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Abstract

Grasping the cognitive processes and neural mechanisms behind perceiving and 

processing quantities is crucial for uncovering the complexities of human cognition. The idea 

of a single magnitude system that includes non-symbolic number estimation as well as other 

magnitudes like time and space remains contentious, as there is still a lack of definitive 

evidence. Recent research has explored whether biases that impact spatial decisions also 

affect numerosity judgments, using visual illusions such as the Delboeuf illusion. The 

rationale being that if a shared cognitive system encodes both spatial and numerical 

processing, then these perceptual biases should similarly influence judgments related to 

numerosity and continuous quantities. While recent findings do support the idea of a 

generalized magnitude system, studies that directly compare the perception of the classic 

Delboeuf illusion with its numerical equivalent are still lacking. In this study, we aim to explore 

the possible existence of a generalized magnitude system by examining whether the same 

perceptual bias similarly influences the processing of different magnitudes. Additionally, 

participants received three sessions of transcranial alternating current stimulation (tACS) at 

different frequencies (7 Hz, 18 Hz, and placebo) to observe whether it affects the strength 

of the Delboeuf illusion similarly in its classical and numerical version. Based on previous 

findings, we specifically hypothesize that theta-frequency tACS will enhance visual 

integration, thereby intensifying the illusion, while beta-frequency tACS will decrease the 

strength of the illusion by promoting visual segregation. The results showed different 

performances in discriminating different quantities, with significantly higher discrimination 

ability observed when discriminating between areas. However, a significant correlation 

emerged between the two discriminations such as between the numerical and the classical 

Delboeuf illusion. Additionally, no significant interaction was observed between tACS 

stimulation frequency and discrimination, supporting the idea of a single mechanism 

underlying the processing of different magnitudes. Notably, contrary to our initial hypothesis, 

tACS at 7 Hz seems to reduce the strength of the perceptual illusion. These findings 

enhance our understanding of the cognitive processes involved in quantity perception and 

underscore the potential of noninvasive brain stimulation techniques for modulating visual 

perception.



4



5

Introduction

The approximate number system

The approximate number system (ANS) is an intuitive, abstract, and flexible system 

responsible for our sense of number. Historically it has been considered a specialized, 

domain-specific system for representing number which is phylogenetically ancient and used 

actively throughout life (Odic & Starr, 2018). The ANS underpins our ability to automatically 

and efficiently extract the approximate number of items in a scene regardless of sensory 

modality in which they are presented (Dehaene, 2009; Feigenson et al., 2004). In other 

words, the ANS generates nonverbal representations of numerosity (Halberda et al., 2012). 

When the ANS is used, it manifests itself through two behavioral signatures (Figure 1). The 

first being scalar variability. This generally means that the more the numerosity presented 

increases, the more the estimate becomes variable. And more precisely means that 

variability in estimating numerosity increases linearly with number. For example, the 

variability in estimating 20 items is about twice as large as the variability in estimating 10 

(Cordes et al., 2001). Variability signatures distinguish verbal from nonverbal counting for 

both large and small numbers. The second behavioral signature is ratio-dependent 

performance when deciding which of two sets is larger numerically (numerosity 

discrimination task), accordingly to Weber9s Law. This means that if the ratio between the 

numerical magnitude of the two numerosity (max/min) increases the performance improves 

while if the ratio approaches 1 the performance worsens. For example, distinguishing 30 

dots from 20 dots is significantly harder than distinguishing 30 dots from 10 dots. To measure 

ANS acuity, the Weber fraction (w) is often employed. Which is the smallest, and therefore 

most difficult, ratio that can be discriminated reliably (i.e. with a certain probability decided a 

priori).
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Figure 1. The two signatures of the approximate number system. On the left: scalar variability, where 

the variability increases linearly as the number of presented items increases. On the right: ratio 

dependency, where accuracy improves and reaction time decreases as the ratio between two 

numbers becomes larger (Odic & Starr, 2018).

These signatures suggest that the ANS represents numbers as noisy Gaussian curves along 

an ordered mental number line. Indeed, these key features of approximate number 

representations are embodied in models that depict numerosity as a fluctuating mental 

magnitude, comparable to a <number line=. There are two competing mathematical models 

of the number line (Figure 2), despite their behavioral predictions being very similar 

(Dehaene & Changeux, 1993; Feigenson et al., 2004; Gallistel & Gelman, 2000). The linear 

model with scalar variability depicts non-verbal number representations (the number line) as 

a series of equally spaced distributions that become more spread out as they increase. In 

other words, scalar variability implies that the signals encoding these magnitudes are 'noisy', 

fluctuating from trial to trial, with the signal distribution's width expanding in proportion to its 

mean. In essence the larger the magnitude, the noisier its representation becomes. On the 

other hand, the logarithmic model with fixed variability places successive numerosities on a 
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logarithmic scale, each subject to a consistent amount of noise. In both models, larger 

numerosities are represented by distributions that increasingly overlap with nearby values. 

This overlap raises the chances of confusing a target with its neighbors, resulting in ratio-

dependent performance. Recent evidence suggests that the representation of numerical 

magnitude is initially logarithmic but becomes linear during the elementary school years 

(Siegler & Opfer, 2003).

Figure 2. Two models of the mental number line, a linear model (a) and a logarithmic one (b), 

illustrating how mental activation varies with numerosity (Feigenson et al., 2004). 

These signatures are useful because they allow us to identify different representations of 

numbers by observing whether scalar variability and ratio dependence are present. Let9s 

look at an example. Evidence suggests the existence of two core systems for representing 

numbers. One system (the one we have already talked about and will refer to more often) 

represents large, approximate numerical magnitudes, while the other precisely represents 

small numbers of individual objects. Subitizing is thought to rely on this exact small-number 

representation system for tracking small quantities. The performance patterns between 

these two systems differ significantly: the large-number system exhibits ratio-dependent 

performance, whereas the small-number system depends on the absolute number of items 

presented, with an upper limit of 3 (Feigenson et al., 2002). 

Individual and developmental differences in ANS performance are typically assessed by 

briefly displaying sets of dots or playing a quick series of tones, making counting impossible. 

Participants are then asked to compare this stimulus to another set of dots presented at the 
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same time. Infants are usually tested by habituating them to a certain number of dots or by 

observing their preference for looking at one of two streams of dots, with one stream 

remaining constant and the other varying in number. Each person's ANS acuity can then be 

determined by identifying the most difficult ratio they can accurately distinguish (usually the 

ratio for which the subject has a 75% probability of successful discrimination) (Odic & Starr, 

2018).

The existence of ANS is observed across cultures, ages, and species of animals. For 

example, it is observed that newborns spontaneously associate stationary, visual-spatial 

arrays of objects with auditory sequences of events based on number. This provides 

evidence for abstract numerical representations at the start of postnatal experience (Izard 

et al., 2009). It is also observed that in cultures where there is no symbolic representation 

of numbers (number words), performance in a discrimination task depends on the ratio of 

the numerosities to be discriminated (Frank et al., 2008). Finally, there is evidence that when 

discriminating between two numerosity monkey's numerical capacity were systematically 

controlled by the ratio of the values compared (Cantlon & Brannon, 2006).

Consistent results from various approaches, species, and age groups indicate that the 

posterior parietal cortex, especially the intraparietal sulcus (IPS), plays a crucial role in 

processing numerical magnitudes. An electrophysiological study from Nieder & Miller (2004) 

used single-cell recording to show that in monkeys, during a visual numerosity judgment 

task, the highest proportion of neurons selective for numerosity was found in the IPS, with 

only a few such neurons present in other areas of the posterior parietal cortex (PPC) or the 

inferior anterior temporal cortex. Additionally, neurons in the fundus of the intraparietal 

sulcus responded to and conveyed numerosity information earlier than those in the 

prefrontal cortex (PFC), indicating that numerosity information likely flows from the PPC to 

the lateral PFC, suggesting a parieto-frontal network for processing numerosity in monkeys. 

Additionally, neural activity in these regions displays the same ratio-dependent 

characteristics of ANS representations observed in behavior (Piazza & Eger, 2016). 

Sensitivity to numerosity in the posterior parietal cortex develops early in human life, even 

before children learn to count or begin formal schooling. For instance, functional near-

infrared spectroscopy has shown that activity in the right parietal cortex of 6-month-old 

infants is influenced by changes in the number of objects in an array but not by changes in 

shape (Hyde et al., 2010). Similarly, functional magnetic resonance imaging reveals that the 

IPS of 4-year-olds responds to numerical changes but not to changes in shape (Cantlon et 
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al., 2006). In adults, regions of the parietal cortex respond to numerical information 

regardless of whether it is presented as arrays of dots, Arabic digits, or auditory number 

words (Piazza et al., 2006). Children as young as six also show abstract numerical 

representations in the IPS (Cantlon et al., 2009). Overall, neuroimaging evidence indicates 

that the IPS supports amodal, abstract numerical representations, which appear early in 

development, demonstrating that the ANS develops before exposure to number words or 

formal math education.

A topic of great interest is the connection between the ANS and formal, symbolic math 

abilities, which are developed through explicit teaching and learned by only some 

individuals. A landmark study (Halberda et al., 2008) examined whether there are significant 

individual differences in ANS acuity and if these differences correlate to individual 

differences in symbolic math achievement. They found that subjects' ANS acuity, measured 

by Weber fraction (w), consistently correlated with their symbolic math performance from 

kindergarten through sixth grade on standardized math tests, even after controlling for 

various cognitive and performance factors (intelligence, working memory, and vocabulary 

size). These results showed that individual differences in formal mathematics ability are 

related to individual differences in the acuity in the number sense. However, since this is a 

retrospective study (it correlates ANS acuity of 14-year-old children with their past scores on 

standardized maths achievement tests) it is difficult to understand the direction of the relation 

between ANS acuity and symbolic math achievement. It could be that ANS, given its 

presence as early as infancy, plays a causal role in determining individual maths 

achievement. But it could also be that individual differences in the quantity or quality of 

engagement in formal mathematics might increase ANS acuity. Later a longitudinal study 

(Starr et al., 2013) explored this question in more detail. This study provides evidence that 

preverbal number sense in infancy can predict mathematical abilities in preschool-aged 

children. Specifically, numerical preference scores (a measure of ANS acuity in infants) at 6 

months old were found to correlate with both standardized math test scores and 

nonsymbolic number comparison scores at 3.5 years old. This suggests that preverbal 

number sense aids in acquiring numerical symbols and mathematical skills. This correlation 

persisted even after accounting for general intelligence, highlighting that preverbal number 

sense uniquely contributes to mathematical ability. These findings support the hypothesis 

that an intuitive sense of number (preverbal, nonsymbolic numerical capacities), which 

exists before language, forms the foundation for learning to count and developing symbolic 

mathematical knowledge. A fascinating study (Halberda et al., 2012) investigated the 
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precision of basic numerical intuitions and their relation with school mathematics 

performance across the lifespan with a massive Internet-based sample of more than 10,000 

participants aged 11 to 85. The study focused on how the precision of ANS representation 

and its relationship with formal mathematical abilities transforms during the lifespan. They 

found that ANS precision improves from ages 11 to 30, reaching a peak, followed by a steady 

decline from 30 to 85 years of age. Additionally, they observed a consistent, modest 

relationship between ANS precision and school mathematics ability throughout the lifespan. 

