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Summary 

If we are asked to judge the temporal order of two successive tactile stimuli delivered to each 

hand, we often make inverted judgments when we cross our hands. This phenomenon, termed the 

crossing effect, indicates that our brain utilizes not only the somatosensory information but the 

posture-related spatial information in the perception of touch and its temporal order. In the present 

thesis, I examined the neural basis associated with the crossing of the hands and making an inverted 

judgment.  

I first paid attention to the fact that the degree of reversal (i.e., making inverted judgments 

due to the crossing of the hands) varies significantly across individuals. The brain regions 

responsible for the inter-individual variability should play a major role in the crossing effect. I then 

turned to the intra-individual variability. Each individual makes inverted judgments in some of the 

trials and not the others. To study the trial-by-trial variability, I examined the time-frequency 

dynamics of the interactions between those regions associated with the crossing effect. 

In the first part, by analyzing the structural MRI image of different individuals, I discovered 

that the participants with a thinner, larger, and more convoluted cerebral cortex in ten anatomical 

regions, including the right pars-orbitalis, right and left postcentral gyri, left precuneus, left 

superior parietal lobule, right middle temporal gyrus, left superior temporal gyrus, right cuneus, 

left supramarginal gyrus, and right rostral middle frontal gyrus had a smaller degree of reversal. I 

hypothesize that a better cortical elaboration (development) in those ten regions should contribute 

to better integrating the somatosensory and spatial postural information and a superior top-down 

inhibitory control. 

In the second part, I analyzed magnetoencephalographic data to derive the dynamic network 

connectivity across the regions found in the first part. I discovered that there were two distinct 



  

 
 

modes in the brain network connectivity, one in the low alpha band (5~10 Hz) and the other in the 

low beta band (12~18 Hz). When the hands were uncrossed, the brain mainly utilized the low alpha 

mode, and the low alpha connectivity was dominated by one of the hemispheres contralateral to 

the hand being stimulated first. On the contrary, when the hands were crossed, the low beta mode 

was profoundly recruited as well, and the connectivity involved both hemispheres. Most 

importantly, the low beta mode connectivity was less recruited in the trials with inverted judgments 

and the participants with a larger degree of judgment reversal. 

The present study suggests that the brain network involving the ten brain regions is 

responsible for ordering the tactile signals represented in both somatotopic and spatial coordinates. 

Furthermore, the network utilizes the low alpha band by default, but the low alpha mode yields 

inverted judgments when the hands are crossed. The recruitment of the low beta mode is a major 

contributor to making a correct judgment.      

 

 

Keywords: tactile temporal order judgment (TOJ), judgment reversal, structural MRI, cortical 
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General Introduction 

Our brain can detect the temporal order of two successive tactile stimuli delivered to each 

hand with a stimulus onset asynchrony (SOA) of as short as 20~50 ms (Hirsh IJ and CE Sherrick 

Jr 1961; Pöppel E 1997). It is noteworthy that the short SOA of around 50 ms is quite challenging, 

and we might sometimes fail in successfully identifying the order. However, when the SOA is 

above 100 ms, it is easy to detect the order, consistently without failure. Interestingly, when we 

cross our hands, the task difficulty increases drastically to a degree that we often perceive the order 

inversely even when the SOA is long, around hundreds of milliseconds (Fig. 0-1) (Yamamoto S 

and S Kitazawa 2001; Shore DI et al. 2002). This phenomenon suggests that our brain doesn’t rely 

solely on its somatotopic arrangement (point-by-point correspondence between body areas and the 

primary somatosensory cortex) in the perception of the touch and its temporal order but also 

considers the body posture. As the somatosensory information coming from the somatotopic 

arrangement is not altered by the crossing of the hands, the integration of the posture-related spatial 

information with the somatosensory information should be causing the inverted perception.  

This phenomenon, known as the crossing effect or the judgment reversal, was discovered by 

Yamamoto S and S Kitazawa (2001) for the first time in 2001. Since then, it has gotten lots of 

attention in the scientific community. The crossing effect indicates that the somatosensory and 

proprioceptive (sense of own body posture) systems should interact for perceiving a touch on the 

hands. Thus, the study of the crossing effect could reveal the neural basis of those systems and 

their interactions. It can contribute to discovering how our brain makes an internal map of the 

body’s posture, how it processes and updates this internal map, and how it utilizes this map in the 

somatosensory system for the perception of touch. Last, it is worth nothing that it can even impact 
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medical science by better understanding the underlying problem of the patients with certain 

proprioception-related neurological disorders, such as those who suffer from abnormal sensations. 

 

Fig. 0-1. Illustration of the tactile temporal order judgment task and the crossing effect. Two successive 

tactile stimuli were delivered to each hand either in a crossed or uncrossed posture, and participants were 

asked to judge their temporal order by identifying the second stimulus. (a-c) The order judgment 

probability (i.e., the probability of judging the left hand as the hand being stimulated second) against the 

stimulation interval in three individual subjects in the crossed (red) and uncrossed (black) postures. (d) 

The average of the judgment probability in twenty subjects. The negative and positive intervals 

correspond to the left- then right-hand stimulation and right- then left-hand stimulation, respectively. 

This figure shows that crossing the hands significantly affects the temporal order judgment (causes a 

significant number of inverted judgments).  (adapted from Yamamoto S and S Kitazawa 2001) 
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Psychophysiological studies have revealed that when the hands are crossed, our brain 

initially senses the touch on the wrong hand, and then maps it to the correct hand (Groh JM and 

DL Sparks 1996; Azañón E and S Soto-Faraco 2008; Overvliet KE et al. 2011). When participants 

were asked to make an immediate saccade toward a stimulation delivered to their hands crossed, 

at first, their saccade went toward the wrong hand and then quickly curved back toward the correct 

hand (Groh JM and DL Sparks 1996; Overvliet KE et al. 2011). Similarly, in a tactile-visual task 

(tactile preceding the visual stimulus), it has been observed that when the hands were crossed, 

initially, the tactile stimulus facilitated the reaction toward a visual target presented on the opposite 

side; however, later, it facilitated the reaction when they were on the same side. The time-course 

in the curved saccadic movement and the tactile-visual task suggest that it takes around 200~400 

ms for the correct mapping of a tactile stimulus to accomplish. It has been suggested that there are 

two reference frames in our brain associated with the spatial coordinate of a touch: anatomical and 

external frames. The anatomical frame is based on the somatosensory information and the default 

posture of the hands (i.e., the right space corresponds to the right hand, and the left space 

corresponds to the left hand). The external frame is constructed based on the integration of the 

somatosensory and spatial postural information. When the hands are crossed, the anatomical and 

external frames contradict each other (Fig. 0-2).  

However, the exact mechanism that causes the crossing effect is still controversial and not 

established (Heed T and E Azanon 2014). For example, in one account, it has been hypothesized 

that the anatomical frames of two successive tactile stimuli induce an inverted sense of motion. 

Then, integration of this motion signal with the external frame causes the judgment reversal 

(Kitazawa S et al. 2008). In another account, it has been proposed that both anatomical and external 

frames are concurrently available and active. Thus, an incorrect integration of the frames (i.e., 
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more weight on the anatomical frame) causes the judgment reversal (Shore DI et al. 2002). Further 

studies have suggested that this integration should be subjected to top-down control (influence of 

high-level functions, like attention, task expectations, and etc., on low-level functions, here the 

integration of the frames) (Badde S et al. 2014, 2016). One evidence for the top-down control is 

that the task instruction affects the judgment reversal (Badde S et al. 2016). For example, 

participants performed better when they were instructed to localize the first stimulus and ignore 

the second one, as compared to when they were instructed to report the temporal order by 

identifying the first stimulus. The other evidence is the influence of a concurrent cognitive load 

(Badde S et al. 2014). It has been observed that the crossing effect was smaller when participants 

performed a dual-task consisting of a memory task preceding the tactile temporal order judgment 

(TOJ) task.   

Moreover, it has not been well established what the neural basis of the judgment reversal is. 

Thanks to the functional magnetic resonance imaging (fMRI) studies (Takahashi T et al. 2013; 

Crollen V et al. 2017), we have some ideas regarding which brain regions are involved in the 

crossed-hand TOJ task. In short, the previous fMRI studies reported that adopting a crossed posture 

activated the posterior parietal areas of the brain (Wada M et al. 2012). Furthermore, in the tactile 

TOJ task, the activity of some posterior regions (the superior parietal lobule, supramarginal gyrus, 

and precuneus), middle and superior temporal gyrus, and prefrontal cortices was stronger when 

the hands were crossed than uncrossed (Takahashi T et al. 2013; Crollen V et al. 2017).  However, 

we still don’t know their exact functionality and their interactions with each other. More 

importantly, due to methodological limitations of the fMRI, such as the low temporal resolution 

or dependency on the choice of control tasks, there is a great chance that some areas have been 

overlooked and escaped from being discovered. 
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Taken together, neural bases or neural mechanisms of the crossing effect still remained 

elusive. In the present thesis, I aimed at elucidating the neural bases and mechanism of the crossing 

effect. To this end, I first paid attention to great variability in the degree of judgment reversal 

across different individuals. On one side of the spectrum, we can find the people who have a large 

degree of judgment reversal (e.g., Fig. 0-1a), and on the other side, the people who show a small 

degree of reversal (e.g., Fig. 0-1c). I expected that the brain regions responsible for the inter-

individual variability should play a major role in the crossing effect. In the first chapter of the 

thesis, by analyzing the structural MRI image of different individuals, I examined which brain 

regions and their cortical characteristics contribute to having a greater degree of reversal. I will 

show that there are ten regions responsible for the inter-individual variability. 

 

Fig. 0-2. Graphical illustration of the anatomical and external frames in a crossed-hand posture. 
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Even if we know these key regions that explain the crossing effect, we still don’t know how 

they interact across time and frequency to yield inverted judgments in some trials but correct 

judgments in others. In the second chapter, I thus analyzed magnetoencephalographic (MEG) data, 

which is superior in temporal resolution than the structural or functional MRI data. By analyzing 

the MEG data, I found that there were two distinct modes in the brain network, one in the low-

alpha frequency band (5~10 Hz) and another in the low-beta band (12~18 Hz). I will show how 

these two modes of network activity correspond to making a correct or inverted judgment. 
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crossed? A structural MRI study 
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Abstract 

Our subjective temporal order of two successive tactile stimuli delivered one to each hand 

is often inverted when our hands are crossed. However, there is great variability among different 

individuals. I addressed the question of why some show almost complete reversal, but others show 

little reversal. To this end, I obtained structural MRI data from 42 participants who also 

participated in the tactile temporal order judgment (TOJ) task. I extracted the cortical thickness 

and the convoluted surface area as cortical characteristics in 68 regions. I found that the 

participants with a thinner, larger, and more convoluted cerebral cortex in ten regions, including 

the right pars-orbitalis, right and left postcentral gyri, left precuneus, left superior parietal lobule, 

right middle temporal gyrus, left superior temporal gyrus, right cuneus, left supramarginal gyrus, 

and right rostral middle frontal gyrus showed a smaller degree of judgment reversal. In light of 

major theoretical accounts, I suggest that cortical elaboration in the aforementioned regions 

improve the crossed-hand TOJ performance through better integration of the tactile stimuli with 

the correct spatial representations in the left parietal regions, better representation of spatial 

information in the postcentral gyrus, or improvement of top-down inhibitory control by the right 

pars-orbitalis.  
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Introduction 

If we are asked to judge the temporal order of two successive tactile stimuli delivered one to 

each hand, we often make more inverted judgments when our hands are crossed than when they 

are not crossed (Yamamoto S and S Kitazawa 2001; Shore DI et al. 2002). The finding has clearly 

shown that our brain cannot solely rely on somatotopic locations of the stimuli in judging their 

temporal order. It is already 20 years from the initial reports, but there still remain controversies 

over two fundamental questions.   

