and temporal errors in the performance of
motor tasks, it is suggested to use this method in tasks that require the use of visual
accuracy.
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Extended Abstract

1. Introduction

Anodal transcranial direct current stimulation (a-tDCS) is a noninvasive electrical brain
stimulation technique that can modulate neural excitability and increase neural plasticity
(Abouleil et al., 2021). In recent years, significant advances in visual perception have been
made using several noninvasive stimulation techniques in humans. Anodal tDCS over the
primary visual cortex (V1) has been shown to improve perceptual-visual learning and
increase cortical excitability (Kaiser et al., 2016). Converging evidence suggests that the
effect of induction on perceived target size is mediated by processes located in V1 (Yorel
et al., 2023). Factors that tDCS affects in V1 include contrast sensitivity (Behrens et al.,
2017) and visual acuity (Bucci et al., 2018). A model of cortical visual processing was
proposed that distinguished between vision for perception and vision for action (Milner and
Godel, 1993). This theory, known as the influential “visual-cognitive-motor dissociation
theory,” assumes different pathways in the primary visual cortex of the brain for processing
visual information (Pullanen and Davar, 2015);

It has long been known that the perceived size of an object depends on the size of nearby
objects (Helmholtz, 1867, cited in Krisch and Kond, 2021). A well-known example of such
a phenomenon is the Ebbinghaus illusion (Kriss and Kond, 2021). This illusion consists of
a target circle surrounded by multiple background circles (Knoll et al., 2015). Surrounding
contextual elements lead the viewer to perceive the inner circle as smaller or larger than it
actually is (Sherman and Chouinard, 2016). It has been proposed that the Ebbinghaus
illusion occurs both through lateral interaction in the early processing stage (Sherman and
Chouinard, 2016) and through feedback prediction from higher to lower visual areas (King
etal., 2017). Since visual size illusions are associated with functional and structural aspects
of V1, it is likely that V1 stimulation could influence visual processing under visual illusion
conditions;

Our study seeks to answer the question of whether the Ebbinghaus illusion affects the
amount of movement errors (temporal and spatial) during the execution of a rhythmic
tapping movement in the horizontal and vertical directions. Also, given the limited research
that has been conducted on the effect of tDCS on performance in these conditions, we intend
to investigate whether applying tDCS to the V1 area reduces these errors.

2. Materials and Methods

The present study was a quasi-experimental study in terms of method and a basic research
study in terms of purpose. For this purpose, 32 students of Shahid Chamran University of
Ahvaz, aged 18 to 28, were selected. They participated in the study using convenience
sampling and were divided into two groups: real stimulation (n=16) and sham stimulation
(n=16).. The instruments used included the Edinburgh Handedness Questionnaire (Oldfield,
1971), transcranial direct current stimulation (tDCS), adverse effects of stimulation (AEs,
Manuel et al., 2014), speed-accuracy trade-off measurement tool, stopwatch, and
metronome. After the required guidance, in the pre-test, participants performed a dual-target
tapping task in four different Ebbinghaus illusion conditions. These conditions included two
temporal rhythms and two directions of movement (horizontal and vertical). Timing error
(average time interval between beats) and spatial error (average distance from the center of
the target) were measured in the rhythmic tapping task. After that, transcranial direct current
stimulation was applied for four consecutive days. Stimulation in the real group consisted
of 20 minutes of stimulation with an intensity of 1 mA applied to the primary visual cortex
(V1). In the sham group, stimulation was applied in a sham manner. Then, one day after the
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last stimulation session, a post-test was performed, and after three days, a follow-up test
similar to the pre-test was performed. For statistical analysis of the data, nonparametric U-
Mann-Whitney, Friedman, and Wilcoxon statistical methods were used at a significance
level of 0.05. For this purpose, SPSS version 27 software was used.