All this evidence suggests that ANS is a foundation on which symbolic number 

representations are constructed. For instance, children with more accurate ANS 

representations may find it easier to learn numerical symbols and their meanings, which 

can, in turn, support their early arithmetic learning (Van Marle et al., 2014).
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The generalized magnitude system

Behavioral, neuropsychological, physiological, and neuroimaging studies have provided 

empirical evidence indicating an interaction between the representation of numerosity and 

the representation of continuous quantity like time and space. This has led to the hypothesis 

that the approximate number system (ANS) might also process continuous quantities, not 

just discrete numbers. In other words, it suggests the existence of a shared cognitive 

mechanism that encodes non-symbolic number estimation along with other magnitudes like 

time and space. While our study primarily concentrates on non-symbolic numbers 

(numerosity), it is important to remember that the representation of symbolic numbers is 

thought to arise from this fundamental number sense . Therefore, 

the literature we review includes tasks involving both symbolic and non-symbolic numbers.

Behavioral evidence from the distance effect has highlighted a connection between space 

and numbers . This effect can be described as the phenomenon 

in which comparing two numbers becomes easier as the numerical gap between them 

increases. The distance effect persists even when the numerical gap remains constant but 

the numbers themselves vary in size. Additionally, it is observed with dots, words, or a 

combination of words and digits, not just numbers alone. Notably, this effect is also observed 

in nonhuman species . Furthermore, 

numerous behavioral protocols have demonstrated a strong link between numbers and 

space, where smaller numbers are positioned on the left side of space and larger numbers 

on the right. A demonstration of the connection between numbers and space is given to us 

by the spatial-numerical association of response code (SNARC) effect. In a parity judgement 

task, where participants classify numbers as even or odd, responses are faster for larger 

numbers when made on the right side and faster for smaller numbers when made on the left 

side. This number-space association happens even though the task does not involve 

numerical magnitude . 
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The connection between time and numbers is supported by dual-

task experiments, many of which report that a secondary task impairs time estimation 

. Indeed, time tasks are easily disrupted but, importantly, are not 

themselves good disrupters. However, one exception indicates that time and number share 

cognitive resources . Subjects were tested under three dual-task conditions: 

time and rotor tracking, time and visual detection, and time and mental arithmetic. All 

secondary tasks disrupted time estimation, but only mental arithmetic was impaired by the 

temporal task. This suggests that time and number may rely on common magnitude 

mechanisms, whereas the other two tasks primarily involve visual processing. 

Gerstmann9s syndrome provide such evidence, showing that pat
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This empirical evidence led (Gallistel & Gelman, 2000) to hypothesize that numerosity, 

amount, and duration should be represented using the same type of symbols (mental 

magnitudes), due to the frequent necessity of combining different kinds of quantity for 

important behavioral decisions. This hypothesis later inspired (Walsh, 2003) to develop <A 

Theory Of Magnitude (ATOM)=, proposing that time, space, and quantity are components of 

a generalized magnitude system, with the parietal cortex playing a crucial role. The core 
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idea of this theory is that the linking function of the many capabilities of the parietal cortex is 

the need to encode information about magnitudes of the external world that are used in 

action. Afterwards, numerous empirical evidence has shown how numerosity judgment can 

be affected by variations in unrelated continuous quantities and vice versa, consolidating 

this theory.

A study by  investigated the neural correlates of a number-size 

congruity task using an event-related fMRI design. They presented one digit number pairs 

in a number-size interference task that required subjects to focus on one stimulus property 

(e.g., numerical size) and to ignore the other (physical size). In different blocks, participants 

were asked to decide which digit of a digit pair was numerically larger (numerical comparison 

task) or physically larger (physical comparison task). Stimuli were divided into three 

categories: (a) congruent, where physical and numerical comparisons produce the same 

response; (b) incongruent, where physical and numerical comparisons produce different 

responses; and (c) neutral, where the stimuli vary only in the aspect relevant to the task. 

The behavioral results showed clear distance effects, with faster reaction times for greater 

distances compared to shorter ones, and size congruity effects, with slower reaction times 

for incongruent stimuli compared to congruent ones, across both tasks. Imaging results 

demonstrated that incongruent trials, as opposed to congruent trials, resulted in increased 

activation in the dorsolateral prefrontal cortex and the anterior cingulate cortex, which are 

areas linked to attentional control. The distance effect, in the neutral condition, led to greater 

activation in bilateral parietal regions, including the intraparietal sulcus (IPS). The primary 

aim of the authors was to identify the neural correlates of the number-size congruity task 

and to investigate if some of the activation observed was specific for processing numerical 

information. A similar bilateral activation of parietal and occipital areas was observed for both 

task, 

 

 investigated whether numerical processing influences the mental 

representation of horizontal spatial extension using a length reproduction task. 

 



15

Length misestimations caused by Arabic numbers were viewed as a cognitive illusion, 

wherein the processing of magnitude information results in the expansion or compression 

of the mental representation of spatial extension. 

In the same year compared how children aged 5 and 8 years, as 

well as adults, discriminate duration alongside other quantities, such as numerosity 

(discontinuous) and line-length (continuous). Using a bisection task, they examined 

discrimination with quantities presented both simultaneously (non-sequentially) and 

sequentially. The results indicated similar sensitivity to different quantities, suggesting that 

all quantities are represented by analogue magnitudes with scalar variability.  

these findings support the idea that the fundamental abilities to process various quantities 

emerge early, though discrimination of analogue magnitudes improves with age. Consistent 

with ATOM , they propose that time, space, and number are all elements of a 

generalized magnitude system functioning from birth.

A study by 
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 found similar results, they aimed to examine how the brain 

processes magnitude information across the dimensions of time, space, and number using 

an fMRI paradigm. The goal of this study was to explore the proposed existence of a 

generalized magnitude system by identifying any overlapping neural substrates among the 

investigated dimensions. Specifically, they hypothesized that the IPS and IFG regions would 

be crucial in the magnitude processing network, expecting these areas to show common 

activation across different tasks. They employed an fMRI paradigm with three experimental 

tasks focused on processing space, time, and numerosity. Initially, they assessed task-

specific activation by comparing each task to its respective control condition. Following this, 

a conjunction analysis was conducted, revealing a set of cortical areas involved in all tasks. 

All this evidence suggests the existence of a single and general cognitive system involved 

in the processing of different types of quantity, however, not everyone found similar results. 

 discovered a dissociation between numerosity and duration processing 

in the left IPS using off-line repetitive transcranial magnetic stimulation (rTMS). In the study, 

participants compared the numerosity of flashed dot sequences or the duration of single dot 

displays before and after 15 minutes of 1Hz rTMS over one of three sites: the left or right 

IPS or the vertex, which was used as a control site. Compared to the control site, 

performance was only slowed in the numerosity comparison task following left IPS 

stimulation, while duration comparison task performance remained unaffected for any 

parietal site. These results suggest, in disagreement with previously discussed evidence, 

that the parietal region critical for numerosity processing is not involved in duration 



17

processing, revealing at least one brain area where duration and numerosity comparison 

processes are distinct. Furthermore  
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Visual illusion: an instrument to study quantity processing 

Earlier research indicated that numerosity discrimination is affected by spatial cues like 

length, density, and surface area , implying a significant interaction 

between numerosity estimation and spatial perception. Building on this foundation, 

 aimed to investigate how perceived length influences numerosity estimation by 

employing the Müller-Lyer illusion. To explore how spatial cues are integrated into 

numerosity estimation, this study examined the interaction between length and numerosity 

under varying perceptual conditions (manipulating objective versus subjective length) and 

response modes (comparison versus estimation). The researchers hypothesized that the 

interference of length with numerosity is influenced by how the cues are perceived rather 

than by their objective properties. To test this, they employed a paradigm using the Müller-

Lyer illusion, which manipulates the perceived length of dot arrays without altering their 

actual length. The Müller-Lyer illusion is a geometric illusion in which a straight line with 

outward-pointing arrowheads at its ends appears longer than an identical line with inward-

pointing arrowheads (Müller-Lyer, 1889). Although subjective experience plays a role in 

perceptual decisions, research prior to this study has only altered the objective value of 

sensory cues to study numerosity extraction, neglecting the role of subjective experience in 

understanding the interaction between physical size and numerosity. Perceptual illusions 

offer a distinct experimental approach to tackle this issue, as they alter the subjective 

perception of specific physical variables while keeping the objective numerosity constant 

across different illusion conditions. In the comparison task, numerical biases emerged when 

the arrays appeared to differ in length due to the illusion. Additionally, during the estimation 

task, participants overestimated the number of dots when the array seemed longer because 

of the outward-pointing arrows. These results indicate that the illusory perception of length 

impacts numerosity estimation beyond the actual length. In other words, they reveal that the 

interaction between length and numerosity is driven by subjective perceptions of length 

rather than its objective measurement.
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A study by  aimed to investigate whether, and which, non-numeric features 

influence number perception. To minimize the potential for response conflicts, the 

researchers employed a number estimation task in addition to a discrimination task. If 

congruency effects (where participants seem biased by non-numeric features rather than 

the number itself) are absent in number estimation tasks, it would suggest that the 

congruency effects seen in standard discrimination tasks are likely due to a Stroop-like 

response conflict. Conversely, if congruency effects persist even with the estimation task, it 

would indicate that non-numeric features are indeed involved in number perception itself, 

independent of any response conflicts. To specifically target certain non-numeric features, 

the authors incorporated stimuli into well-known visual illusions: the plug-hat illusion, which 

primarily affects the perception of contour length (Simanek, 1996), and the Ebbinghaus 

illusion, which selectively influences the perceived convex hull of objects. In the plug-hat 

illusion, participants perceive a circular contour or arc as significantly shorter than an 

identically long straight line. In the Ebbinghaus illusion, an object surrounded by smaller 

circles is perceived as significantly larger than the same object surrounded by larger circles. 