The first question is regarding why and how the inverted judgment occurs. Different 

theoretical accounts have been proposed to address this question (Kitazawa S et al. 2008; Heed T 

and E Azanon 2014; Maij F et al. 2020). Kitazawa S et al. (2008) proposed that inverted judgment 

takes place because a stimulus to one hand in the crossed posture is initially mapped to the wrong 

hand in space, which will be remapped to the correct hand thereafter in 200~400 ms (Kitazawa S 

2002). This process of remapping from the wrong to the correct hand was initially proposed based 

on the time course of a curved somatosensory saccade (Groh JM and DL Sparks 1996), but later 

confirmed by an ingenious psychological experiment (Azañón E and S Soto-Faraco 2008). 

Kitazawa S et al. (2008) further proposed that the erroneous initial mappings are fixed as an 

inverted motion signal when two stimuli are successively delivered before the correct remapping 

is achieved, with a stimulus onset asynchrony of 200 ms for example. This inversion in the motion 

signal was suggested as a cause of an inverted judgment. Involvement of the motion signal was 

supported later by a functional imaging study (Takahashi T et al. 2013). Another account was put 

forth by Shore et al (Shore DI et al. 2002). They proposed that the two external (spatial) and 

anatomical representations are concurrently available, thus, in the crossed posture, each hand will 

have two active left and right spatial characteristics. Integration of these contradictory spatial 
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information may lead to associating incorrect hands with the tactile stimuli. Following this thread, 

Badde S et al. proposed that the integration of the two representations is subject to top-down 

control as they found that the performance in tactile temporal order judgment (TOJ) task was 

modulated by the task instruction (Badde S et al. 2016) and by a concurrent cognitive load (Badde 

S et al. 2014). More recently, Maij F et al. (2020) proposed that the TOJ performance does not 

rely on the external representation. They suggested that the external representation will be 

constructed post-hoc on demand after making a hand choice, which depends on different 

categorical features of touch such as limb type and body side (Badde S et al. 2019). In this account, 

inverted judgment occurs solely due to associating an incorrect hand with a tactile stimulus upon 

occurrence. 

The second question concerns variabilities across participants. Due to crossing of the hands, 

some individuals show almost complete judgment reversal, but others show much less reversal 

(e.g., Yamamoto and Kitazawa, 2001). The most evident factor reported thus far is the sex of 

participants. Generally, female participants show greater judgment reversal than male participants 

(Cadieux ML et al. 2010). However, there remains considerable diversity in the degree of judgment 

reversal even within male or female groups. In addition, the sex difference has been observed in 

only a few number of tactile TOJ studies (Unwalla K et al. 2020). It is possible that sex is not a 

primary factor but that there exist some critical parameters in the cortical structure that explain the 

variability in both males and females. 

In the present study, I aimed to search for such parameters in the cortical structure that would 

explain the inter-individual variability in the degree of judgment reversal. For this purpose, I 

examined the brain structure of 42 participants (23 males and 19 females) and extracted the cortical 

thickness and the surface and mean curvature of the white-gray matter boundary in 68 anatomical 
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regions. Here, I show that a combined index of cortical features in a few regions explains the 

degree of judgment reversal regardless of the sex of the participants. Furthermore, I discuss the 

implications of the mechanisms of judgment reversal.
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Methods 

Participants 

Forty-two volunteers (23 males and 19 females with an average age of 22.7 and a standard 

deviation of 2.1 years old) participated in this study. Thirty-nine of them were right-handed 

(laterality quotient between 70 and 100 with an average of 94.7 and a standard deviation of 7.3), 

two of them were right-hand-preferred ambidextrous (laterality quotient of 10 and 15), and one of 

them was left-hand-preferred ambidextrous (laterality quotient of −50 ) according to the 

Edinburgh Inventory test (Oldfield RC 1971). All participants were neurologically normal and 

provided written informed consent according to the guidelines of the Ethical Review Board of 

Osaka University, Graduate School of Frontier Biosciences. 

Tactile TOJ experiment 

Participants sat behind a desk, with their head fixated on a chinrest, and placed their hands 

on the desk (palms facing down) with their arms either crossed or uncrossed (Fig. 1-1 A). The 

distance between the ring fingers was kept at 20 cm in both of the postures. Participants closed 

their eyes and put on earphones that played white noise. They could only rely on their tactile sense. 

By using mechanical vibrators, two brief successive tactile stimuli were delivered one to the ring 

finger of each hand. Participants were asked to judge the order of the stimuli by indicating which 

stimulus was delivered second. Two buttons were placed under the index finger of each hand. 

Participants expressed their judgment by pressing those buttons. Participants were instructed to 

respond as soon as they received the second stimulus (within 3 s). If they responded before the 

delivery of the second stimulus or after the 3 s response window, the trial was considered a miss, 

and it would be repeated again randomly at some point throughout the session. To prevent 

participants from making premature judgments based on the first stimulus, in some random trials, 
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both stimuli were delivered to the same hand (catch trial). In the catch trials, participants were 

required to respond to the second stimulus as in the other trials. The catch trials were essential to 

make the participants pay attention to the order of the two stimuli. Otherwise, participants could 

focus on the perception of the first stimulus in particular, and then respond by the other hand 

without paying any attention to the second stimulus. I conducted the experiment in two sessions 

on the same day with a short break (5~10 min) in between. In the first session, the hands were 

parallel (uncrossed). In the second session, the hands were crossed.  

 

 

Fig. 1-1. (A) Experimental paradigm. Two successive tactile stimuli were delivered one to the ring finger 

of each hand, and participants were asked to judge their temporal order by identifying which hand was 

stimulated second. The experiment was conducted in two sessions: in the first session, the hands were 

parallel (uncrossed), and in the second session, the hands were crossed. (B) Left-hand-second judgment 

probability of one particular participant in the crossed (red) and uncrossed (gray) conditions. SOA is the 
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stimulus onset asynchrony of the two tactile stimuli. Positive and negative SOAs indicate that the order of 

stimuli was from the right- to left-hand and from the left- to right-hand, respectively. (C) The difference 

between the judgment probabilities in the crossed and uncrossed conditions (blue curve) shows the 

judgment reversal that occurred due to the crossing of the hands. The surface area of judgment reversal 

was used as a measure to quantify the performance of the participants in the crossed hand condition. 

The stimulus onset asynchrony (SOA) of the two tactile stimuli was randomly assigned from 

12 intervals (±15, ±30, ±60, ±100, ±200, ±300 ms) in the uncrossed session and from 14 

intervals (±30, ±60, ±100, ±200, ±300, ±450, ±900 ms) in the crossed session. Negative and 

positive SOAs indicated that the order of stimuli was from the left- to right-hand (LR) and from 

right- to left-hand (RL), respectively. Note that since the task is more difficult in the crossed 

session, longer SOAs were included to properly sample the entire spectrum of performance. In 

both of the sessions, the SOA of the catch trials was fixed at 100 ms (+100 ms: RR, -100 ms: LL). 

Each SOA interval was repeated 8 times randomly. Therefore, the uncrossed session consisted of 

112 trials (96 normal trials and 16 catch trials), and the crossed session consisted of 128 trials (112 

normal trials and 16 catch trials). The inter-trial interval between the response (i.e., pressing the 

button) and the start of the next trial was randomly assigned a value between 500 and 1500 ms. 

Before each session, I conducted a short training session to familiarize the participants with the 

task.  

To assess whether extracted metrics from the TOJ performances are reliably used as traits 

within individuals, I asked 24 of the participants (17 males and 7 females) to come again and repeat 

the TOJ task. Their second participation was scheduled between 3 and 12 months after their first 

participation. In the second participation, the conditions of the task were the same as the first 

participation except that the participants performed the crossed session first and then the uncrossed 
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session. I reversed the order of sessions in the second participation to examine whether the order 

has any effect on the TOJ performances.      

Analysis of the TOJ data 

The probability of judging the left hand as the hand stimulated second (left-hand-second 

judgment probability) was calculated for each SOA in the crossed and uncrossed conditions. Fig. 

1-1B shows these probabilities (red and gray points) in one individual. It has been proposed that 

the judgment probability follows a sigmoid-shaped pattern (Eq. 1-1) in the uncrossed condition 

and an N-shaped pattern (Eq. 1-2) in the crossed condition (Yamamoto S and S Kitazawa 2001; 

Wada M et al. 2004). 

𝑃𝑢(𝑆𝑂𝐴) = (𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛) ∫
1

√2𝜋𝜎𝑢

𝑆𝑂𝐴

−∞

𝑒
−

(𝜏−𝑑𝑢)2

2𝜎𝑢
2 d𝜏 + 𝑃𝑚𝑖𝑛 

(1-1) 

Eq. 1-1 consists of one Gaussian cumulative distribution function that makes a sigmoid-shaped 

curve. 𝑃𝑢 is the left-hand-second judgment probability in the uncrossed condition, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛, 𝜎𝑢, 

𝑑𝑢, and 𝑆𝑂𝐴 are the upper and lower asymptotes, the wideness, the horizontal translation, and the 

stimulus onset asynchrony, respectively. 

𝑃𝑐(𝑆𝑂𝐴) = 𝑓𝑙(𝑆𝑂𝐴)[1 − 𝑃𝑢(𝑆𝑂𝐴)] + [1 − 𝑓𝑟(𝑆𝑂𝐴)]𝑃𝑢(𝑆𝑂𝐴) 

{
𝑓𝑙(𝑆𝑂𝐴) = 𝐴𝑙𝑒

−
(𝑆𝑂𝐴−𝑑)2

2𝜎𝑓
2

+ 𝑐

𝑓𝑟(𝑆𝑂𝐴) = 𝐴𝑟𝑒
−

(𝑆𝑂𝐴−𝑑)2

2𝜎𝑓
2

+ 𝑐

 

(1-2) 

Eq. 1-2 consists of two up and down Gaussian flips (𝑓𝑙 and 𝑓𝑟), one on each side of the y axis, 

making an N-shaped curve. 𝑃𝑐  is the left-hand-second judgment probability in the crossed 

condition; 𝐴𝑙 and 𝐴𝑟 are the peaks of the up and down flips, respectively; and 𝜎𝑓, 𝑑, and 𝑐 are the 

width, the horizontal translation, and the vertical translation of the flips, respectively. The variables 
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in Eqs. 1-1 and 1-2 were calculated by using the maximum likelihood estimation and the MATLAB 

optimization toolbox. Figure 1-1B shows the fitted curves in one individual. Note that the purpose 

of these curve fittings is to make the overall evaluation of the participant’s performance more 

robust and reliable. The model was not rejected in 38 out of the 42 participants by the goodness of 

fit test using the Pearson’s chi-square statistic (𝑝 > 0.05, 𝜒2 < 15.5 , 𝑑𝑓 = 8 in the crossed 

condition and 𝜒2 < 14.1, 𝑑𝑓 = 7 in the uncrossed condition)(Linhart H and W Zucchini 1986). 

In the four cases in which data did not pass the goodness of fit test, I observed the data by the eye. 