3. Results

The results showed that spatial error in different tests (pretest, posttest and follow-up) and
in two different movement speeds (slow and fast rhythm), there was no significant
difference between the two groups (in all cases P>0.05). Also, in the general pretests
(average of two targets) in two slow and fast rhythms there was a difference between the
real stimulation and sham groups (P=0.024 and P=0.020, respectively). In the shrinking
target in the pretest, there was a difference between the real stimulation and sham groups in
the slow rhythm (P=0.042). So that in the pretests, the real stimulation group performed
weaker than the sham; but in the posttest and especially the follow-up, the real stimulation
group had better spatial accuracy and made significant progress compared to the pretest.
For the vertical movement, the results showed that the spatial error in the real stimulation
group significantly decreased in the post-tests and follow-up tests, especially in the general
and slow targets (P<0.05 in all cases). However, there was no improvement in the sham
group and there was no difference between the pre-test, post-test and follow-up (P>0.05).
In addition, the timing error in the real and sham groups when performing with slow and
fast rhythms in the Ebbinghaus illusion condition was not significantly different between
the pre-test, post-test and follow-up (P>0.05 in all cases). The results showed that the spatial
error in the real group when performing horizontal movement was significantly different
between the pre-test, post-test and follow-up. So that in the post-tests and follow-up tests,
there was a significant decrease, especially in the general and shrinking targets (in all cases
P <0.05). However, there was no improvement in the sham group. In the execution of the
movement in different conditions, there was no difference in the timing error between the
horizontal and vertical directions of movement (in all conditions P > 0.05). The results also
showed that in the execution of the movement in different conditions, there was no
difference in the spatial error between the horizontal and vertical directions of movement
(P >0.05).

4. Discussion and Conclusion

Our experiment showed that the Ebbinghaus illusion affects perceived size judgment. Also,
a-tDCS over V1 improved spatial and temporal errors. In an investigation of how tDCS
modulates visual cortical responses, An et al. (2023) found that a-tDCS increased baseline
blood oxygen level-dependent activity without affecting stimulus activity. Also, Antal et al.
(2001) showed that applying positive DC stimulation increased the excitability of the motor
cortex as well as the visual cortex.

Our study also showed that in healthy subjects, stimulation of the OZ area with a current
of 1 mA improved visual function. After stimulation, spatial and temporal errors on
movement execution improved in the real stimulation group compared to the sham
stimulation group. Neurophysiological and behavioral changes following prolonged
stimulation may lead to improved motor performance (Lerner et al., 2021) and neuroplastic
changes in the visual cortex that can modulate perception (Antal, 2003). tDCS stimulation
of V1 has been shown to affect spatial attention performance (Silvanto & Cattano, 2017).
Lu and Chen (2025) showed that the Ebbinghaus illusion causes a delay in visual
information processing. In a series of experiments, Wang et al. (2021) found that occipital
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anodal stimulation temporarily increased the magnitude of the Ebbinghaus illusion relative
to sham stimulation, while cathodal stimulation showed a similar effect to sham stimulation.

Our study findings also showed that there was no difference in task performance between
the vertical and horizontal conditions in both the real and sham groups. However, Danion
et al. (2020) also state in their study that fixation of saccades in the vertical direction occurs
faster than in the horizontal direction. Also, in our study, given that the Ebbinghaus visual
illusion was effective on spatial and temporal errors in the execution of rhythmic tapping
movement, it cannot be said that the two visual-cognitive and motor pathways are
completely separate, which challenges this hypothesis.

5. Ethical Considerations

Compliance with ethical guidelines: All ethical principles are considered in this article.
The participants were informed about the purpose of the research and its implementation
stages. They were also assured about the confidentiality of their information and were free
to leave the study whenever they wished, and if desired, the research results would be
available to them.

Funding: This research did not receive any grant from funding agencies in the public,
commercial, or non-profit sectors.

Authors' contributions: All authors have participated in the design, implementation and
writing of all sections of the present study.
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