By using these visual illusions, the researchers were able to preserve the objective 

differences in the stimuli while allowing the participants' subjective perception of non-

numeric dimensions to be influenced. This approach enables the precise targeting of specific 

non-numeric features without altering the other objective non-numeric features within the 

display. In a series of experiments, the researchers compared performance on number 

discrimination and number estimation tasks by embedding numerical displays within visual 

illusions and manipulating two specific non-numeric features: contour length and convex 

hull/density. In these experiments, participants viewed dot displays where the side with more 

dots also had an (illusory) longer contour length or a (illusory) larger convex hull (congruent 

trials), and displays where the side with fewer dots had the longer (illusory) contour length 

or larger (illusory) convex hull (incongruent trials). As in previous studies, they anticipated 

that participants would perform better on congruent trials in the discrimination tasks. The 

crucial test was whether these biases favoring the congruent trials would also persist in the 

estimation task, where binary responses are removed. To summarize, this series of 

experiments revealed two key findings: (1) Embedding dots within a contour length illusion 

(i.e. the plug-hat illusion) resulted in a significant congruency effect during the discrimination 

task, but no such effect was found in the estimation task. This suggests that contour length 

induces a Stroop-like response conflict with number, rather than directly influencing its 

encoding. (2) When dots were embedded in a display that varied in convex hull and/or 
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density (i.e. the Ebbinghaus illusion), a strong congruency effect was observed in both 

discrimination and estimation tasks, indicating that response biases alone do not fully 

explain why participants rely on convex hull during number perception. These results 

suggest that number is likely not a primary visual feature of perception, but instead is derived 

from a combination of other features, supporting the domain-general encoding theory. 

Indeed, the visual features used to encode convex hull and/or density seem to also be 

involved in encoding number, which challenges the domain-specific encoding theory.

Similar to the studies previously discussed,  sought to determine 

whether perceptual biases that influence spatial estimation also affect numerical estimation, 

which would support the idea of shared cognitive processes for space and number in the 

brain. Specifically, the authors aimed to explore whether non-symbolic numerical estimation 

varies depending on whether stimuli are presented vertically or horizontally. This hypothesis 

stems from the observation that many researchers have documented differences in 

perception between the horizontal and vertical axes in spatial tasks (anisotropy of perceived 

space) . Given the pronounced asymmetry in how vertical and 

horizontal dimensions are perceived, it is reasonable to question whether a similar effect 

might be observed in non-symbolic numerical estimation. If spatial and numerical abilities 

indeed share a common cognitive framework, then perceptual biases influencing spatial 

judgments could also affect numerosity judgments. The horizontal–vertical (HV) illusion 

provides strong evidence for the anisotropy of perceived space. In its classic form, the 

illusion involves an inverted T figure where the horizontal and vertical lines are equal in 

length. Despite this, most observers perceive the vertical line as longer than the horizontal 

one . This illusion appears to be linked to the shape of the human visual 

field, which resembles a horizontally oriented ellipse with a horizontal-to-vertical aspect ratio 

of 1.53. Interestingly, the HV illusion is also influenced by a factor unrelated to the anisotropy 

of perceived space: the 8length bisection bias.9 This bias occurs when a line bisected by 

another line appears shorter than the unbisected line 

. To test the impact of the length bisection bias, researchers use an 

L-shaped version of the HV illusion, which involves both vertical and horizontal axes but 

avoids line bisection. Studies comparing performance on the T and L versions of the HV 

illusion have found that the T version leads to a greater misperception of length. To test their 

hypothesis, the authors utilized a visual pattern composed of white and black dots arranged 

in inverted T and L shapes to create an HV illusion. In control trials, black and white dots 
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were randomly distributed within the array. However, in test trials, white dots were aligned 

along one line (e.g., the vertical line), while black dots were aligned along the other (the 

horizontal line). Participants were asked to verbally estimate the number of white dots. The 

authors made two predictions: If numerical and spatial abilities share a common magnitude 

system, one would expect (1) an overestimation of white dots when they are presented on 

the vertical axis and (2) a stronger illusory effect in the inverted T pattern compared to the L 

pattern, due to the length bisection bias. Indeed, participants' accuracy differed depending 

on whether the target dots were presented entirely on the vertical axis, entirely on the 

horizontal axis, or randomly across both axes. Notably, the significant difference between 

the horizontal and vertical conditions suggests that items on the vertical axis were less 

underestimated than those on the horizontal axis. This finding is consistent with the 

anisotropy of vertical space observed in the HV illusion. The second prediction was also 

confirmed: when white dots were arranged in a vertical line, participants underestimated the 

number of dots less in the T shape than in the L shape. Therefore, the T shape appears to 

enhance the overestimation of vertically arranged dots. In conclusion, this study 

demonstrated a differential perception of numerosity in vertical versus horizontal spaces, 

reinforcing the notion that similar cognitive systems underlie both spatial and numerical 

estimation.

Following this evidence,  investigated whether non-symbolic 

numerical estimation varies according to perceived area size in both humans and non-

human animals. To accomplish this, the researchers used the Delboeuf illusion to alter the 

perceived area size of square arrays without changing their actual size. The Delboeuf 

illusion is a well-known size illusion in which the perceived size of a target item is influenced 

by its surrounding context. In the classic version of this illusion, two identical target circles 

are surrounded by larger and smaller circumferences (Figure 3b). Humans tend to 

underestimate the size of the circle within the larger circumference and overestimate the 

size of the circle within the smaller one. The authors adopted a numerical version of the 

Delboeuf illusion (the same numerosity presented in two different contexts, Figure 3a) and 

anticipated that if numerical and spatial abilities share a common magnitude system, the 

arrays perceived as larger due to the Delboeuf illusion would also appear more numerous. 

The authors controlled for non-numerical continuous variables to prevent the use of non-

numerical cues in discriminating numerosities and employed a relative two-choice 

discrimination procedure for both species. Specifically, humans were instructed, and fish 
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were trained, to select a target numerosity (either larger or smaller) during control trials 

where the arrays genuinely differed in their numerosity. Alongside these control trials, 

participants were also presented with illusory trials where the same numerosity was shown 

in two different contexts (a large and a small background) mimicking the Delboeuf illusion. 

When presented with two identical arrays, both humans and fish exhibited numerical biases, 

indicating that the illusion caused the numerosity of the squares in the two arrays to appear 

different. Since there were no differences in the illusory perception of the two quantities (area 

and numerosity), it can be speculated that their estimations are encoded by the same 

magnitude system. This finding aligns with the hypothesis of a common magnitude system 

underlying numerical and spatial abilities.

Figure 3. The figure shows both a numerical version (a) and a classical version (b) of the Delboeuf 

illusion, where either the same numerosity or the same target area is surrounded by two different 

contexts. Humans generally tend to underestimate the numerosity and target area within the larger 

ring, while overestimating those within the smaller ring.

In this study, participants were tested using the numerical version of the Delboeuf illusion 

(the same numerosity presented in two different contexts, Figure 3a) and not the classical 

version (the same area shown in two different contexts, Figure 3b). As a result, it was not 

possible to determine whether there was a correlation between the perception of the 

classical Delboeuf illusion and its numerical counterpart. This raises the question of whether 

the magnitude of the Delboeuf illusion is consistent across both types of quantities and, thus, 

if this perceptual bias similarly affects spatial decisions and judgments of numerosity. The 

aim of this study is precisely to answer this question.
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Transcranial electrical stimulation and visual crowding

In this study our goal is to investigate the existence of a single cognitive system responsible 

for processing different quantities not just at the behavioral level, by examining whether the 

perceptual bias associated with the Delboeuf illusion similarly affects numerosity judgments 

and spatial decisions, but also at the neural level. To accomplish this, we intend to use 

transcranial alternating current stimulation (tACS) during behavioral tasks, aiming to 

modulate the strength of the Delboeuf illusion by applying different tACS frequencies. We 

will then compare whether this modulation occurs similarly and to the same degree for both 

types of illusions. Such findings would further reinforce the hypothesis of a generalized 

magnitude system. The reason we intend to use tACS in particular to modulate the strength 

of the Delboeuf illusion lies in its ability to influence the phenomenon of visual crowding, and 

will become clearer later. In fact, in the next sections we will delve into tES techniques (with 

special reference to tACS), the phenomenon of visual crowding, and the effect of tACS on 

this phenomenon in order to make clear the rationale behind the use of this technique and 

our hypotheses about its effect on the perception of the illusion.
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We have already mentioned that one of the reasons we intend to use tACS to modulate the 

strength of the Delboeuf illusion is its ability to modulate the phenomenon of visual crowding. 

Let us therefore take a closer look at this phenomenon. 



30

example with the letter <R= as the target and the other letters as the flankers
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but when both fall within the <integration field= (a second
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In conclusion, crowding represents a significant bottleneck for object perception, particularly 

impairing object recognition in peripheral vision. It is a nearly universal phenomenon in 

spatial vision, and masking does not adequately explain it. There is an emerging consensus 

around a two-stage model, where the first stage involves the detection of simple features 

(possibly in V1), and a second stage is needed for the integration or interpretation of these 

features as an object beyond V1. Processes such as segmentation, selection, feature 

binding, and contour integration all seems to play a role in this. A comprehensive 

understanding of crowding could reveal the constraints on object recognition and clarify the 

principles that guide the integration of features into coherent objects.

Until now, we have explored several features of visual crowding without delving into the 

neural correlates of this phenomenon. While numerous psychophysical studies have 

explored the factors that influence crowding, and a two-stage model (previously discussed; 

 has been proposed, the neural basis of this phenomenon remains unclear. 

Crowding might occur at an early stage of visual perception (such as the striate visual area, 

V1), where local features are integrated into more complex percepts . 

Alternatively, higher visual areas (such as V4) could play a more significant role 

. Identifying the neural underpinnings of visual crowding would provide 

a clearer understanding of the mechanisms responsible for this effect. In the last period 

several studies have tried to shed light on this fundamental aspect. One such study by 

 examined the neural basis of visual crowding, utilizing EEG to 

measure event-related potentials and oscillatory dynamics. EEG offers a temporal resolution 
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on the scale of milliseconds, enabling researchers to accurately track the timing of activation 

across the visual hierarchy while studying visual crowding. For this reason, this technique 

can provide valuable insights into the neural substrates associated with visual crowding. In 

this study, visual crowding of complex objects (such as letters) in the peripheral visual field 

was manipulated by varying the critical spacing between the target and the flankers, while 

carefully controlling for changes in the physical properties of the stimulus array. Using dense-

array EEG the authors aimed to determine whether visual crowding for complex objects like 

letters occurs at an early or late stage of visual processing. Additionally, they examined 

event-related oscillatory responses in the alpha (8-12 Hz), beta (15-30 Hz), and gamma (30-

80 Hz) frequency ranges, which had not previously been explored in relation to visual 

crowding. The behavioral results matched the authors' hypotheses precisely: the strong 

crowding condition showed lower accuracy compared to both the mid crowding and no 

crowding conditions. Additionally, the mid crowding condition demonstrated lower accuracy 

compared to the no crowding condition. The ERPs results indicated that the first sign of 

crowding-induced modulation in EEG activity was the suppression of the N1 component. 