I judged that the model captured essential characteristics of the data because the determination 

coefficient was greater than 0.4 (Fig. 1-2). 

Fig. 1-2. Evaluation of the goodness of the fitted curves.  Pearson’s chi-squared statistic (p) of the fitted 

curves in the uncrossed (Eq. 1-1) and crossed (Eq. 1-2) conditions across participants.  

By subtracting the left-hand-second judgment probability curve of the crossed condition 

from the uncrossed condition (Fig. 1-1C), we can observe the judgment reversal (i.e., erroneous 
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judgments) that occurred due to the crossing of the hands. The absolute surface area of this 

subtracted curve was used as a measure to quantify the degree of judgment reversal. I called this 

measure the reversal value. I normalized the reversal value by dividing it by its maximum possible 

value. The normalized reversal value ranged between 0 and 1, with 0 indicating absolutely no 

judgment reversal and 1 indicating a complete judgment reversal over all of the SOAs. To test 

which aspects of the flip model were reflected in the reversal value, I examined correlations 

between the reversal value and the model parameters in Eq. 1-2 (𝐴𝑙, 𝐴𝑟, 𝜎𝑓, and 𝑐). 

Structural MRI acquisition 

T1-weighted structural MRI images were acquired using 3-Tesla MRI scanners. Twelve of 

the participants were scanned with a MAGNETOM Vida (MP-RAGE sequence), and the other 

thirty were scanned with a MAGNETOM Prisma, Siemens scanner (gradient-recalled 

echo/inversion recovery sequence). Note that the resolution of the MRI images acquired from the 

two scanners was the same (slice thickness = 1 mm, repetition time (TR) = 1900 ms, echo time 

(TE) = 3.37 ms, flip angle (FA) = 9 degrees, field of view (FOV) = 256×256 mm, and voxel size 

= 1×1×1 mm). 

One of the participants was scanned by both scanners. The participant was scanned first with 

the Vida scanner, and after 3months, with the Prisma scanner. I compared the data of the two 

scanners to check whether there was any scanner bias affecting the analyses.        

Analysis of the structural MRI images 

I used FreeSurfer software to analyze the structural MRI images (Fischl B 2012). FreeSurfer 

finds the white-gray matter boundary and makes its 3D surface model using triangular meshes 

(approximately 150,000 vertices per hemisphere) (Dale AM et al. 1999). The meshes of triangles 

allow measuring the surface area, curvature and cortical thickness at each vertex. The surface area 
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of a vertex is the sum of the areas of its surrounding triangles divided by three. The cortical 

thickness of a vertex indicates its distance to its corresponding closest point on the pial-

cerebrospinal fluid surface. Each vertex has two principal curvatures (𝑘1 and 𝑘2), which measure 

the maximum and minimum bending. The average value of 𝑘1  and 𝑘2  is known as the mean 

curvature (𝐻) (Pienaar R et al. 2008; Ronan L et al. 2011).  

FreeSurfer automatically parcellates the cerebral cortex into 68 standard gyral-based 

anatomical regions (34 regions per hemisphere) known as the Desikan-Killiany atlas (Fischl B et 

al. 2004; Desikan RS et al. 2006). I used those 68 regions to compare the structural properties of 

individual brains. 

In choosing structural properties for analyses, I paid particular attention to those that have 

been reported to correlate with intelligence in young participants as recruited in the present study 

(Luders E et al. 2009; Schnack HG et al. 2015; Tadayon E et al. 2020). I expected that such 

properties would be linked with cortical elaboration, or efficiency, which would have critical 

effects on the complex process of judgment reversal. It has been reported that cortical curvature 

and surface area correlated positively with intelligence whereas cortical thickness correlated 

negatively (Luders E et al. 2009; Schnack HG et al. 2015; Tadayon E et al. 2020). This motivated 

defining a measure that combines curvature and surface area that would reflect a kind of cortical 

efficiency or elaboration. The measure, termed rectified surface integral (RSI), was defined as 

follows: 

𝑅𝑆𝐼 = ∑ |𝐻|𝑑𝐴

𝐴

 
(1-3) 

where 𝐻  is the mean curvature, 𝑑𝐴  is the surface area, and 𝐴  refers to the vertices of one 

anatomical region. The RSI emphasizes the surface area (𝑑𝐴) with a greater curvature (𝐻) but 

ignores a flat surface. I expected that the RSI would provide a more reliable measure of cortical 
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elaboration than a simple sum of the surface areas. To make the RSI robust to spatial distortions, 

I used a spatially smooth version of the mean curvature values produced by FreeSurfer in its 

analysis pipeline. I then defined the mean cortical thickness (MCT) by the following equation: 

𝑀𝐶𝑇 =
∑ 𝑇𝐴

𝑁𝐴
 

(1-4) 

where 𝑇 is the cortical thickness, and 𝑁𝐴 is the number of vertices of one anatomical region. I 

further introduced the ratio of RSI to MCT (RSI/MCT) in an expectation that it would serve as a 

more sensitive positive measure of cortical elaboration. I also examined the gray matter volume, 

because a recent study reported that fluid intelligence was associated with the parameter (Chen PY 

et al. 2020).  

Fig. 1-3. Evaluation of the Vida and Prisma scanners compatibility. (A) Cortical measures (i.e., RSI and MCT) 

of the 68 anatomical regions acquired from the MRI images of one particular participant scanned by the 

Vida and Prisma scanners. (B) Histogram of the percentage difference between the acquired cortical 

measures by the Vida and Prisma scanners. 
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I tested whether there was any scanner bias by comparing data of the one participant who 

was scanned by both scanners. There was no scanner bias in the RSI, but there was a significant 

scanner bias in the MCT. On average, MCT was 2% smaller in the Vida than the Prisma scanner 

(Fig. 1-3). This small difference was reasonable because the cortical thickness was reported 

sensitive to scanner types (Iscan Z et al. 2015). I confirmed that a correction of the MCT by 2% in 

the 12 participants who were scanned by the Vida scanner did not alter the basic findings in the 

present study. As there was no bias in the RSI and the bias in the MCT was small (2%), the data 

of the Prisma and Vida scanners were analyzed together.  

I examined the correlation between each of the cortical measures (i.e., MCT, RSI, and 

RSI/MCT) and the reversal value. As there were 68 anatomical regions and subsequently 68 

correlation values, to find the significant regions, I corrected the p-values for multiple (i.e., 68) 

tests by using the Benjamin-Hochberg false discovery rate (FDR) (Benjamini Y and Y Hochberg 

1995). I repeated the same correlation analyses by using the mean of 𝐴𝑙 and 𝐴𝑟 (mean peak flip), 

which would reflect the pure degree of judgment reversal in TOJ, instead of the reversal value. 

Finally, I searched for a model that could effectively estimate the reversal value from the 

cortical characteristics.  

𝑅𝑒𝑣𝑒𝑟𝑠𝑎𝑙 𝑣𝑎𝑙𝑢𝑒~ 𝑔(∑ ∝𝑖 𝐹𝑖

𝑁

𝑖=1

+ 𝐶) 
(1-5) 

𝑔(𝑧) = ∫
1

√2𝜋

𝑧

−∞

𝑒−
𝑥2

2 𝑑𝑥 
(1-6) 

The model was made up of a linear combination of the cortical characteristics (𝐹𝑖) passing through 

a normal cumulative distribution function ( 𝑔 ) (Eqs. 1-5 and 1-6, Fig. 1-10A). The normal 

cumulative distribution function was adopted to make the output of the model fall between 0 and 

1, within the range of the reversal value. Moreover, it can improve the model by accounting for a 
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possibly existing nonlinearity between the cortical characteristics and the reversal value. By testing 

the model with and without the nonlinear layer (i.e., Normal cdf), I realized that the nonlinearity 

of the model was beneficial. Basically, after identifying the cortical characteristics that had 

significant correlation with the reversal value, I tried all possible combinations of one, two, three, 

and up to eight of those cortical characteristics in the model. In addition to the cortical 

characteristics, I considered sex as a factor in the model to assess its possible significance. The 

Stan programming language (Carpenter B et al. 2017) was used to fit the model to the data. I 

employed the leave-one-out (LOO) cross-validation (Vehtari A et al. 2017) to find the most 

effective model (i.e., the combination of cortical characteristics that could effectively explain the 

reversal value). Moreover, I calculated Pareto k, an estimate of the distance between an individual 

leave-one-out distribution and the full distribution. A Pareto k greater than 0.7 suggests that the 

left-out data was an outlier and that the model was not adequate. The model with the lowest LOO 

information criterion and with all 42 Pareto k values smaller than 0.7 was selected as the best 

model (Fig. 1-10B).  

Data/code availability: The data that support the findings of this study are openly available at 

http://dx.doi.org/10.17632/tfkdrc4yfw.1 (Moharramipour and Kitazawa, 2020). 

http://dx.doi.org/10.17632/tfkdrc4yfw.1
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Results 

In the uncrossed condition, the participants generally responded correctly when the SOA 

was greater than 100 ms (e.g., gray sigmoid curve in Fig. 1-1B). By contrast, in the crossed 

condition, the participants often showed inverted judgment even with SOAs greater than 200 ms 

(e.g., N-shaped response curve in Fig. 1-1B). However, it is noteworthy that the degree of 

judgment reversal varied considerably across the participants (Fig. 1-4A). Some participants 

showed nearly complete reversal (e.g., inverted sigmoid, top right panel in Fig. 1-4A) or N-shaped 

response curves (e.g., right middle panel in Fig. 1-4A), but others made much fewer inverted 

judgments (e.g., left top and left middle panels in Fig. 1-4A). The female participants generally 

showed a larger reversal value than the male participants (Fig. 1-4B), but the difference was not 

significant (Wilcoxon rank-sum test, p-value = 0.23). 

To summarize the crossing effect in the tactile TOJ task, I introduced the reversal value (Fig. 

1-1c) which takes a value between 0 (no reversal) and 1 (full reversal). I confirmed that the reversal 

value correlated significantly with most of the parameters in the flip model of Eq. 1-2 (Fig. 1-5). 

It correlated significantly with the peak probability of the flips (𝐴𝑙: 𝑟 = 0.56, 𝐴𝑟: 𝑟 = 0.50, 𝑝 <

0.001) and their mean ((𝐴𝑙 + 𝐴𝑟)/2: 𝑟 = 0.75, 𝑝 < 10−7), which reflect the peak probability of 

judgment reversal. It was also highly correlated with the affected time window (𝜎𝑓: 𝑟 = 0.93, 𝑝 <

10−18), and the general spatial error (𝑐: 𝑟 = 0.92, 𝑝 < 10−17). The reversal value could thus be 

regarded as a comprehensive measure of the crossing effect. 

Data of those 24 participants who performed the task for the second time revealed that the 

TOJ performance was highly reproducible (Fig. 1-6). The reversal values of their first and second 

participations were highly correlated with each other (𝑟 = 0.95). The other model parameters also 

showed significant correlations (0.60, 0.70, 0.86, and 0.95 for 𝐴𝑙, 𝐴𝑟, 𝜎𝑓, and 𝑐). The results agree 
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with a recent report that the crossed-hand effect was highly reproducible within each individual 

participant (Unwalla K et al. 2020).    

 

Fig. 1-4. (A) Reversal values of the participants. Reversal values range between 0 and 1. Zero indicates 

absolutely no reversal, and one indicates complete reversal. A lower reversal value corresponds to a 

better performance in the crossed hand tactile temporal order judgment (TOJ) task (Fig. 1-1A). The 

judgment probabilities of the crossed and uncrossed conditions are shown for some reversal values. When 

the reversal value is lower, the difference between the crossed and uncrossed conditions is smaller. Male 

and female participants are shown with green and magenta colors, respectively. (B) Reversal values of the 

male and female participants. On average, females showed a greater reversal value than males; however, 

the difference was not significant (Wilcoxon rank-sum test, p-value = 0.23). 

The order of the crossed and uncrossed sessions was reversed in the second participation. 

The order did not significantly affect judgment reversal in each individual because there was no 

significant difference between the parameters in the first and second participations (Wilcoxon 

signed ranked test, p > 0.05). Taken together, the reversal value could be regarded as a 

comprehensive and reliable measure of judgment reversal in each individual participant. 
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 Fig. 1-5. Correlation between the parameters of the Gaussian flip model (Eq. 1-2) and the reversal value. 

The profile of the reversal value versus each of the parameters is shown in the subplots. Male and female 

participants are shown with green and magenta colors, respectively.   

The MCT over the whole brain was positively correlated with the reversal value (Fig. 1-7B, 

𝑟 = 0.42, 𝑝 = 0.0061). Region-by-region analyses (Fig. 1-7A, uncorrected p < 0.05) yielded 

many regions with positive correlations. After correction for the false discovery rate of 0.05 (FDR 

correction), the two regions of the right pars-orbitalis (i.e., orbital part of the inferior frontal gyrus) 
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and right rostral middle frontal gyrus were identified as significant. As shown in Fig. 1-7C, the 

MCT of these two regions had a strong positive correlation with the reversal value. 

 

Fig. 1-6. Evaluation of the reproducibility of the TOJ performance. Metrics of the reversal value, 𝜎𝑓, 𝐴𝑙, 

𝐴𝑟, and 𝑐 acquired from the TOJ performance of the subjects in their first versus second participations are 

shown in the subplots. Definition of the metrics is shown in the bottom right panel. 

By contrast, the whole brain RSI was negatively correlated with the reversal value, though 

it did not reach the level of significance (Fig. 1-7E, 𝑟 = −0.28, 𝑝 = 0.078). The region-by-region 

analyses (Fig. 1-7D, uncorrected, p < 0.05) yielded several regions with negative correlations. 

After the FDR correction, the right and left postcentral gyri and the right cuneus were identified 

as significant (Fig. 1-7F).  

As for the RSI to MCT ratio, the following eight regions were identified after the FDR 

correction: the right and left postcentral gyri, right middle temporal gyrus, left superior parietal 
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lobule, left superior temporal gyrus, left precuneus, right cuneus, and left supramarginal gyrus (Fig. 

1-8C).  

Fig. 1-7. The brain anatomical regions (according to the Desikan-Killiany atlas) whose (A) mean cortical 

thickness (MCT) (D) rectified surface integral (RSI) had a noticeable (𝑝 < 0.05, uncorrected) correlation 

with the reversal value. Positive and negative correlations are shown with red and blue colors, respectively. 

The regions with a higher correlation value (i.e., lower p-value) are shown with a brighter color. After 

correction for the false discovery of 0.05, in the MCT, right pars-orbitalis (𝑃-𝑂𝑅) and right rostral middle 

frontal gyrus (𝑟𝑀𝐹𝐺𝑅) and in the RSI, right postcentral gyrus (𝑃𝑂𝐺𝑅), right cuneus (𝑐𝑢𝑛𝑒𝑢𝑠𝑅), and left 

postcentral gyrus (𝑃𝑂𝐺𝐿) survive as significant. The reversal value versus the (B) MCT of the whole brain 

and (E) RSI of the whole brain. The reversal value and (C) MCT (F) RSI profile of the regions that passed 

the FDR threshold of 0.05. 𝑟, 𝑝, and 𝑞 indicate the correlation value, p-value and q-value, respectively. 

Male and female participants are shown with green and magenta colors, respectively. 
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Fig. 1-8. (A) The brain anatomical regions (according to the Desikan-Killiany atlas) whose RSI to MCT ratio 

had a significant (𝑝 < 0.05, FDR corrected) correlation with the reversal value. Positive and negative 

correlations are shown with red and blue colors, respectively. The regions with a higher correlation value 

(i.e., lower p-value) are shown with a brighter color. (B) The reversal value versus the RSI to MCT ratio of 

the whole brain. (C) The RSI to MCT ratio and reversal value profile of the regions with a significant 

correlation (i.e., right postcentral gyrus (𝑃𝑂𝐺𝑅), left postcentral gyrus (𝑃𝑂𝐺𝐿), right middle temporal gyrus 

( 𝑀𝑇𝐺𝑅 ), left superior parietal lobule ( 𝑆𝑃𝐿𝐿 ), left superior temporal gyrus ( 𝑆𝑇𝐺𝐿 ), left precuneus 

(𝑝𝑟𝑒𝑐𝑢𝑛𝑒𝑢𝑠𝐿), right cuneus (𝑐𝑢𝑛𝑒𝑢𝑠𝑅), and left supramarginal gyrus (𝑆𝑀𝐺𝐿)). 𝑟, 𝑝, and 𝑞 indicate the 

correlation value, p-value, and q-value, respectively. Male and female participants are shown with green 

and magenta colors, respectively 

As for the gray matter volume, the correlations were generally weak and negative, with the 

strongest ones at the right postcentral gyrus (𝑟 = −0.38, 𝑝 = 0.013), left superior temporal gyrus 
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(𝑟 = −0.33, 𝑝 = 0.035), and right entorhinal cortex (𝑟 = −0.31, 𝑝 = 0.042). None of the 68 regions 

survived the FDR correction.   

Fig. 1-9. Correlation analysis between the cortical characteristics (i.e., RSI, MCT and RSI/MCT ratio) and 

the metrics of the crossed-hand tactile TOJ performance (i.e., reversal value, 𝜎𝑓 , 𝑐, 𝐴𝑙 , 𝐴𝑟 , and (𝐴𝑙 +

𝐴𝑟)/2). 

Table 1-1 summarizes the main findings by listing the ten brain regions that showed a 

significant correlation between either of the MCT, RSI, or RSI/MCT and the reversal value. When 

I applied the same analyses by using the mean peak flip ((𝐴𝑙 + 𝐴𝑟)/2) instead of the reversal value, 
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the major findings remained unchanged: eight of the ten regions showed significant correlation 

(Table 1-1, Fig. 1-9).  

Last, I discovered that a model made up of the following two cortical features could most 

effectively explain the variability in judgment reversal (Fig. 1-10): 1) the MCT of the right pars-

orbitalis, and 2) the RSI to MCT ratio of the right postcentral gyrus. It is noteworthy that the 

addition of sex to the model did not improve the model in terms of the leave-one-out information 

criterion (LOOIC, Fig. 1-10B). As shown in Fig. 1-10C, the model estimated the reversal value 

quite precisely (𝑟 = 0.75) for both male and female participants.  

 

Brain region 

Reversal value Mean peak flip 

MCT RSI RSI/MCT MCT RSI RSI/MCT 

Right pars-orbitalis 𝟎. 𝟔𝟐 −0.064 −0.29 𝟎. 𝟒𝟕 −0.14 −0.31 

Right middle frontal gyrus  𝟎. 𝟓𝟎 −0.23 −0.36 0.36 −0.31 −0.38 

Right postcentral gyrus  0.20 −𝟎. 𝟓𝟑 −𝟎. 𝟓𝟑 −0.012 −𝟎. 𝟓𝟏 −𝟎. 𝟒𝟒 

Right cuneus  0.030 −𝟎. 𝟒𝟗 −𝟎. 𝟒𝟑 0.064 −0.40 −0.38 

Right middle temporal gyrus 0.40 −0.42 −𝟎. 𝟒𝟕 0.38 −𝟎. 𝟒𝟖 −𝟎. 𝟓𝟐 

Left postcentral gyrus 0.27 −𝟎. 𝟒𝟔 −𝟎. 𝟓𝟑 0.23 −0.42 −𝟎. 𝟒𝟗 

Left superior parietal lobule  0.38 −0.34 −𝟎. 𝟒𝟑 𝟎. 𝟒𝟖 −0.39 −𝟎. 𝟓𝟏 

Left superior temporal gyrus 0.18 −0.40 −𝟎. 𝟒𝟑 0.21 −𝟎. 𝟒𝟕 −𝟎. 𝟓𝟏 

Left precuneus  0.31 −0.38 −𝟎. 𝟒𝟑 0.20 −0.42 −𝟎. 𝟒𝟒 

Left supramarginal gyrus 0.36 −0.38 −𝟎. 𝟒𝟐 0.35 −𝟎. 𝟒𝟔 −𝟎. 𝟓𝟎 

Whole brain  𝟎. 𝟒𝟐 −0.28 −𝟎. 𝟑𝟖 𝟎. 𝟑𝟗 −𝟎. 𝟒𝟏 −𝟎. 𝟓𝟎 
 

Table 1-1. Summary of the correlation analysis. The ten brain regions whose cortical measures (MCT, RSI, 

RSI/MCT) were significantly correlated (FDR corrected, p < 0.05) with the reversal value or the mean peak 

flip are listed in the rows. Numbers in bold represent the correlation values that passed the false discovery 

rate threshold of 0.05. MCT: mean cortical thickness, RSI: rectified surface integral, RSI/MCT: RSI to MCT 

ratio.
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Discussion 

In the current study, I examined the correlation between the structural MRI images of normal 

healthy individuals and their ability to perform a tactile TOJ task when their hands were crossed. 

I found that the cortical structural features (MCT, RSI, and RSI/MCT) of the following ten regions 

significantly correlated with the individuals’ performance on the task: the right and left postcentral 

gyri, right middle temporal gyrus, left superior parietal lobule, left superior temporal gyrus, left 

precuneus, right cuneus, left supramarginal gyrus, right pars-orbitalis, and right rostral middle 

frontal gyrus (Table 1-1). Moreover, I discovered that knowing the cortical characteristics in just 

two of those regions, the right pars-orbitalis, and right postcentral gyrus, was essentially adequate 

to effectively explain the variability in judgment reversal (Fig. 1-10). It is worth noting that the 

addition of sex did not significantly improve the model. I did not find any significant sex difference 

when I directly compared the reversal value, either. Therefore, sex should not be a major affecting 

factor in the degree of judgment reversal. The sex difference (i.e., larger reversal in females than 

males) has been observed significantly in a previous study (Cadieux ML et al. 2010), however, a 

later and more inclusive research has shown that this effect was not significant  

in a majority of different tactile TOJ studies (20 out of 23 studies) (Unwalla K et al. 2020). The 

present study suggests that the sex doesn’t add a significant information beyond the cortical 

characteristics in explaining the degree of judgment reversal. Therefore, in the previous studies in 

which the sex difference reached the level of significance, cortical structural differences in certain 

anatomical regions between male and female groups can be thought of as one of the causes, besides 

the sex per se. Last, I discovered that in general, the participants with a thinner (lower MCT), 

larger and more convoluted (higher RSI) cerebral cortex in a few critical regions tended to have a 

smaller degree of judgment reversal in both males and females.  
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Fig. 1-10. (A) Generalized linear model with a nonlinear sigmoid function (normal cumulative distribution 

function) that relates the cortical characteristics to the reversal value. (B) The leave-one-out (LOO) cross-

validation approach to finding the best model. Lowest achievable LOO information criterion (LOOIC) with 

1, up to 8 number of features and their corresponding Pareto k values. 𝑃-𝑂𝑅: right pars-orbitalis, 𝑃𝑂𝐺𝑅: 

right postcentral gyrus, 𝑃𝑂𝐺𝐿: left postcentral gyrus. (C) Actual reversal values versus the reversal values 

estimated from the best model. Male and female participants are shown with green and magenta colors, 

respectively. 
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Implications of the MCT and RSI 

The MCT (thickness) correlated positively, but the RSI (convoluted surface area) correlated 

negatively with the reversal value. As a result, the gray matter volume, multiplication of the 

cortical thickness, and surface area did not show any significant correlation. It is worth discussing 

what a thinner, larger, and more convoluted cortex would mean regarding cortical functions, in 

general. 