This finding aligns with the evidence from , which also demonstrated 

that the earliest marker of visual crowding was N1 component suppression. Consistently, 

earlier studies on texture segmentation 

 and contour detection 

 have generally found that N1 suppression is associated with the 

inability to segment a stimulus target from its background. Moreover, these studies have 

shown that the N1 component reflects activation in higher-level areas 

, supporting the idea that crowding is a late-stage 

process. The analysis of oscillatory activity further confirmed that visual crowding is 

associated with neural processing at a later stage in the visual hierarchy. A reduction in 

power within the beta band (15-30 Hz) reflected the level of visual crowding. Specifically, the 

strong crowding condition showed a greater reduction in beta band activity compared to the 

mid crowding condition, beginning around 200 milliseconds after the stimulus onset. 

Moreover, the suppression of beta activity as marker of visual crowding was supported by 

the observation that greater suppression following stimulus onset was linked to behavioral 

performance more impacted by visual crowding. In conclusion, this study modulated visual 

crowding of complex objects (such as letters) and found that differences related to crowding 

became apparent through the suppression of the N1 ERP component and a reduction in 

beta power, both occurring within similar time frames. These results support the idea that 
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crowding, particularly for complex visual stimuli, arises at later stages of the visual 

processing hierarchy and highlight the important role of beta frequency in this phenomenon.

After the study just discussed , the authors decided to conduct single-

trial analyses of EEG oscillations to assess the prestimulus power and phase differences 

between correct and incorrect discriminations in a letter-crowding task, where irrelevant 

letters were positioned either close to (strong crowding) or farther from (mid crowding) the 

target . The main novelty of this study is that the authors 

focus on pre-stimulus activity. In fact, direct attempts to find neural correlates of visual 

crowding up to this point have primarily focused on investigating post-stimulus activity. While 

in this case the authors aimed to explore the brain states that facilitate accurate perception 

under different crowding conditions. To achieve this, they used high-temporal resolution 

techniques like EEG to measure neural oscillations occurring before the onset of the target 

stimulus. In other words, they sought to identify which properties of these ongoing 

oscillations could predict the accurate perception of visual stimuli in a crowded environment. 

They found that pre-stimulus oscillatory power (i.e., amplitude) in the beta band (13–20 Hz) 

predicted accurate object perception in the strong crowding condition, but not in the mid 

crowding condition. This effect was reflected in higher beta power during accurate trials 

across a large cluster of parieto-occipital sensors, in a time window just before stimulus 

onset. The authors suggest that increased beta power in parieto-occipital channels prior to 

stimulus onset may prime the visual system for the local processing needed to distinguish a 

stimulus within a crowded scene. In conclusion, this study explored the prestimulus 

electrophysiological markers that predict a complete conscious representation of visual 

objects under varying crowding conditions. Their findings indicate that, just before stimulus 

onset, the visual system's predisposition to extract local information plays a significant role, 

as evidenced by the modulation of beta power in parieto-occipital channels.

Building on the findings from the two previously discussed studies 

, which showed a connection between visual crowding 

and EEG oscillations in the beta band (15–30 Hz),  aimed to test the 

hypothesis of a causal relationship between visual crowding and beta band power. Since 

establishing a causal relationship requires directly modulating these neural oscillations, and 

transcranial alternating current stimulation (tACS) is a suitable method for this purpose, the 

authors employed tACS to test their hypothesis. They specifically hypothesized that applying 

tACS over the right parietal cortex at the beta frequency (18 Hz) would enhance 
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performance in a visual crowding task compared to a control frequency (10 Hz) or a no-

stimulation (sham) condition. This hypothesis was tested using a classic crowded letter 

orientation discrimination paradigm. Additionally, to determine whether tACS could induce 

changes in endogenous brain rhythms , they recorded resting-state 

EEG signals to measure power differences in the relevant frequency bands (beta and alpha) 

before and after stimulation. The results demonstrated a lower threshold for stimuli 

presented in the contralateral hemifield when participants received 18-Hz tACS over the 

right parietal cortex, compared to 10-Hz tACS and sham stimulation at the same cortical 

site. These findings support the previously reported connection between beta frequency 

activity in the parietal cortex and visual crowding 

. Additionally, EEG recordings revealed that parietal tACS at beta frequency 

not only influences behavior but also significantly alters endogenous oscillatory dynamics. 

This suggests that the efficiency of the right dorsal fronto-parietal network can be modulated 

by tACS at specific frequencies. These findings provide the first evidence that visual 

crowding can be reduced by applying beta neurostimulation to the parietal region.

These findings were further supported by a later study . Building on 

their previous research , they aimed to clarify the distinct functional 

roles of beta oscillations in the parietal cortices and the right fronto-parietal network during 

visual crowding. Specifically, they investigated whether the improvements in reducing the 

effects of visual crowding through right parietal stimulation, as found by 

, and which were previously limited to the contralateral visual hemifield, could be 

extended to both visual hemifields. They hypothesized that by applying electrical stimulation 

to both parietal cortices, the positive effects on visual performance would extend across the 

entire visual field. The study's behavioral finding was a lower threshold for letter orientation 

discrimination when 18 Hz tACS was applied to both parietal cortices, compared to when 

the same stimulation was applied to the right fronto-parietal network or when no stimulation 

was given. In summary, they found that bilateral parietal beta tACS reduces the effects of 

visual crowding across the entire visual field. These results support the functional 

predominance of beta oscillations over the parietal cortices, aligning with previous studies 

that describe beta as the "natural" rhythm of parietal regions 

. Furthermore, they reinforce earlier findings on the 

critical role of parietal beta oscillations in visual crowding 

. These findings are also consistent with the 
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idea that crowding results from incorrect integration of target and flanker features 

, which is supported by a dorsal-to-ventral projection originating from 

parietal areas.

While the previously mentioned studies  found 

that beta-frequency tACS stimulation on the parietal region of the brain seems to enhance 

perception, namely the ability to segment the target from distractors, in visual crowding 

situations, a study by  suggests that theta-frequency tACS stimulation 

(7 Hz) could potentially improve performance in a perceptual integration task. The authors 

used brief event-related transcranial alternating current stimulation (tACS) to selectively 

modulate prestimulus 7 Hz oscillations (theta frequency band) and the synchrony between 

parietal and occipital brain regions. Their aim was to test the causal role of these specific 

prestimulus oscillations in perceptual integration, which involves transforming distributed 

activity in lower visual regions into meaningful object representations by integrating neural 

information across object features  or across space . 

This process includes bottom-up signaling of candidate features into a spatial map 

, as well as top-down selection of targets based on spatial location 

. Therefore, perceptual integration depends on communication between 

cortices at different levels of the visual processing hierarchy, specifically in the occipital and 

parietal regions. Additionally, the authors recorded EEG simultaneously to examine 

frequency-specific aftereffects. Their results demonstrated a significant main effect of 

stimulation on perceptual integration, with in-phase 7 Hz stimulation leading to the highest 

performance levels. Furthermore, electrophysiological findings suggest that brief tACS 

induces oscillatory entrainment, as indicated by the registration of frequency-specific 

aftereffects. 

Building on this evidence, in this study, we aim to modulate the strength of the Delboeuf 

illusion using different tACS stimulation frequencies. Indeed, the Delboeuf illusion requires 

processing both the central element (or squares) and the surrounding background. 

Therefore, we can hypothesize that if tACS can influence the perceptual ability to integrate 

or segregate elements in an image using different frequencies, it might also be possible to 

modulate the strength of the Delboeuf illusion. If tACS at various frequencies affects the 

strength of both the classical (same area shown in different contexts) and numerical (same 

numerosity presented in different contexts) versions of the Delboeuf illusion in a similar 

manner and to the same extent, this would further support the hypothesis of a generalized 
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magnitude system in humans. Specifically, each participant was tested three times, with a 

different type of neural stimulation each time (7 Hz, 18 Hz, and no stimulation), and was 

exposed to both types of the Delboeuf illusion during each session. We hypothesize that 

theta-band stimulation (7 Hz) over the right parietal area will enhance the integration of 

visual elements into a global percept, thereby intensifying the illusion compared to the no 

stimulation (sham) condition. On the other hand, beta-band stimulation (18 Hz) over both 

the right and left parietal lobes is expected to promote the segregation of visual elements, 

reducing the illusion's strength compared to the sham condition.
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Materials and methods

Ethics statements

The study was approved on the 11th of April 2023 by the ethics committee (Protocol no. 

5179, code no. 766656C6F2B60F2D3731E72418CD558B) of the Department of General 

Psychology at the University of Padova (Italy). Data collection was done between 23 May 

2023 and 24 July 2023.

Participants

In this study, we recruited 48 adult volunteers (38 females and 10 males; mean age ± SD = 

24.19 ± 3.02 years), all of whom were students at the University of Padova enrolled in either 

bachelor9s or master9s programs. All participants reported having normal or corrected-to-

normal vision. Eligibility for transcranial electrical stimulation was determined through a pre-

screening test at the start of each session. Exclusion criteria included neurological disorders 

that affect visual and/or numerical abilities, substance abuse, and any medical conditions 

that could pose a risk to participants (e.g., pacemaker, epilepsy, migraine auras). Some 

participants did not meet the criteria for receiving tACS and were therefore excluded from 

the study. As a result, the final sample included 34 participants (age range: 21-35 years, with 

5 males). At the end of each session, a post-stimulation questionnaire was administered to 

assess participants' well-being and to determine whether they believed they had received 

actual stimulation or a sham condition (i.e., placebo; see . Before 

participating in the experiment, all participants provided informed consent in accordance 

with the Declaration of Helsinki.

Experimental set-up and tACS stimulation

The study was carried out in a dimly lit room to minimize the detection of phosphenes 

induced by transcranial electrical stimulation (tES) . Participants were 

asked to use a chin rest positioned 57 cm from the monitor. The stimuli were presented on 

an ASUS LCD monitor with a resolution of 1280 × 1024 and a refresh rate of 60Hz. tACS 

was administered over the parietal areas using a BrainSTIM device (E.M.S. srl) at an 

intensity of 1 mA. Carbonised rubber electrodes, measuring 5 × 5 cm and covered in 

sponges, were placed at the locations corresponding to P3 and P4 on a 64-channel EEG 

cap arranged according to the international 10-20 system. In the active conditions, the 
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current was applied for 45 min (with 10-s fade-in and -out periods at the stimulation9s 

beginning and end). In the sham tACS, the current was turned off 10 s after the beginning 

of the stimulation (with 10-s fade-in and -out periods, for a total of 30 s). The majority of the 

participants reported experiencing absence or low level of fatigue during the test, 

independently on the stimulation type (χ2 9 = 8.14, p = 0.52). No phosphenes were reported. 