A higher cortical surface area means a higher number of cortical columns (Lübke J and D 

Feldmeyer 2007), which is associated with a reduction in the fraction of columnar interconnections 

(Ringo JL 1991). It has been proposed that a higher number of cortical columns and subsequently 

a smaller percentage of interconnectedness leads to higher information capacity and specialization 

by allowing limited interference and overlapping of information (Ringo JL 1991; Tadayon E et al. 

2020). The increase of surface area in a certain brain region would thus lead to an increase in 

information capacity and more specialized functionalities carried out in that region. 

As for the thickness of the cortex, we should pay careful attention to age. Cortical thickness 

increases in childhood (on average, until the age of ten), then goes through thinning during 

adolescence, more drastically in more intelligent children (Shaw P et al. 2006; Shaw P et al. 2008; 

Schnack HG et al. 2015). As far as the young adults, the age group of the present study, are 

concerned, a negative association between the cortical thickness and general intelligence (Schnack 

HG et al. 2015; Tadayon E et al. 2020), visual creativity (Tian F et al. 2018), and visual perceptual 

acuity (Song C et al. 2015) has been reported. Therefore, in this age group, a thinner cortex is 

possibly associated with a better and more efficient function. However, it is noteworthy that in 

older age groups, a thinner cortex might not correspond to higher efficiency, but the atrophy of the 

brain, as it has been reported that a younger group (20~40 years old) with higher cortical thickness 
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had a higher common intelligence than an older group (e.g., 50~80 years old) with lower cortical 

thickness (Salthouse TA et al. 2015). 

Roles of the ten regions in crossed-hand TOJ 

I here discuss how the ten regions listed in Table 1-1 can possibly influence one’s degree of 

judgment reversal. It is first worth noting that the majority of the regions have been implicated for 

the tactile TOJ by fMRI and MEG studies (Wada M et al. 2012; Takahashi T et al. 2013; Ora H et 

al. 2016; Crollen V et al. 2017; Takahashi T and S Kitazawa 2017).  

In one fMRI study, Takahashi T et al. (2013) investigated the neural correlates of tactile TOJ. 

They compared the TOJ task with the numerosity judgment (NJ) task, in both of which the same 

set of tactile stimuli (braille pin stimuli) were delivered to both hands. The neural correlates of 

TOJ (TOJ > NJ) consisted of the right middle temporal gyrus, left supramarginal gyrus, left 

superior temporal gyrus, and right middle frontal gyrus. In another fMRI study, Crollen V et al. 

(2017) found that the left precuneus, right middle temporal gyrus, and left superior parietal lobule 

were significantly activated during crossed-hand tactile TOJ compared with uncrossed-hand tactile 

TOJ (crossed > uncrossed). It has been found that the supramarginal gyrus plays a major role in 

the awareness and sense of hand position (Ben-Shabat E et al. 2015; Findlater SE et al. 2018). It 

was reported in a lesion study that the superior parietal lobule plays a major role in updating and 

maintaining the internal representation of the body (Wolpert DM et al. 1998). Thus more elaborate 

(more efficient) left superior parietal lobule, and left supramarginal gyrus could be associated with 

more efficient remapping of tactile signals to the correct spatial locations (Kitazawa S et al. 2008) 

or more efficient associations of tactile stimuli to their external representations (Shore DI et al. 

2002). In agreement with the idea, Wada M et al. (2012), in another fMRI study, found that 

adapting a crossed hand posture activated the left superior temporal gyrus and the left posterior 
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parietal areas (specifically the left supramarginal gyrus when the eyes were closed), and the 

activity of the left posterior parietal areas was associated with the degree of judgment reversal. 

The same group, in a follow-up study, examined left intraparietal-sulcus-seeded functional 

connectivity and reported significantly stronger functional connectivity in the right rostral-

middle/inferior frontal gyrus and left posterior parietal areas during the crossed posture than during 

the uncrossed posture (Ora H et al. 2016). Therefore, cortical elaboration in the right frontal 

regions (in addition to the left posterior parietal regions) might improve the process of updating 

the spatial coordinates of the hands.  

On the other hand, the involvement of the left superior and the right middle temporal gyri, 

which involved so-to-speak biological motion areas, would be better understood by assuming the 

motion projection hypothesis put forth by Kitazawa and colleagues (Kitazawa S et al. 2008; 

Takahashi T et al. 2013; Takahashi T and S Kitazawa 2017). Cortical elaboration (efficiency) of 

these regions could be associated with a better function in replacing the initial erroneous motion 

signal with a correct one (Takahashi T et al. 2013). 

I have so far discussed implications of five of the ten regions (right middle frontal gyrus, 

right middle temporal gyrus, left superior parietal lobule, left superior temporal gyrus, and left 

supramarginal gyrus). Of the remaining five regions (the right pars-orbitalis, right and left 

postcentral gyri, left precuneus, and right cuneus), the left precuneus and the right cuneus were 

located in the medial part around the parieto-occipital sulcus. Takahashi T and S Kitazawa (2017), 

by recording MEG signals during crossed-hand tactile TOJ, found that judgment reversal was 

modulated by the α rhythm of the regions near the parieto-occipital sulcus. They hypothesized that 

the α rhythm regulates information flow from the superior colliculus, where the anatomical tactile 

information is represented, to the precuneus by modulating the thalamic nuclei that interconnect 
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the superior colliculus to the precuneus at 10 Hz. Elaboration of the medial regions might thus 

contribute to better suppressing the anatomical tactile information coming from the subcortical 

regions, thereby reducing the chance of inverted judgments. 

I finally turn to the postcentral gyrus and the right pars-orbitalis, both of which had a critical 

power to predict the reversal value but escaped from being identified by the previous imaging 

studies. I speculate that the activations of these regions in the tactile TOJ task were canceled by a 

similar amount of activations in the control tasks. As for the involvement of the postcentral gyrus, 

it is critically important to emphasize that the postcentral gyrus is more than just a simple primary 

sensory region, and its most caudal part is especially responsible for the integration of bilateral 

somatosensory, proprioceptive and visual information (Iwamura Y 1998; Borchers S et al. 2011). 

Therefore, elaboration of the postcentral gyrus might contribute to processing not only somatotopic 

but also spatial aspects of the tactile stimuli.  

The pars-orbitalis is associated with top-down inhibitory control (Chavan CF et al. 2015; 

Yoo JH et al. 2016). It has been reported that the neural activation and morphological properties 

of the left and right pars-orbitalis were altered by improvements in a Go/ No-Go task (Chavan CF 

et al. 2015). Moreover, it has been shown that symptom improvement in attention deficit 

hyperactivity disorder (ADHD) patients through psychological therapy significantly altered the 

resting-state regional homogeneity (i.e., local connectivity) of the right pars-orbitalis (Yoo JH et 

al. 2016). Thus, a more elaborate and efficient right pars-orbitalis might result in a better top-down 

control. This fits well with one of the accounts of the crossing effect that integration of external 

and anatomical spatial representations is regulated by top-down control (Badde S et al. 2014; 

Badde S and T Heed 2016; Badde S et al. 2016). Assuming this account, elaboration in the pars-

orbitalis would improve a top-down control, so that more weight is put on the external than the 
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anatomical representations. Moreover, assuming the latest account which put forth that the 

inverted judgment occurs due to the association of the incorrect hand with the tactile stimulus upon 

occurrence (Maij F et al. 2020), an improved top-down control is beneficial, as it would better 

inhibit the incorrect hand assignment.  

In summary, elaboration of the regions listed in Table 1-1 can possibly improve one’s 

crossed-hand tactile TOJ performance through 1) better integration of the tactile stimuli with the 

correct spatial representations in the left parietal regions, 2) improvement of motion signals in the 

motion areas, 3) suppressing the integration of the anatomical tactile signals of the superior 

colliculus in the precuneus, 4) better representation of spatial information in the postcentral gyrus, 

or 5) improvement of top-down inhibitory control by the right pars-orbitalis that expels the initial 

erroneous coupling between a tactile stimulus and the wrong hand. Future studies, designed to test 

each of these possibilities, would lead to a more comprehensive and elaborate model accounting 

for the crossing effect of the tactile TOJ task.  
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Abstract 

Temporal order judgment of two successive tactile stimuli delivered to our hands is often 

inverted when we cross our hands. The present study aimed to identify the time-frequency profile 

of the brain network connectivity associated with crossing the hands and making an inverted 

judgment by using magnetoencephalography. The brain network mainly functioned in the low-

alpha band (5~10 Hz) when the hands were uncrossed. However, the network was active in the 

low-beta band (12~18 Hz) in addition to the low-alpha band when the hands were crossed. In the 

crossed posture, the participants who had better performance (i.e., less inverted judgments) relied 

mainly on the low-beta band connectivity. On the other hand, the participants with poor 

performance strongly utilized both low-alpha and low-beta bands. In conclusion, there are two 

frequency modes of low-alpha and low-beta connectivity during the tactile temporal order 

judgment task. Only when the hands are crossed, the brain requires to utilize the low-beta band. 

Furthermore, superior performance in the crossed posture depends on solely relying on the low-

beta and suppressing the low-alpha band. Thus, unlike the low-alpha, the low-beta band should 

contribute to resolving the confusion in the crossed posture and correctly mapping the touch to the 

hands. 
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Introduction 

When we are asked to judge the temporal order of two successive tactile stimuli delivered 

to our hands, we often make inverted judgments when we cross our hands (Yamamoto S and S 

Kitazawa 2001; Shore DI et al. 2002). This phenomenon, known as the crossing effect, indicates 

that our brain doesn’t rely solely on its somatotopic arrangement in perceiving the touch but also 

takes into account the hand posture (i.e., proprioceptive information). In the last two decades, since 

the discovery of the phenomenon, various neuroimaging and psychophysiological studies have 

been conducted to investigate how our brain considers the body posture in the perception of touch 

and its temporal order, what their neural correlates are, and why we make inverted judgments. 

In a functional magnetic resonance imaging (fMRI) study, it has been found that the 

activation in the left posterior parietal regions was associated with adopting a crossed-hand posture 

(Wada M et al. 2012; Ora H et al. 2016). The fMRI study of  Takahashi T et al. (2013) on the 

tactile temporal order judgment (TOJ) task has uncovered that the middle temporal gyrus and the 

parietal (including the supramarginal, superior, and inferior regions), and prefrontal cortex play a 

major role in the task when the hands are crossed. An fMRI study from another group revealed 

that the precuneus also plays an important role (Crollen V et al. 2017). Likewise, in a 

magnetoencephalography (MEG) study, it has been reported that the alpha rhythm of the regions 

near to the medial parieto-occipital sulcus (part of the precuneus and cuneus) modulates our 

perception of the tactile stimuli in the crossed-hand posture (Takahashi T and S Kitazawa 2017). 