Moreover, they were not able to discriminate between real stimulation and placebo, as 

confirmed by a Pearson9s Chi-Square test for frequency distribution (χ2 1 = 1.76, p = 0.18; 

the observed probability of reported <stimulation present= was 0.60 in the 7Hz tACS 

condition, 0.52 in the 18Hz tACS condition and 0.75 in the sham condition). Stimulation 

parameters were selected in accordance with the safety guidelines provided by 

.

Stimuli

We employed two different types of stimuli. For numerical discrimination, the stimuli were 

composed of two arrays of orange squares positioned within two white circular backgrounds, 

which were placed inside two black rectangles (Figure 8). For continuous quantity 

discrimination, the stimuli consisted of two orange circles within two white circular 

backgrounds, also enclosed within 4.5 × 4.5 cm black rectangles, similar to the setup for the 

numerical discrimination task (Figure 8). For each type of discrimination, we organized two 

types of trials: control trials and illusory trials. In control trials, there was an actual difference 

between the two stimuli: for numerical discrimination, one stimulus had 10 squares and the 

other had 12 squares (a ratio of 0.83). For continuous quantity discrimination, the areas of 

the circles differed by the same ratio as in the numerical discrimination. For the control trials, 

four different combinations of numerosity or circles and backgrounds were used, following 

the approach of a previous study by . In <large trials=, the two 

target stimuli to discriminate were presented in two identical large backgrounds (4.22 cm in 

diameter; Figure 8a). Conversely, in <small trials=, the two target stimuli were presented in 

two identical small backgrounds (2.79 cm in diameter; Figure 8b). In the remaining two types 

of trials, different backgrounds were utilized within each pair of stimuli. In <congruent trials=, 

the larger target stimulus was presented in the large background and the smaller stimulus 

in the small background (2.79 cm and 4.22 cm in diameter; Figure 8c). In <incongruent trials=, 

the large background included the smaller stimulus, and the small background surrounded 

the larger stimulus (2.79 cm and 4.22 cm in diameter; Figure 8d). Lastly, illusory trials 

consisted of the same numerosity or the same circles in two different backgrounds, a large 
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and a small one (2.79 cm and 4.22 cm in diameter; Figure 8e), resembling the numerical or 

classical Delboeuf illusion respectively. For numerical discrimination, we created six different 

pairs for both control and illusory trials, where both the position and size of the squares 

varied. The side lengths of the squares ranged from 0.15 cm to 0.30 cm. Similarly, for 

continuous quantity discrimination, we arranged six different pairs for both control and 

illusory trials, where the diameters of the circles varied between 1.64 cm and 2.35 cm.

Figure 8. The figure shows an example of the four types of control trials for both discriminations: a 

large trial (a), a small trial (b), a congruent trial (c) and an incongruent trial (d). The figure also 

shows an example of illusory trial (e), in which the same numerosity/same target circle is presented 

in two different-sized backgrounds resembling the Delboeuf illusion.
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Procedure
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Statistical analyses

Data were analyzed in R version 3.5.2 (R Core Team. R, 2016). For all three stimulations 

(7Hz, 18Hz, sham), we recorded accuracy in terms of selecting the larger target stimulus 

and numerosity for control trials. In illusory trials, we scored as 8correct9 the choices for the 

stimulus and the numerosity presented in the small context. At the individual level, we used 

binomial tests to compare the choices for the larger target stimulus and numerosity in control 

trials and for the stimulus and the numerosity presented in the small context in illusory trials 

(chance level = 0.5). We performed group analyses on the frequency of choices for the larger 

target stimulus and numerosity in control trials and for the stimulus and the numerosity 

presented in the small context in illusory trials. Not all data were normally distributed 

(Shapiro–Wilk test, p<0.05); thus, we performed one-sample t tests or Wilcoxon-signed rank 

tests (chance level = 0.5).
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Considering only the sham condition, a Pearson correlation test was performed to assess 

the correlation between the performances of the two discriminations (numerical vs. 

continuous quantity discrimination) both considering only those control trials in which the 

Delboeuf illusion has no effect (small and large trails) and only those trials in which the 

illusion should have an effect (congruent trials, incongruent trials, illusory trials).

We also assessed the accuracy of responses by fitting a generalized mixed-effects model 

for binomial distributions (GLMM) with three within variables: the stimulation (7 Hz, 18 Hz or 

sham), the discrimination (numerical or continuous quantity), and the stimulus type (large, 

small, congruent, incongruent or illusory trials). We fitted each of these variables, as well as 

their two- and three way interactions, as fixed effects whereas we fitted subjects as 

clustering variable and random factor (i.e., random intercept model). Sum contrasts were 

set for the three abovementioned predictors. GLMMs were estimated with a Maximum 

Likelihood (Laplace Approximation) procedure with the function glmer() from the lme4 

package (Bates et al., 2015). Whenever a main effect emerged as statistically significant 

(the Anova() function of the car package was used; (Fox et al., 2012)), post-hoc comparisons 

were performed with the function emmeans() from the emmeans package (Lenth, 2023). 

Considering the number of comparisons that could arise from high-order effects such as 

interactions, not all the comparisons were analyzed. In particular when examining the 

interaction between stimulus and task we analyzed only the difference between stimulus 

type for each task type (see Table 2). In this way, it was reduced the chance of committing 

Type I error due to comparisons that were beyond the aim of the present work. Nonetheless, 

the False Discovery rate method  was used to adjust post-

hoc comparisons. For each comparison, Odds Ratios (ORs), their 95% confidence intervals 

(CI), statistics (z), standard error (SE), p-values (p) are also reported. As suggested by 

several works , when reporting OR, the outcomes may be 

presented in two different formats: as a percentage difference in likelihood, which is 

calculated by subtracting the Odds Ratios from 1.0, and as <n times less/more likely=, which 

is determined by dividing 1.0 by the OR in the former case (i.e., <less=). In the present paper, 

the latter way was preferred, since ORs below 1.0 may be less straightforward and intuitive 

for interpreting the strength of associations compared to ORs above 1.0. Overall, three 

different GLMMs were performed: two models tested the interaction between the stimulus 

type and the stimulation only in the numerical discrimination or only in the continuous 

quantity discrimination. Lastly, we performed an overall model including the discrimination 
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type with the two former predictors (See a 

schematization of the analyses that have been described).

In preparation for a future study, we also decided to use the knowledge learned in this study 

to perform a power analysis. Specifically, we performed a power analysis using the 

parameters of the GLMM we fitted to predict the sample size needed to have sufficient power 

(i.e. probability that the test will reject the null hypothesis, assuming that the null hypothesis 

is false). In particular, we tested the interaction effect between the Stimulus factor and the 

Stimulation factor. The predicted effect size for this effect, which was used for the power 

analysis, is the one identified in this study and alpha was kept at 0.05. To perform this 

analysis we used the R package simr , which allows users to 

calculate power for generalized linear mixed models from the lme4 package. These power 

calculations are performed using Monte Carlo simulations. Specifically, we used the 

powercurve() function to generate power curves, which help evaluate the trade-offs between 

power and sample size. Here is how a power analysis works in simr. The following steps are 

each repeated n times (number of simulation, for this study 1000 which is the default option 

in simr): (1) simulate a new set of data based on the provided fitted model, (2) refit the model 

to this newly simulated data, and (3) conduct a statistical test on the refitted model. The test 

will either successfully detect the effect or make a Type II error in failing to detect the effect. 

The power of the test is then determined by the proportion of times the effect is successfully 

detected in step three.
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Results

Behavioral level: sham condition

Numerical discrimination

For the numerical discrimination, individual analyses revealed that 23 out of 34 participants 

selected the larger numerosity significantly more than chance in control trials (mean ± SD = 

61.00 ± 9.16 %; Table S1, Supplementary Material). Considering the Delboeuf illusory trials, 

9 out of 34 participants selected the numerosity presented in the small context significantly 

more than chance whereas, interestingly, 5 selected more than chance the one presented 

in the large context (mean ± SD = 54.51 ± 16.51 %; Table S1, Supplementary Material).

Group analyses revealed that participants selected the larger numerosity significantly more 

than chance in control trials (mean ± SD = 62.35 ± 8.30 %; Wilcoxon-signed rank test, Z = 

0.98, p < 0.001*). Overall, participants did not perceive the numerical Delboeuf illusion, since 

they did not select any numerosity significantly more than chance (mean ± SD = 54.51 ± 

16.85 %; one-sample t test, t33 = 1.56, p = 0.128).

Continuous quantity discrimination

Individual analyses revealed that 23 out of 34 participants selected the larger target stimulus 

significantly more than chance in control trials (Table S1, Supplementary Material). 

Considering the Delboeuf illusory trials, 27 out of 34 participants selected the stimulus 

presented in the small context significantly more than chance (Table S1, Supplementary 

Material).

Group analyses revealed that participants selected the larger target stimulus significantly 

more than chance in control trials (mean ± SD = 62.35 ± 8.30 %; Wilcoxon-signed rank test, 

Z = 1.07, p < 0.001*). Participants also proved to perceive the Delboeuf illusion as expected, 

so selecting the stimulus presented in the small context significantly more than chance 

(mean ± SD = 80.38 ± 17.70 %; Z = 1.10, p < 0.001*).
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Correlation between numerical and continuous quantity discrimination

Considering only those control trials in which the Delboeuf illusion has no effect, we found 

a significant correlation between performance in the two discriminations (Pearson 

correlation; r34 = 0.37, p = 0.032). Even considering only those trials in which the illusion has 

an effect, we found a significant correlation between performance in the two discriminations 

(Pearson correlation; r34 = 0.38, p = 0.029). The first correlation suggests that those 

participants who have a higher discrimination ability with continuous quantities also better 

discriminate between different numerosities. The second correlation instead suggests that 

those participants who are more influenced by the Delboeuf illusion when it is resembled 

with a continuous quantity, are also more influenced by it when it is resembled with 

numerosity arrays.

Neural level: 7 Hz and 18 Hz tACS stimulations

Numerical discrimination

In the 7 Hz tACS stimulation, individual analyses revealed that 17 out of 34 participants 

selected the larger numerosity significantly more than chance in control trials (Table S1, 

Supplementary Material). Considering the Delboeuf illusory trials, 12 out of 34 participants 

selected the numerosity presented in the small context significantly more than chance 

whereas, interestingly, 4 selected more than chance the one presented in the large context 

(Table S1, Supplementary Material).

Group analyses revealed that, in the 7 Hz tACS stimulation, participants selected the larger 

numerosity significantly more than chance in control trials (mean ± SD = 58.88 ± 8.58 %; 

one-sample t test, t33 = 6.21, p < 0.001*). Overall, participants proved to perceive the 

numerical Delboeuf illusion, so selecting the numerosity presented in the small context 

significantly more than chance (mean ± SD = 57.88 ± 18.88 %; t33 = 2.43, p = 0.021*).