Furthermore, in my previous structural MRI study, by examining the brain's morphological 

characteristics and the performance in the crossed-hand tactile TOJ task, I discovered that the pars-

orbitalis and postcentral gyrus, in addition to the regions mentioned above, are critical in the task 

(Moharramipour A and S Kitazawa 2021). They are possibly involved in top-down control and 
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integration of the somatotopic and spatial postural information, respectively. Previous 

psychophysiological studies have shown that the performance in the crossed-hand TOJ task is 

regulated by top-down control (Badde S et al. 2014, 2016). Last, it is noteworthy that evidence 

from the usage of visual distractors (Shibuya S et al. 2007) and comparing the performance of 

congenitally blind and sighted people (Röder B et al. 2004; Crollen V et al. 2017) have shown that, 

in general, the visual pathway, including the occipital and parietal lobe, should be important in 

how we perceive the tactile spatial information. Despite all the discoveries, there is still not much 

known about the time-frequency dynamics of the brain regions' interactions during the task.    

In the present study, by recording the MEG signals, I aimed to examine how the interactions 

between the above-mentioned regions alter during the tactile TOJ task when the hands are crossed 

and uncrossed and when the judgment is inverted and correct. As far as I know, there are only two 

electrophysiological studies done on the tactile TOJ task (Soto-Faraco S and E Azañón 2013; 

Takahashi T and S Kitazawa 2017), and none of them have investigated the interactions across 

time and frequency between the regions. The high temporal resolution of the MEG 

electrophysiological signals makes it suitable for extracting the interactions (i.e., connectivity) 

(Moharramipour A et al. 2018; He B et al. 2019; Mostame P et al. 2019). The connectivity analysis 

can provide more detailed information about brain function than the conventional activation-

detection approach (Bullmore E and O Sporns 2009; Sporns O 2010). Here, I identified how the 

posture of the hands affects the brain network function, how the network of the people with 

superior or poor performance is different, and what in the network contributes to making a correct 

and inverted judgment.  
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Methods 

Participants 

Twenty-eight right-handed volunteers, ranging in age between 20 to 49 years old, 

participated in the present study. All participants were neurologically normal, and written informed 

consent was obtained from them before the experiment. The study was approved by the Ethical 

Review Board of Osaka University, Graduate School of Frontier Biosciences.    

Experiment 

One-hundred-and-sixty-channel whole-head MEG data (PQA-160C, Yokogawa Electric, 1 

kHz sampling) were acquired from the participants while performing the tactile TOJ task. Figure 

2-1 schematically shows the experimental paradigm used in the present study. Participants 

voluntarily started each trial by resting their index fingers on a photosensor. After a random delay 

(1800~2800 ms), two successive tactile stimuli with stimulus onset asynchrony (SOA) of 100 ms 

were delivered to the tip of each ring finger. Two isolated current stimulators (SEM-4201, Nihon 

Koden) were used to deliver the tactile stimuli (square current pulses lasting for 0.1 ms at twice 

the threshold intensity). Participants were instructed to judge which hand was stimulated second. 

They needed to wait for 1000~1500 ms to receive a visual cue (blue dot) and then overtly respond 

by raising the index finger of the hand they judged as being stimulated second. They were 

instructed to fixate on a red dot without blinking until they give their response. The experiment 

was conducted in the crossed- and uncrossed-hand postures in fifteen participants, and in the 

crossed posture alone in the remaining thirteen participants. During the experiment, participants 

were in a supine position with their heads inside the MEG scanner. Some of the data were borrowed 

from those used in (Takahashi T and S Kitazawa 2017). 
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To prevent premature judgment after receiving the first tactile stimulus, in some trials, the 

two stimuli were delivered to the same hand (catch trials). Three types of trials, right- then left-

hand (RL) stimulation, left- then right-hand (LR) stimulation, and catch trials, were randomly used 

in the experiment. Fifteen of the participants completed the experiment both in the crossed- and 

uncrossed-hand postures. For them, two sessions were conducted in the crossed posture and one 

session in the uncrossed posture, and each session consisted of 90 LR, 90 RL, and 20 catch trials. 

The rest (thirteen) of the participants completed the experiment in only the crossed posture. They 

participated in two sessions, and each session had 50 RL, 50 LR, and 100 catch trials.  

Fig. 2-1. Schematic of the experimental paradigm. Participants judged the order of two successive tactile 

stimuli delivered to each hand. They were instructed to fixate on a red dot and respond by raising the 

index finger of the hand they judged as being stimulated second. They gave their response immediately 

after receiving a blue dot go sign. 

T1-weighted structural MRI image of each participant was acquired by using 3D-SPGR 

sequence on a 3-tesla whole-body scanner (Discovery MR750w GEM, repetition time (TR) = 9.1 

ms, echo time (TE) = 2.7 ms, flip angle (FA) = 15 degrees, field of view (FOV) = 240×240 mm, 

and resolution = 1×1×1 mm). 
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Analysis 

Preprocessing. MEG data were epoched with respect to the onset time of the first tactile 

stimulus, downsampled to 200 Hz, and filtered (high passed, and band stopped 60 Hz and its 

harmonics). Independent component analysis (ICA) was applied to remove the electrocardiogram 

(ECG) artifact. Furthermore, I examined the signals of each trial, visually and statistically (e.g., 

variance, range, and z-value), and removed the bad/outlier ones. It is noteworthy that the 

preprocessed trials consisted of two categories of crossed and uncrossed postures and 

subcategories of RL and LR with two subclasses of inverted and correct judgment. 

Inverse problem.  Brain sources on MNI space were localized on individual structural MRI 

images by applying the inverse of the deformation field, which normalizes the structural MRI to 

MNI space. The coordinate system of the MRI image and the positions of the MEG sensors were 

linked by three fiducial points (Nasion, left and right pre-auricular points), and then the lead-filed 

matrix was estimated based on the single-shell model (Nolte G 2003). 

The relation between the brain sources and the MEG sensors in the Bayesian framework is 

as follows (Belardinelli P et al. 2012; López JD et al. 2014):  

Y = LJ + ε (2-1) 

where Yϵℝ𝑁𝑠×𝑁𝑛 is the sensor space matrix formed by 𝑁𝑠 sensors and 𝑁𝑛 time samples, Lϵℝ𝑁𝑠×𝑁𝑞 

is the lead-field matrix, J ∈ ℝ𝑁𝑞×𝑁𝑛 is the activity matrix of 𝑁𝑞  sources, and ε is a zero-mean 

Gaussian noise with the covariance of 𝑄ε. By assuming a zero-mean Gaussian process for the 

sources (𝑝(𝐽)~𝒩(0, Q)), the solution of Eq. (2-1) in the Bayesian framework is as follows (López 

JD et al. 2014): 

𝐽 = QL𝑇(𝑄𝜀 + 𝐿𝑄𝐿𝑇)−1𝑌 (2-2) 

where Q is the covariance matrix of the source vector.  
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Certain prior structures with unknown hyper-parameters were assumed for the covariance 

matrices of 𝑄  and 𝑄𝜀 . Those hyper-parameters were estimated by the restricted maximum 

likelihood (ReML) approach and having the free energy as the objective function (Friston K et al. 

2008). The prior assumption for 𝑄𝜀 was as follows: 

𝑄𝜀 = ℎ0𝐼𝑁𝑠
  (2-3) 

where ℎ0 is a hyper-parameter and 𝐼𝑁𝑠
 is a 𝑁𝑠 dimensional identity matrix. The prior for the 𝑄 was 

assigned based on the empirical bayesian beamformer (EBB) method (Barnes GR and A 

Hillebrand 2003): 

δ𝑞
2 = (𝐿𝑞

𝑇Σ𝑦
−1𝐿𝑞)−1,  Σ𝑦 = 𝐸(𝑌𝑌𝑇), 𝑞 = 1, ⋯ , 𝑁𝑞 

Q = ℎ1diag(δ𝑞
2
) 

 

(2-4) 

 𝐿𝑞𝜖ℝ𝑁𝑠×1 is the qth column of the lead-field matrix (L), Σ𝑦𝜖ℝ𝑁𝑠×𝑁𝑠  is the sensors' covariance 

matrix, and ℎ1 is a hyper-parameter. In the EBB method, the prior is estimated from the data, and 

the sources are assumed to be independent. It has been reported that for data having a moderate 

signal-to-noise ratio, the EBB prior provides better accuracy than other common priors in the 

Bayesian framework (e.g., multiple sparse prior, minimum norm model, and etc.) (Belardinelli P 

et al. 2012). 

 It is noteworthy that I used a reduced sensor space (𝐿̃ 𝜖ℝ𝑁𝑠́×𝑁𝑞 , 𝑌̃ 𝜖ℝ𝑁𝑠́×𝑁𝑛) in all analyses 

mentioned above. Sensor space was reduced to 𝑁𝑠́  dimensions by applying singular value 

decomposition (SVD) over the lead-field matrix and removing its small eigenvalues. This will help 

removing spatial noises and also reducing computational costs (Belardinelli P et al. 2012).  

I limited the solution of the inverse model to eighteen sources (Fig. 2-2A, Table 2-1). The 

sources were placed on the center of the anatomical regions found in my previous morphological 

MRI study playing a crucial role in the tactile TOJ task (Moharramipour A and S Kitazawa 2021). 
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Those regions have been reported in different functional neuroimaging studies of the tactile TOJ 

as well (Wada M et al. 2012; Takahashi T et al. 2013; Ora H et al. 2016; Crollen V et al. 2017; 

Takahashi T and S Kitazawa 2017). It is worth noting that applying our previous knowledge by 

restricting the inverse solution to specific brain regions will simplify the model, and at the same 

time, it might even result in a more accurate model fitting.  

All the analyses above (i.e., calculation of the lead-field matrix and the inverse model) were 

implemented by using the SPM 12 (version 7219) toolbox (Penny WD et al. 2011).   

Brain areas 

(Sources) 

Left hemisphere 

MNI coordinate 

Right hemisphere 

MNI coordinate 

x y z x y z 

Postcentral gyrus -48 -21 41 47 -21 40 

Supramarginal gyrus -55 -34 31 54 -33 31 

Superior parietal lobule  -23 -65 50 22 -65 52 

Precuneus -10 -59 37 9 -58 36 

Superior temporal gyrus  -55 -9 -6 56 -7 -7 

Middle temporal gyrus -60 -22 -15 59 -24 -17 

Cuneus -6 -77 20 9 -79 21 

Pars-orbitalis -46 35 -14 46 35 -15 

Middle frontal gyrus -35 48 14 34 49 12 
 

Table 2-1. MNI coordinates of the eighteen brain sources used in the functional connectivity analysis (Fig. 

2-2A). 

Functional connectivity analysis. In the present study, a functional connectivity method 

called debiased weighted phase lag index (dWPLI) was implemented (Vinck M et al. 2011). The 

dWPLI measures the non-directional coupling between two regions across time and frequency as 

follows:  
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𝑆𝑖𝑗(𝑓, 𝑡) = 𝑥𝑖(𝑓, 𝑡)𝑥𝑗
∗(𝑓, 𝑡)  

𝑑𝑊𝑃𝐿𝐼𝑖𝑗(𝑓, 𝑡) = |
∑ ∑ 𝜁 (𝑆𝑖𝑗(𝑓, 𝑡)𝑚)𝜁 (𝑆𝑖𝑗(𝑓, 𝑡)𝑛)𝑛≠𝑚

𝑁
𝑚=1

∑ ∑ |𝜁 (𝑆𝑖𝑗(𝑓, 𝑡)𝑚)𝜁 (𝑆𝑖𝑗(𝑓, 𝑡)𝑛)|𝑛≠𝑚
𝑁
𝑚=1

| 
(2-5) 

Where 𝑓 and 𝑡 are frequency and time, 𝑥𝑖  and 𝑥𝑗  are the time-frequency transform of the 

signals of 𝑖th and 𝑗th regions in one trial, 𝑆𝑖𝑗 is their cross-spectrum, 𝑁 is the number of trials, and 

𝜁 indicates the imaginary part of the complex value. Simply put, if there is a meaningful consistent 

phase lag between two signals across trials, it means that they are coupled. The stronger the 

coupling is, the dWPLI value goes higher, above zero, up to one. I calculated the dWPLI over the 

frequency from 5 to 30 Hz (every 1 Hz) and the time from −1 to 1.5 𝑠 (every 40 ms), for each of 

153 (
18×17

2
) pairs across the 18 regions of interest (e.g., Fig. 2-2C). 0 𝑠 corresponds to the onset 

time of the first tactile stimulus. In the calculation of the time-frequency transform, I used a multi-

taper convolution method with a time window of 400 ms. It is noteworthy that in representing the 

time-frequency profile of connectivity, I set the 75th percentile of the window as a time-point 

rather than its center (50th percentile). This was solely done to have a better visualization around 

the onset time.       

The reason that I chose dWPLI is that, firstly, it is insensitive to volume conduction. The 

volume conduction can result in fallacious detection of coupling between two signals that are not 

coupled, but both are just a reflection of another third signal. The volume conduction profoundly 

exists in the electrophysiological signals recorded by EEG or MEG. Secondly, it is insensitive to 

sample size bias. This is extremely important in the present study since the number of trials is not 

the same in different conditions (e.g., between the crossed and uncrossed postures). Vinck M et al. 
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(2011) have shown that in the dWPLI, for the number of trials (𝑁) above 30, the effect of sample 

size bias is small (i.e., its value doesn't change noticeably with the increase of 𝑁).  

 

Fig. 2-2. Summary of the source-level functional connectivity analysis. (A) Brain sources in the regions that 

have previously been shown to play a major role in the tactile TOJ task (Table 2-1). (B) Source activity of 

the left precuneus and right postcentral gyrus estimated by the EBB inverse model in the crossed posture 

LR condition in one example participant. Solid lines and shaded areas represent the mean and standard 

error across trials, respectively. Dotted lines show the delivery of the first (left-hand) and second (right-

hand) tactile stimuli. (C) Time-frequency dWPLI calculated between the source activity example of B. (D) 

Normalization applied on the dWPLI of C at each frequency. (E) The normalized dWPLI between the left 

precuneus and right postcentral gyrus averaged across the subjects in the crossed posture LR condition. 

(F) The z-score of the paired-sample t-test calculated between the post- and pre-stimulus of E that passed 

the non-parametric permutation test (𝑝𝑐 < 0.05, Bonferroni corrected) (Fig. 2-3). 

The goal is to see the evolution of coupling between the brain sources during the task. 

Therefore, I normalized the dWPLI over time for each frequency row (Fig. 2-2D). This enables 

detecting at what time and between which regions there was a meaningful increase or decrease in 
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the strength of coupling across the group of subjects. Figure 2-2E shows an example of the 

normalized dWPLI at each time-frequency bin averaged across the participants. 

Fig. 2-3. Summary of the non-parametric permutation statistical test. Top left panel shows an example of 

the z-score of the paired-sample t-test calculated between the pre- and post-stimulus for a permutation 

dataset. In a permutation dataset, the post- and pre-stimulus periods of the subjects were randomly 

permutated. Bottom left panels show the z-scores that corresponded to a p-value smaller than the critical 

threshold of 0.025. The clusters with maximum positive and negative accumulated z-scores were 

extracted. Top right panel shows the histogram of the maximum z-scores extracted from a large number 

of permutation datasets. This histogram represents the null hypothesis in which there should be no time-

frequency cluster significantly different between the post- and pre-stimulus. The significant cluster’s z-

score was shown for alpha thresholds (𝑝𝑐) smaller than 0.05/153 (Bonferroni correction), 0.001, 0.01, and 

0.05 in both tails of the histogram. 

To derive the brain network (couplings) that emerged after the delivery of the tactile stimulus 

(0𝑠), I applied a paired-sample t-test between the post- and pre-stimulus’ normalized dWPLI. At 

each frequency row of the normalized dWPLI, its median value associated with the time bins of 
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the pre-stimulus (−1 𝑠 to 0 𝑠) was calculated. Then at each frequency, a paired-sample t-test was 

applied on the group of subjects between each of their time bins (−1 𝑠 to 1.5 𝑠) and their pre-

stimulus’ median value. By doing so, we were able to find the couplings significantly strengthened 

or weakened compared to the pre-stimulus across the time and frequency (Fig. 2-2F).  

After applying the paired-sample t-test, to identify the cluster size of significance in time 

and frequency, I used a non-parametric permutation test (Maris E and R Oostenveld 2007). The 

pre- and post-stimulus windows of the subjects were randomly permutated, and the z-score and p-

value of the paired-sample t-test were calculated. Then the clusters with a p-value smaller than the 

critical threshold of 0.025 were extracted. The cluster with the maximum positive and negative 

accumulated z-score was identified. This process was repeated a large number of times, and the 

histogram of the maximum cluster values was acquired (Fig. 2-3). This histogram corresponds to 

the null hypothesis in which there should be no time-frequency cluster significantly different 

between the pre- and post-stimulus. Finally, the threshold for a significant cluster value was 

determined by using this histogram and a specified alpha threshold (𝑝𝑐) (i.e., probability of falsely 

detecting a cluster as significant). Moreover, I accounted for the multiple comparisons by applying 

the Bonferroni correction. In this correction, since there are 153 connectivity pairs, the alpha 

threshold needs to be divided by 153. The alpha thresholds of 0.05/153 (Bonferroni correction), 

0.001, 0.01, and 0.05 were employed in the present study. 

I applied the analysis and the statistical test on the crossed posture's RL and LR (twenty-

eight subjects), and the uncrossed posture's RL and LR conditions (fifteen subjects). Furthermore, 

I divided the subjects into two groups of the reversers, the ones who had poor performance (i.e., 

had a considerable number of inverted judgments) in the crossed condition (sixteen subjects), and 

the non-reversers, the ones who had a good performance (twelve subjects). I applied the analysis 
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separately on these two groups to compare their brain networks. In addition, as there were enough 

inverted trials in the reverses LR condition, I could robustly extract their network associated with 

their inverted judgments. So, I separately derived the networks for correct and inverted judgments 

just in the reversers and in their LR condition. 

In choosing the reversers and non-reversers, I looked at the ratio of their inverted judgments 

(reversal) in the crossed posture and in its each RL and LR conditions. The reversers had the 

reversal of 20~63% (36±11%) with 21~77 % (47±18%) in the LR, and  2~52% (26±16%) in the 

RL condition. On the other hand, the non-reversers had the reversal of 1~23% (12±7%) with 

1~28% (11±8%) in the LR, and  1~31% (13±10%) in the RL condition. 
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Results 

In all the experimental conditions, the brain network connectivity was increased after the 

stimulus onset. There were just a few and negligible (not statistically impressive) number of 

connections weakened after the stimulus onset. So, in studying the experimental conditions, I 

focused on the brain networks that were significantly stronger in post- than pre-stimulus (positive 

network). Figure 2-4 shows the time-frequency profile of the positive brain network associated 

with the crossed and uncrossed postures in the LR condition. Figure 2-5 shows the same for the 

RL condition. In the crossed posture, the network mainly functioned in the low-beta frequency 

band (12~18 Hz), with its peak at around 15 Hz. The network was active in the lower frequencies, 

like the low-alpha band (5~10 Hz); however, it got denser in the low-beta band. In other words, 

most of the connections were functioning in the alpha and the low-beta band, and some other 

connections only in the low-beta band (Figs. 2-4B and 2-5B). On the contrary, in the uncrossed 

posture, the main activity of the brain network was in the low-alpha band, with its peak at around 

6 Hz. Most of the connections were channeled to the low-alpha band and didn’t continue 

functioning in the higher frequencies (Figs. 2-4D and 2-5D). Up to 700ms after the stimulus onset, 

the low-beta band connectivity density of the network was significantly higher in crossed than 

uncrossed posture (Figs. 2-4F and 2-5F). In short, there were two modes of connectivity across the 

frequency, the low-alpha and the low-beta modes. Brain functioned only on the low-alpha mode 

when the hands were uncrossed; however, it used both modes, even more profoundly the low-beta 

mode, when the hands were crossed.    

Furthermore, in the uncrossed posture, especially in the LR condition, a great degree of 

lateralization could be observed in the network. There was a great ratio of intra-hemispheric 

connections in just one of the hemispheres (Figs. 2-4C and 2-5C). This lateralization was on the 
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hemisphere that received the first tactile stimulus, the right hemisphere in the LR, and the left 

hemisphere in the RL condition. On the other hand, in the crossed posture, a smaller degree of 

lateralization existed in the network. There was a higher ratio of the inter-hemispheric connections 

than the intra-hemispheric connections (Figs. 2-4A and 2-5A). In both the crossed and uncrossed 

conditions, the rise in the left and right intra-hemispheric connections coincided with the order of 

the tactile stimuli (i.e., left then right hemisphere in the RL, and vice versa in the LR condition). 

Furthermore, it is noteworthy that the activity duration of the brain network was slightly longer in 

the crossed than the uncrossed posture. 
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Fig. 2-4. Result of the source-level functional connectivity analysis (the connectivity that was significantly 

stronger in post- than pre-stimulus) in the LR condition. Accumulation of the z-scores of all 153 region 

pairs that passed the statistical test (Figs. 2-2F and 2-3) with 𝑝𝑐 < 0.05 is shown for the (A) crossed and 

(C) uncrossed postures. The top subplot shows the average of the color map across frequency, and the 

right subplot shows its average across time. The value related to the inter-hemispheric connections (i.e., 

the connections between the left and right hemisphere, 81 pairs) is shown with the red color, and the 

value related to the intra-hemispheric connections (i.e., the connections within a hemisphere, 36 pairs) is 

shown with the black and blue colors for the left and right hemispheres, respectively. Time 0s corresponds 

to the delivery of the first tactile stimulus (i.e., the left-hand stimulus). The brain networks associated with 

the time window of 0 to 700ms and the frequency range of 12 to 18 Hz (low beta band) and 5 to 10 Hz 

(low alpha band) are shown for the (B) crossed and (D) uncrossed postures. The magenta, orange, purple, 

and light blue colors indicate the connections that passed the statistical test with a 𝑝𝑐  smaller than 

0.05/153 (Bonferroni correction), 0.001, 0.01, and 0.05, respectively. A lower 𝑝𝑐  correspond to a 

significant and larger time-frequency cluster of connectivity. MTG: middle temporal gyrus, STG: superior 

temporal gyrus, SPL: superior parietal lobule, SPM: supramarginal gyrus, POG: postcentral gyrus, P-O: 

pars-orbitalis, MFG: middle frontal gyrus, Cu: cuneus, PCu: precuneus. (E) z-score of the Wilcoxon signed-

rank test calculated between the color maps in A and C. It represents the network’s density difference 

between the crossed and uncrossed postures across time and frequency. Warm and cool colors indicate 

crossed > uncrossed and crossed < uncrossed, respectively. 