In the 18 Hz tACS stimulation, individual analyses revealed that 18 out of 34 participants 

selected the larger numerosity significantly more than chance in control trials (Table S1, 

Supplementary Material). Considering the Delboeuf illusory trials, 10 out of 34 participants 

selected the numerosity presented in the small context significantly more than chance 

whereas, interestingly, 4 selected more than chance the one presented in the large context 

(Table S1, Supplementary Material).
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Group analyses revealed that, in the 18 Hz tACS stimulation, participants selected the larger 

numerosity significantly more than chance in control trials (mean ± SD = 59.59 ± 8.69 %; 

one-sample t test, t33 = 6.289, p < 0.001*). Overall, participants did not perceive the 

numerical Delboeuf illusion, since they did not select any numerosity significantly more than 

chance (mean ± SD = 55.55 ± 16.59 %; t33 = 1.951, p = 0.060).

Considering the GLMM, it was not observed a statistically significant effect of the stimulation 

on the participants9 accuracy (χ22 = 4.11, p = 0.128). On the other hand, a statistically 

significant effect of the trial type emerged (χ24 = 248.58, p < 0.001). In detail, participants 

reported a significantly lower accuracy in congruent trials, compared to the other trial type 

(all p < 0.001). In the case of incongruent trials, the accuracy was significantly higher, 

compared to the other trial type (all p < 0.05). In the case of large trials, the accuracy was 

higher, especially when compared to both small (p < 0.001) and illusory trials (p < 0.001). 

With small trials, the accuracy tended to be lower, compared to illusory trials (p < .001). The 

complete list of these post-hoc comparisons, including ORs, their 95% CI, z-values, SE, and 

p-values can be found in Table 2. Lastly, considering the interaction among the stimulation 

and the trial type, no statistically significant effect was found (χ28 = 9.16, p = 0.329).

Continuous quantity discrimination

In the 7 Hz stimulation, individual analyses revealed that 26 out of 34 participants selected 

the larger target stimulus significantly more than chance in control trials (Table S1, 

Supplementary Material). Considering the Delboeuf illusory trials, 29 out of 34 participants 

selected the stimulus presented in the small context significantly more than chance (Table 

S1, Supplementary Material).

Group analyses revealed that, in the 7 Hz tACS stimulation, participants selected the larger 

target stimulus significantly more than chance in control trials (mean ± SD = 61.58 ± 7.40 %; 

Wilcoxon-signed rank test, Z = 1.08, p < 0.001*). Participants also proved to perceive the 

Delboeuf illusion, so selecting the stimulus presented in the small context significantly more 

than chance (mean ± SD = 78.81 ± 18.44 %; Z = 1.07, p < 0.001*).

In the 18 Hz tACS stimulation, individual analyses revealed that 28 out of 34 participants 

selected the larger target stimulus significantly more than chance in control trials (Table S1, 

Supplementary Material). Considering the Delboeuf illusory trials, 29 out of 34 participants 
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selected the stimulus presented in the small context significantly more than chance (Table 

S1, Supplementary Material).

Group analyses revealed that, in the 18 Hz tACS stimulation, participants selected the larger 

target stimulus significantly more than chance in control trials (mean ± SD = 63.00 ± 6.98 %; 

Z = 1.159, p < 0.001*). Participants also proved to perceive the Delboeuf illusion, so 

selecting the stimulus presented in the small context significantly more than chance 

(mean ± SD = 82.05 ± 17.93 %; Z = 1.097, p < 0.001*).

Considering the GLMM, a statistically significant effect of the stimulation on the participants9 

accuracy was found (χ22 = 9.52, p = 0.009): participants were more likely to correctly respond 

in case of the 18 Hz tACS stimulation, compared to the 7 Hz tACS stimulation (p < 0.01); 

comparing both 18 Hz and 7 Hz tACS stimulations with the sham condition, no differences 

in accuracy emerged (p > 0.05). Concerning the trial type, a statistically significant effect 

emerged (χ24 = 4437.38, p < 0.001). In detail, compared to all the other trials, the accuracy 

on congruent trials was lower (all p < 0.001), as also found for the numerical discrimination. 

With incongruent trials, the accuracy was higher (all p < 0.001), compared to all the other 

trial types as also found for the numerical discrimination. The performances in both large 

and small trials were not significantly different (p = 0.273). Instead, in illusory trials, the 

accuracy was significantly higher, compared to both large (p < 0.001) and small trials (p < 

0.001). The complete list of these post-hoc comparisons, including ORs, their 95% CI, z-

values, SE, and p-values can be found in Table 2. Lastly, considering the interaction between 

the stimulation and the trial type, no statistically significant effect was found (χ28 = 5.78, p = 

0.672).

Comparison between numerical and continuous quantity discrimination

In the overall model, the effect of the discrimination emerged as statistically significant (χ21 

= 443.75, p < 0.001). In particular, participants were significantly more accurate in the 

continuous quantity discrimination than the numerical one (p < 0.001). Furthermore, a 

statistically significant effect of the stimulation was observed (χ22 = 8.79, p = 0.012): 

participants were less likely to respond correctly in case of the 7 Hz tACS stimulation both 

compared to the 18 Hz tACS stimulation (p = 0.019) and to the sham condition (p = 0.028). 

No difference in accuracy was found between the 18 Hz tACS stimulation and the sham 

condition (p = 0.698). Considering the interaction between discrimination and stimulation, 
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no statistically significant effect was found (χ22 = 5.56, p = 0.062, Figure S2, Supplementary 

Materials).

Considering the trial type, a statistically significant effect was observed (χ24 = 3352.26, p < 

0.001). As for the previous models, the accuracy in congruent trials was lower, compared to 

all the other types of trials (all p < 0.001). On the other hand, in incongruent trials, the 

accuracy was higher compared to all the other trial types (all p < 0.001). Instead in the large 

trials, participants were more likely to respond correctly compared to small trials (p < 0.001). 

In illusory trials, the accuracy was higher, compared to both large (p < 0.001) and small trials 

(p < 0.001).

χ

Power analysis

The results of the power analysis indicated that, with the parameters we specified, a 

numerosity of 45 subjects in a future study would lead us to a predicted power (95% 

confidence interval) of 83.20% (80.74 , 85.47) for the test of the interaction between the 

Stimulus and the Stimulation (Figure 10). While a numerosity of 50 subjects would lead us 

to a predicted power (95% confidence interval) of 87.60% (85.40 , 89.58).
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Table 2. Post-hoc comparisons of all the GLMMs. 
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Figure 9. Comparison of the performances in the two discrimination tasks in all five types of trials.
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Figure 10. Power curves which shows us the power for the interaction effect between stimulus and 
stimulation as the sample size varies. Specifically, with sample sizes equal to 40, 45 and 50.
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Discussion

The question of whether human spatial and numerical abilities are processed by the same 

neuro-cognitive system has been widely debated (Hayashi et al., 2013; Skagerlund et al., 

2016; Walsh, 2003). In this study, we explored this hypothesis in humans by examining (a) 

whether the magnitude of the Delboeuf illusion is comparable for both types of quantities in 

a behavioral task, and (b) whether the Delboeuf illusion's strength is similarly affected for 

both types of quantities under different tACS stimulation frequencies. Overall, our findings 

do not allow for a definitive conclusion; while there is evidence supporting a generalized 

magnitude system, not all of our hypotheses were confirmed. Therefore, while this study 

points to the possibility of a generalized magnitude system, additional research is needed 

to validate these observations and clarify the discrepancies we found.

Our findings indicate a significant difference in human performance between discriminating 

continuous quantities and numbers, with participants showing much greater accuracy in 

distinguishing areas than in distinguishing numbers. This result is consistent with previous 

research, which suggests that both humans and non-human animals have a cognitive 

advantage when processing spatial information compared to numerical quantities (Gazzola 

et al., 2018.; Hubbard et al., 2005; Leibovich & Henik, 2014; Lucon-Xiccato et al., 2015). 

Moreover, there is conflicting evidence in the literature about the strength of the relationship 

between continuous and discrete quantity processing. Some studies have found weak or 

non-significant correlations in performance between these tasks (Cappelletti et al., 2014; 

Dormal et al., 2018; Droit-Volet et al., 2008), implying that the connection between 

continuous and discrete quantity processing might differ depending on the individual or 

experimental conditions. In this context, our analysis identified two notable correlations that 

provide additional insight into this observed discrepancy. The first correlation reveals a 

positive relationship between participants' ability in discriminating continuous quantities and 

their ability to distinguish between numerosities, aligning with prior research findings (Burr 

& Ross, 2008; Gebuis & Reynvoet, 2012). The second correlation shows a relationship 

between participants' susceptibility to the Delboeuf illusion with continuous quantities and 

their susceptibility to the same illusion with numerosity arrays, highlighting the impact of 

perceptual biases on numerical judgments (Anobile et al., 2018; Dormal et al., 2018).
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Interestingly, although participants clearly perceived the standard Delboeuf illusion, our 

initial statistical analyses did not show a similar effect with numerical stimuli, potentially 

challenging the idea of a single perceptual mechanism underlying both types of quantities. 

However, upon further examination, the significant correlation we just mentioned emerged, 

suggesting a common perceptual basis after all.

It is important to note the possibility that numerical discrimination might have been more 

challenging for participants than continuous quantity discrimination. In the previous 

research, Santacà & Granziol (2023) demonstrated that humans do perceive the numerical 

Delboeuf illusion, which contrasts with our initial findings. This difference could be due to 

variations in task procedures, stimulus presentation, or the characteristics of participants 

between the two studies. Compared to the previous study, which was conducted online with 

varying devices and resolutions, the current research was performed in a controlled 

laboratory setting, ensuring consistent conditions such as monitor distance and the absolute 

size of the stimuli. Additionally, in this study, participants were exposed to stimuli for a shorter 

duration of 150 milliseconds per trial to prevent eye movement, unlike the 1500 milliseconds 

used in the previous research (Santacà & Granziol, 2023). Furthermore, the number of trials 

and the overall duration of the experiments varied significantly between the two studies. The 

earlier study lasted about 15 minutes with a total of 120 trials, including 24 illusory trials 

(Santacà & Granziol, 2023), whereas our study included 600 trials in total, with 60 trials 

involving the numerical Delboeuf illusion and 60 featuring the classic illusion. The differences 

in experimental setup and protocol could have influenced participants' levels of fatigue, 

attention, and overall performance, which should be carefully considered when interpreting 

and comparing the results of the two studies. Therefore, future research should carefully 

account for task design and methodological factors to better understand the elements that 

lead to variations in perceptual judgments across different quantity discrimination tasks.

In addition to assessing whether the Delboeuf illusion affects spatial and numerical 

quantities similarly in a behavioral task, we also examined the effect of different tACS 

frequencies on the illusion's strength. We found no significant interaction between tACS and 

the type of discrimination task, which further supports the hypothesis of a shared perceptual 

mechanism underlying magnitude processing. Indeed, despite observing significant effects 

of both stimulation and discrimination type independently, the absence of an interaction 
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indicates that tACS modulation of illusion strength does not significantly differ between 

classic and numerical discrimination tasks. An intriguing finding emerged when examining 

the impact of different tACS frequencies on magnitude processing. We hypothesized that 

theta-frequency tACS (7 Hz) over the right parietal cortex would enhance visual integration, 

thereby amplifying the illusion, while beta-frequency tACS (18 Hz) would weaken the illusion 

by promoting visual segregation. Participants underwent three tACS sessions (7 Hz, 18 Hz, 

and no stimulation), performing quantity discrimination tasks involving both classic and 

numerical Delboeuf illusions. Contrary to our hypothesis, tACS at 7 Hz targeting the parietal 

areas actually seemed to reduce the strength of the perceptual illusion compared to 

stimulation at 18 Hz. Our hypothesis was based on previous research by Stonkus et al. 

(2016), which showed that theta-frequency tACS applied to parietal regions can enhance 

perceptual integration processes. In their study, the authors found that theta tACS improved 

performance in tasks where participants had to identify a target stimulus (a snake composed 

of Gabor patches with similar orientations) among distractors (Gabor patches with different 

orientations). We interpreted these results as suggesting that theta tACS could enhance the 

spatial integration needed to resolve the Delboeuf illusion, where the perception of two 

identical-sized stimuli changes depending on the size of the surrounding context elements. 

Contrary to our expectations, our study found that theta tACS at 7 Hz weakened the strength 

of the illusion compared to the 18 Hz stimulation condition. The exact mechanism behind 

this unexpected result is not fully understood. One possible explanation is that 18 Hz tACS 

enhances visual segregation only when distractors are perceived as such, but in this study, 

the context might have been viewed as neutral by participants. On the other hand, 7 Hz 

tACS may enhance mechanisms that inhibit irrelevant information, such as distractors, 

rather than boosting perceptual integration processes. This speculation might also account 

for the findings of Stonkus et al. (2016), where participants needed to both integrate target 

stimuli and filter out distractors. In our experimental setup, although the background context 

was not directly related to the main task, it might have been perceived as a distractor that 

needed to be inhibited. However, these explanations remain speculative at this point. 

Interestingly, applying theta tACS to the parietal cortex was also linked to a decline in 

performance on visual memory tasks. This suggests that 7 Hz parietal tACS might affect not 

only perceptual mechanisms but also working memory processes, potentially interfering with 

the accurate encoding of information into working memory (Wolinski et al., 2018).
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In conclusion, our study provides insights into the perceptual mechanisms behind the 

Delboeuf illusion by combining findings from behavioral tasks and transcranial alternating 

current stimulation. We found differences in performance between spatial and numerical 

quantity discrimination, with participants showing better ability in continuous quantity 

discrimination. Importantly, the lack of a significant interaction between tACS and 

discrimination type supports the idea of a common perceptual mechanism underlying the 

perception of the Delboeuf illusion, even when different magnitudes are involved. However, 

the numerical discrimination task was more challenging compared to a previous study 

(Santacà & Granziol, 2023), highlighting the need for further research to explore the factors 

contributing to this discrepancy. In this context, we plan to use the power analysis mentioned 

earlier to replicate this study with an appropriate sample size (i.e., ensuring at least 80% 

power). Future research could further investigate the cognitive and perceptual processes 

involved in numerical discrimination tasks, possibly incorporating task modifications to 

improve performance, such as extending the duration of stimuli presentation and using an 

eye tracker to account for eye movements. Moreover, studies examining the neural 

correlates of numerical perception could offer valuable insights into the mechanisms behind 

the difficulties in numerical discrimination observed in our study. These efforts will help 

deepen our understanding of the complexities of numerical perception and its interaction 

with perceptual illusions. Future research exploring the effects of tACS on other perceptual 

illusions could offer valuable insights into how our findings apply to different perceptual 

contexts. Overall, our work enhances the understanding of the perceptual processes 

underlying the Delboeuf illusion and highlights the potential of non-invasive brain stimulation 

techniques for modulating visual perception.
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Humans’ individual performance (small, large, congruent, incongruent trials: frequency of choices for the larger 