 Figures 2-6 and 2-7 show the positive network of the reversers and non-reversers in the 

crossed posture LR and RL conditions, respectively. The brain network of the non-reversers 

mainly functioned in the low-beta band, with its peak at 15 Hz. However, the reversers’ network 

was strongly active in both low-alpha and low-beta modes. The network density in the low-alpha 

band was significantly higher in the reversers than non-reversers (Figs. 2-6F and 2-7F). As 

reversers had poor performance (i.e., a high number of inverted judgments), it suggests that using 

the low-alpha mode should negatively affect perceiving the tactile stimuli and their temporal order 

when the hands are crossed.     
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Fig. 2-5. Result of the source-level functional connectivity analysis (the connectivity that was significantly 

stronger in post- than pre-stimulus) in the RL condition. The remaining descriptions of the figure are the 

same as those in Fig. 2-4.  

In Figure 2-8, I showed the positive network of the reversers when they made correct and 

inverted judgments in the crossed posture LR condition. Their network activity started earlier and 

lasted longer when they made correct judgments. The early phase started with the onset and lasted 

for 300 ms, and it was in the high alpha and low-beta band (Fig. 2-8A, number 1). The later phase 

was in the alpha and low-beta band and started around 500 ms after the onset (Fig. 2-8A, number 
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3). The later phase was more lateralized to the left hemisphere and got denser connectivity in the 

left superior partial lobule and middle temporal gyrus. When they made inverted judgments, these 

two phases of connectivity were missing (Fig. 2-8F). Furthermore, there was a lack of connectivity 

in the posterior parts of the brain (i.e., cuneus, precuneus, superior parietal lobule, and 

supramarginal gyrus), especially in the low-alpha band (Fig.  2-8D). This may imply that those 

regions should play a major role in making a correct judgment when the hands are crossed. 

 

Fig. 2-6. Connectivity profile of the LR crossed-hand condition in the (A, B) reversers (participants with 

considerable inverted judgments) and (C, D) nonreversers (participants with few inverted judgments). 
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Further descriptions of the figure are similar to those in Fig. 2-4. (E) z score of the Wilcoxon signed-rank 

test calculated between the color maps in A and C. It represents the network’s density difference between 

the reversers and nonreversers. Warm and cool colors indicate reversers > nonreversers and reversers < 

nonreversers, respectively. 

 

Fig. 2-7. Connectivity profile of the RL crossed-hand condition in the reversers and nonreversers. The 

remaining descriptions of the figure are the same as those in Fig. 2-6. 
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Fig. 2-8. Connectivity profile of the LR crossed-hand condition in the reversers when they made (A, B) 

correct and (C, D) inverted judgments. (B) and (D) show the brain networks associated with the major 

hubs of the time–frequency maps of A and C, respectively. The other detailed descriptions of the figure 

are similar to those in Fig. 2-4. (E) z score of the Wilcoxon signed-rank test calculated between the color 

maps in A and C. It represents the network’s density difference between when the reversers made a 

correct and inverted judgment. Warm and cool colors indicate correct > inverted and correct < inverted, 

respectively. 
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Discussion 

The brain network was less lateralized, had a greater ratio of inter-hemispheric connections, 

and was longer activated in the crossed than uncrossed posture. Moreover, its activity extended to 

a higher frequency band. In the uncrossed posture, the network mainly utilized the low-alpha band; 

however, it used the low-alpha and the low-beta band (more profoundly the low-beta band) in the 

crossed posture. These observations should correspond to the fact that the crossed posture is more 

difficult and thus, requires more processing power. Similarly, it has been reported that an increase 

in task difficulty in a bimanual coordination task was associated with a higher beta band power 

and greater inter-hemispheric connections (Rueda-Delgado LM et al. 2017). The beta band 

oscillation is implicated in attentional processes (Gross J et al. 2004; Wróbel A et al. 2007), and 

high-level cognitive functions, like solving creative problems (divergent thinking) (Razumnikova 

OM 2004). Moreover, better performance in the attentional tasks (Gross J et al. 2004; Gola M et 

al. 2013) or the divergent thinking task (Razumnikova OM 2004) was associated with higher beta-

band activity. Therefore, a stronger beta-band activity should reflect a higher state of attention and 

sensitivity to stimuli. Perceiving touch when the hands are crossed is far more complex than when 

they are not crossed (Heed T and E Azanon 2014), so it requires a high state of attention and 

vigilance. That might be why the brain channeled its connectivity to the low-beta band in the 

crossed but not uncrossed posture.   

Furthermore, I discovered that the non-reversers (the participants with a superior 

performance) utilized the low-beta band connectivity more than the low-alpha band connectivity. 

On the other hand, the reversers (the participants with poorer performance) relied heavily on the 

low-alpha band connectivity and didn’t suppress its network. Therefore, I speculate that the low-

alpha network should probability contain incorrect information about the spatial location of the 
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stimuli. In other words, it functions based on the anatomical frame, which is a naïve representation 

of the stimuli just based on the somatosensory information (Badde S et al. 2014; Badde S and T 

Heed 2016; Badde S et al. 2016; Maij F et al. 2020). However, the low-beta network should likely 

contain the correct spatial locations generated by integrating somatosensory and spatial postural 

information (i.e., external frame). That might also explain why the brain utilized only the low-

alpha connectivity when the hands were uncrossed. Since, in the uncrossed posture, correct 

judgments can be made just from the anatomical frame.  

When the reversers made an inverted judgment, lack of connectivity was observed in the 

posterior regions of the brain, including the cuneus, precuneus, superior parietal lobule, and 

supramarginal gyrus. The sources of the precuneus and cuneus were located anterior and posterior 

to the parieto-occipital sulcus. It has been reported that the parieto-occipital sulcus is one of the 

main regions involved in reaching tasks, explicitly planning to point at a target (De Jong B et al. 

2001; Connolly JD et al. 2003). Furthermore, legion on the parieto-occipital sulcus and superior 

parietal lobule was associated with the inability to visually guide an arm movement (optic ataxia) 

(Karnath H-O and M-T Perenin 2005). In non-visual (postural) reaching tasks as well, the superior 

parietal lobule and precuneus play a significant role (Pellijeff A et al. 2006). They are important 

in maintaining and updating the limbs' spatial position. Neuronal recording from the superior 

parietal lobule (area 5) of monkeys has also shown that this region is sensitive to the limbs' spatial 

position (limbs crossed the body midline) (Graziano MS et al. 2000). Similarly, in an fMRI study, 

it has been reported that crossing of the hands, specifically the left hand, activated the superior 

parietal lobule (Lloyd DM et al. 2003). The supramarginal gyrus is also shown to play a significant 

role in the hands' proprioception-related functions (Ben-Shabat E et al. 2015; Findlater SE et al. 

2018). Thus, overall, these posterior regions (i.e., cuneus, precuneus, superior parietal lobule, and 
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supramarginal gyrus) should play a major role in awareness of the hand posture and subsequently 

mapping the tactile stimuli to the hands in space.   

Last, I observed that when the reversers succeeded in making a correct judgment, the activity 

of their network contained an early and late phase of function (Fig. 2-8A, numbers 1 and 3). 

Previous psychophysiological studies have shown that when we cross our hands, our brain initially 

perceives a touch on the wrong hand and then maps it to the correct hand (Groh JM and DL Sparks 

1996; Azañón E and S Soto-Faraco 2008; Overvliet KE et al. 2011). Therefore, I hypothesize that 

these two phases might correspond to an early start in suppressing the initial erroneous perception 

and a struggle in making a correct mapping, respectively.  

In short, the observations conclude that there are two distinct frequency modes of 

connectivity, including the low-alpha and low-beta, during the tactile TOJ task. The Low beta 

mode is essential only when the hands are crossed, and its stronger recruitment leads to superior 

performance.     
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General Discussion 

I discovered in the first part that the cortical characteristics (thickness and convoluted surface 

area) in ten anatomical regions, including the right pars-orbitalis, right and left postcentral gyri, 

left precuneus, left superior parietal lobule, right middle temporal gyrus, left superior temporal 

gyrus, right cuneus, left supramarginal gyrus, and right rostral middle frontal gyrus was associated 

with the degree of judgment reversal. The participants with a thinner, larger, and more convoluted 

cerebral cortex in those ten regions had a superior performance (i.e., a smaller degree of judgment 

reversal). A larger convoluted surface area is associated with a higher information capacity and a 

greater specialization (i.e., less interference and a more distinct functionality) (Ringo JL 1991; 

Tadayon E et al. 2020). A thinner cortex corresponds to higher efficiency and proficiency, 

especially in young adults, the age group of the current study (Schnack HG et al. 2015). Therefore, 

the present findings indicate that a more specialized and efficient functionality of the regions 

mentioned above led to superior performance. Those functionalities should correspond to correctly 

mapping tactile stimuli to the hands when the hands are crossed.               

Moreover, I found that among those ten regions, the cortical characteristics of the right 

postcentral gyrus and right pars-orbitalis, together, could most effectively explain the degree of 

judgment reversal; hence they should be the most critical regions. It has been reported that the 

postcentral gyrus plays a significant role in integrating the bilateral somatosensory and 

proprioceptive information (Iwamura Y 1998). It has been found that the pars-orbitalis is 

associated with top-down inhibitory control (Chavan CF et al. 2015; Yoo JH et al. 2016). Thus, a 

more elaborated (efficient) right postcentral gyrus, and right pars-orbitalis should contribute to 

better integrating tactile spatial representations, and a better inhibitory control on them, 

respectively.  



  General Discussion 
 

~ 62 ~ 
 

By studying the brain function during the tactile TOJ task, I discovered in the second part 

that the brain network mainly functioned in the low alpha band (5~10 Hz) when the hands were 

uncrossed. However, it operated in the low beta (12~18 Hz) and the alpha band when the hands 

were crossed. Furthermore, the participants with a smaller degree of judgment reversal more 

strongly relied on their low beta band connectivity. The beta band is shown to play a significant 

role in attentional processes and high-level cognitive functions, and its stronger activity was 

associated with superior performance (Gross J et al. 2004; Razumnikova OM 2004; Gola M et al. 

2013). Therefore, the low beta band connectivity in the crossed posture might correspond to its 

demand for a high level of alertness and processing power compared to the uncrossed posture. 

Moreover, a stronger low beta band connectivity might result from a higher level of attention and 

vigilance, leading to a more robust mapping of the tactile stimuli to the crossed hands (i.e., a 

superior performance).      

Simply put, overall, the present thesis revealed the brain regions that are important in 

perceiving touch in a crossed-hand posture. Thus, those regions should be associated with the 

somatosensory and proprioceptive systems and their interactive system. At the structural level, a 

thinner, larger, and more convoluted cortex contributed to better executing and integrating those 

systems and, at the functional level, channeling the cortical communications to higher frequencies 

(low-beta band). The functional and structural properties might be correlated. A thinner, larger, 

and more convoluted cortex might provide the necessary power for maintaining communications 

in the low-beta frequency across distance cortical regions. Future studies are needed to reveal this 

association in detail. 
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