Continuous quantity discrimination Numerical discrimination

Subject Age Gender Small Large Congruent Incongruent Delboeuf 
illusion

Small Large Congruent Incongruent Delboeuf 
illusion

tAcs

1 24 F 50/60

p<0.001*

56/60

p<0.001*

1/59

p<0.001*

60/60

p<0.001*

60/60

p<0.001*

54/59

p<0.001*

53/60

p<0.001*

49/60

p<0.001*

58/60

p<0.001*

40/60

p=0.013*

Sham

51/59

p<0.001*

55/60

p<0.001*

1/59

p<0.001*

60/60

p<0.001*

60/60

p<0.001*

46/56

p<0.001*

51/60

p<0.001*

46/58

p<0.001*

53/60

p<0.001*

43/60

p=0.001*

7 Hz

48/60

p<0.001*

48/57

p<0.001*

4/60

p<0.001*

60/60

p<0.001*

60/60

p<0.001*

46/59

p<0.001*

48/57

p<0.001*

45/60

p<0.001*

51/58

p<0.001*

30/59

p=1.000

18 Hz

2 30 M 37/58

p=0.048*

41/60

p=0.006*

7/60

p<0.001*

59/60

p<0.001*

59/60

p<0.001*

37/54

p=0.009*

33/52

p=0.070

13/54

p<0.001*

49/55

p<0.001*

39/53

p<0.001*

Sham

18/28

p=0.185

24/37

p=0.099

12/41

p=0.012*

30/32

p<0.001*

28/31

p<0.001*

37/54

p=0.009*

40/52

p<0.001*

33/56

p=0.229

40/54

p<0.001*

30/52

p=0.332

7 Hz



48/58

p<0.001*

38/58

p=0.025*

12/59

p<0.001*

58/60

p<0.001*

55/59

p<0.001*

42/57

p<0.001*

35/59

p=0.193

24/57

p=0.289

48/57

p<0.001*

37/55

p=0.015*

18 Hz

3 22 F 45/59

p<0.001*

49/59

p<0.001*

10/58

p<0.001*

56/58

p<0.001*

52/58

p<0.001*

32/58

p=0.512

30/55

p=0.590

8/57

p<0.001*

49/55

p<0.001*

36/59

p=0.117

Sham

44/57

p<0.001*

39/48

p<0.001*

8/57

p<0.001*

53/56

p<0.001*

52/56

p<0.001*

34/55

p=0.105

38/55

p=0.006*

17/55

p=0.006*

47/57

p<0.001*

41/57

p=0.001*

7 Hz

34/49

p=0.009*

34/42

p<0.001*

14/55

p<0.001*

54/55

p<0.001*

40/49

p<0.001*

32/51

p=0.092

23/40

p=0.430

14/51

p=0.001*

39/43

p<0.001*

32/43

p=0.002*

18 Hz

4 22 F 31/60

p=0.897

32/59

p=0.603

16/58

p<0.001*

45/60

p<0.001*

43/59

p<0.001*

29/60

p=0.897

37/59

p=0.067

31/59

p=0.795

32/60

p=0.699

32/60

p=0.699

Sham

35/59

p=0.193

33/60

p=0.519

16/59

p<0.001*

52/60

p<0.001*

49/60

p<0.001*

31/60

p=0.897

31/60

p=0.897

46/60

p<0.001*

17/60

p=0.001*

17/60

p=0.001*

7 Hz

34/59

p=0.298

36/60

p=0.155*

25/60

p=0.245

49/58

p<0.001*

47/59

p<0.001*

28/60

p=0.699

38/60

p=0.052

41/59

p=0.004*

23/60

p=0.092

21/60

p=0.027*

18 Hz

5 24 M 31/59

p=0.795

31/60

p=0.897

31/60

p=0.897

37/60

p=0.092

33/59

p=0.435

35/59

p=0.193

43/59

p=0.001*

29/58

p=1.000

37/59

p=0.067

28/60

p=0.699

Sham

27/58

p=0.694

31/58

p=0.694

28/59

p=0.795

26/58

p=0.512

28/59

p=0.795

33/57

p=0.289

27/60

p=0.519

31/60

p=0.897

32/59

p=0.603

34/58

p=0.237

7 Hz

31/60

p=0.897

29/56

p=0.894

34/58

p=0.237

34/58

p=0.237

27/53

p=1.000

36/58

p=0.087

37/56

p=0.022*

26/58

p=0.512

39/57

p=0.008*

30/56

p=0.689

18 Hz

6 23 F 36/60

p=0.155

30/55

p=0.590

17/56

p=0.005*

41/60

p=0.006*

37/57

p=0.033*

35/58

p=0.148

31/58

p=0.694

33/57

p=0.289

38/58

p=0.025*

29/57

p=1.000

Sham



35/58

p=0.148

34/60

p=0.366

27/59

p=0.603

39/60

p=0.027*

41/59

p=0.004*

33/59

p=0.559

31/59

p=0.795

36/59

p=0.117

27/59

p=0.603

29/60

p=0.897

7 Hz

31/60

p=0.897

39/58

p=0.012*

26/56

p=0.689

46/57

p<0.001*

42/59

p=0.002*

38/60

p=0.052

37/59

p=0.067

27/59

p=0.603

30/60

p=1.000

34/60

p=0.366

18 Hz

7 24 F 36/57

p=0.063

39/58

p=0.012*

21/59

p=0.036*

56/59

p<0.001*

51/59

p<0.001*

47/60

p<0.001*

53/60

p<0.001*

51/59

p<0.001*

43/60

p=0.001*

19/60

p<0.001*

Sham

45/58

p<0.001*

36/51

p=0.005*

27/54

p=1.000

54/56

p<0.001*

42/52

p<0.001*

48/58

p<0.001*

43/58

p<0.001*

54/59

p<0.001*

24/60

p=0.155

14/59

p<0.001*

7 Hz

44/59

p<0.001*

34/58

p=0.237

26/59

p=0.435

56/60

p<0.001*

51/60

p<0.001*

50/59

p<0.001*

48/59

p<0.001*

59/60

p<0.001*

35/60

p=0.245

16/59

p<0.001*

18 Hz

8 22 F 50/59

p<0.001*

51/60

p<0.001*

22/60

p=0.052

57/60

p<0.001*

56/60

p<0.001*

34/60

p=0.366

39/59

p=0.018*

22/60

p=0.052

40/60

p=0.013*

29/60

p=0.897

Sham

37/60

p=0.092

36/60

p=0.115

23/60

p=0.092

44/59

p<0.001*

41/57

p=0.001*

38/58

p=0.025*

43/60

p=0.001*

25/60

p=0.245

55/60

p<0.001*

41/59

p=0.004*

7 Hz

45/60

p<0.001*

42/60

p=0.003*

30/60

p=1.000

52/60

p<0.001*

40/60

p=0.013*

40/60

p=0.013*

50/60

p<0.001*

20/60

p=0.013*

56/60

p<0.001*

48/60

p<0.001*

18 Hz

9 25 F 43/60

p<0.001*

40/59

p=0.009*

22/60

p=0.052

53/60

p<0.001*

47/60

p<0.001*

37/60

p=0.092

30/59

p=1.000

47/59

p<0.001*

37/59

p=0.067

32/59

p=0.603

Sham

30/59

p=1.000

29/59

p=1.000

7/60

p<0.001*

54/58

p<0.001*

49/60

p<0.001*

33/60

p=0.519

35/60

p=0.245

25/60

p=0.245

34/60

p=0.366

41/60

p=0.006*

7 Hz

46/59

p<0.001*

43/60

p=0.001*

9/60

p<0.001*

58/59

p<0.001*

54/60

p<0.001*

33/60

p=0.519

40/60

p=0.013*

48/60

p<0.001*

43/60

p=0.001*

37/60

p=0.092

18 Hz



10 24 F 35/60

p=0.245

33/59

p=0.435

19/60

p=0.006*

37/60

p=0.092

46/60

p<0.001*

31/60

p=0.897

35/59

p=0.193

17/59

p=0.002*

46/60

p<0.001*

41/60

p=0.006*

Sham

38/60

p=0.052

39/59

p=0.018*

13/60

p<0.001*

55/59

p<0.001*

52/58

p<0.001*

33/60

p=0.519

35/60

p=0.245

18/60

p=0.003*

50/59

p<0.001*

51/60

p<0.001*

7 Hz

44/60

p<0.001*

39/60

p=0.027*

20/60

p=0.013*

45/60

p<0.001*

48/59

p<0.001*

38/60

p=0.052

33/60

p=0.519

26/59

p=0.435

43/59

p=0.001*

38/59

p=0.036*

18 Hz

11 24 F 29/58

p=1.000

33/58

p=0.358

33/57

p=0.289

29/59

p=1.000

26/59

p=0.435

37/60

p=0.092

42/59

p=0.002*

40/59

p=0.009*

16/60

p<0.001*

24/60

p=0.155

Sham

38/60

p=0.052

37/58

p=0.048*

43/57

p<0.001*

28/58

p=0.896

52/58

p<0.001*

32/60

p=0.699

38/60

p=0.052

53/59

p<0.001*

21/60

p=0.027*

24/60

p=0.155

7 Hz

26/59

p=0.435

33/59

p=0.435

31/58

p=0.694

30/59

p=1.000

33/59

p=0.435

27/56

p=0.894

30/58

p=0.896

34/60

p=0.366

24/56

p=0.350

27/58

p=0.694

18 Hz

12 23 M 43/58

p<0.001*

36/54

p=0.020*

44/54

p<0.001*

41/57

p=0.001*

25/57

p=0.427

30/58

p=0.896

40/59

p=0.009*

49/60

p<0.001*

20/59

p=0.018*

19/57

p=0.016*

Sham

40/59

p=0.009*

42/60

p=0.003*

51/60

p<0.001*

31/60

p=0.897

19/58

p=0.012*

33/60

p=0.519

45/59

p<0.001*

53/59

p<0.001*

13/59

p<0.001*

11/60

p<0.001*

7 Hz

39/59

p=0.018*

47/58

p<0.001*

52/58

p<0.001*

23/59

p=0.117

15/60

p<0.001*

42/60

p=0.003*

47/60

p<0.001*

9/60

p<0.001*

54/59

p<0.001*

11/60

p<0.001*

18 Hz

13 22 F 51/60

p<0.001*

50/60

p<0.001*

0/60

p<0.001*

59/59

p=0.001*

60/60

p=0.427

28/60

p=0.699

33/60

p=0.519

5/60

p<0.001*

58/59

p<0.001*

54/60

p<0.001*

Sham

39/60

p=0.027*

42/60

p=0.003*

4/60

p<0.001*

59/59

p<0.001*

57/60

p<0.001*

33/59

p=0.435

35/60

p=0.245

11/59

p<0.001*

50/60

p<0.001*

48/60

p<0.001*

7 Hz



47/59

p<0.001*

52/59

p<0.001*

1/60

p<0.001*

59/60

p<0.001*

58/59

p<0.001*

36/58

p=0.087

32/59

p=0.603

3/59

p<0.001*

57/60

p<0.001*

51/59

p<0.001*

18 Hz

14 23 F 50/60

p<0.001*

44/59

p<0.001*

10/60

p<0.001*

60/60

p<0.001*

56/60

p<0.001*

31/60

p=0.897

28/59

p=0.795

5/60

p<0.001*

57/60

p<0.001*

47/60

p<0.001*

Sham

44/60

p<0.001*

42/58

p=0.001*

12/60

p<0.001*

53/60

p<0.001*

55/59

p<0.001*

35/57

p=0.111

34/55

p=0.105

22/58

p=0.087

44/58

p<0.001*

39/55

p=0.003*

7 Hz

40/60

p=0.013*

48/60

p<0.001*

6/59

p<0.001*

60/60

p<0.001*

56/60

p<0.001*

27/60

p=0.519

34/59

p=0.298

8/60

p<0.001*

56/60

p<0.001*

51/60

p<0.001*

18 Hz

15 23 F 40/59

p=0.009*

32/59

p=0.603

5/59

p<0.001*

58/60

p<0.001*

60/60

p<0.001*

47/60

p<0.001*

48/58

p<0.001*

57/58

p<0.001*

17/59

p=0.002*

13/60

p<0.001*

Sham

43/59

p=0.001*

35/57

p=0.111

4/59

p<0.001*

59/60

p<0.001*

57/59

p<0.001*

45/59

p<0.001*

49/57

p<0.001*

54/59

p<0.001*

34/59

p<0.001*

12/60

p<0.001*

7 Hz

44/58

p<0.001*

48/60

p<0.001*

6/56

p<0.001*

56/59

p<0.001*

57/60

p<0.001*

38/55

p=0.006*

36/56

p=0.044*

47/57

p<0.001*

25/56

p=0.504

21/55

p=0.105

18 Hz

16 25 F 44/58

p<0.001*

38/49

p<0.001*

14/59

p<0.001*

59/59

p<0.001*

56/60

p<0.001*

41/57

p=0.001*

47/59

p<0.001*

51/60

p<0.001*

35/58

p=0.148

22/60

p=0.052

Sham

44/58

p<0.001*

44/58

p<0.001*

9/60

p<0.001*

60/60

p<0.001*

56/60

p<0.001*

39/58

p=0.012*

39/60

p=0.027*

36/58

p=0.087

45/59

p<0.001*

30/58

p=0.896

7 Hz

44/60

p<0.001*

46/58

p<0.001*

5/59

p<0.001*

60/60

p<0.001*

56/60

p<0.001*

48/60

p<0.001*

45/57

p<0.001*

43/59

p=0.001*

39/57

p=0.008*

28/59

p=0.795

18 Hz

17 24 M 52/56

p<0.001*

49/54

p<0.001*

22/58

p=0.087

56/59

p<0.001*

51/58

p<0.001*

28/45

p=0.135

34/40

p<0.001*

37/46

p<0.001*

24/41

p=0.349

15/37

p=0.324

Sham



53/60

p<0.001*

56/59

p<0.001*

16/59

p=0.001*

60/60

p<0.001*

56/60

p<0.001*

37/60

p=0.092

49/60

p<0.001*

49/60

p<0.001*

30/60

p=1.000

31/59

p=0.795

7 Hz

48/60

p<0.001*

48/59

p<0.001*

22/59

p=0.067

59/59

p<0.001*

58/59

p<0.001*

35/59

p=0.193

38/60

p=0.052

45/60

p<0.001*

24/60

p=0.155

22/60

p=0.052

18 Hz

18 35 F 43/60

p=0.001*

44/60

p<0.001*

28/59

p=0.795

50/60

p<0.001*

35/60

p=0.245

31/60

p=0.897

33/60

p=0.519

27/60

p=0.519

45/60

p<0.001*

36/59

p=0.117

Sham

35/60

p=0.245

35/60

p=0.245

2/60

p<0.001*

59/60

p<0.001*

57/60

p<0.001*

31/60

p=0.897

35/60

p=0.245

15/60

p<0.001*

49/60

p<0.001*

52/60

p<0.001*

7 Hz

41/60

p=0.006*

34/58

p=0.237

11/60

p<0.001*

49/59

p<0.001*

51/59

p<0.001*

38/59

p=0.036

31/60

p=0.897

12/59

p<0.001*

51/60

p<0.001*

43/60

p=0.001*

18 Hz

19 22 F 32/60

p=0.699

33/60

p=0.519

20/59

p=0.018*

42/57

p<0.001*

39/58

p=0.012*

32/60

p=0.699

33/60

p=0.519

28/59

p=0.795

42/60

p=0.003*

24/59

p=0.193

Sham

32/57

p=0.427

19/57

p=0.016*

16/59

p=0.001*

49/58

p<0.001*

41/58

p=0.002*

33/59

p=0.435

31/59

p=0.795

25/58

p=0.358

31/59

p=0.795

26/58

p=0.512

7 Hz

30/58

p=0.896

33/60

p=0.519

11/60

p<0.001*

44/60

p<0.001*

48/60

p<0.001*

29/58

p=1.000

28/60

p=0.699

16/60

p<0.001*

41/58

p=0.002*

35/59

p=0.193

18 Hz

20 24 F 39/60

p=0.018*

35/59

p=0.193

19/60

p=0.006*

53/59

p<0.001*

50/60

p<0.001*

34/60

p=0.366

35/60

p=0.245

31/58

p=0.694

44/60

p<0.001*

31/59

p=0.897

Sham

41/60

p=0.006*

48/60

p<0.001*

19/59

p=0.009*

55/59

p<0.001*

50/59

p<0.001*

33/60

p=0.519

36/59

p=0.117

31/59

p=0.795

36/60

p=0.155

27/57

p=0.791

7 Hz

35/60

p=0.245

33/59

p=0.435

14/60

p<0.001*

54/60

p<0.001*

54/60

p<0.001*

31/59

p=0.795

39/60

p=0.027*

37/60

p=0.092

32/58

p=0.512

26/60

p=0.366

18 Hz



21 23 F 29/60

p=0.897

38/60

p=0.052

19/60

p=0.006*

40/59

p=0.009*

43/58

p<0.001*

32/59

p=0.603

35/58

p=0.148

31/59
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Figure S1. This figure represents a schematization of the analyses that have been conducted.



Figure S2. (mean ± SE)


