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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. We addressed the question of why some show
almost complete reversal, but others show little reversal. To this end, we obtained structural magnetic resonance imaging
data from 42 participants who also participated in the tactile temporal order judgment (TOJ) task. We extracted the cortical
thickness and the convoluted surface area as cortical characteristics in 68 regions. We found that the participants with a
thinner, larger, and more convoluted cerebral cortex in 10 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, we 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.

Key words: cortical characteristic, judgment reversal, spatial remapping, structural MRI, tactile temporal order judgment
(TOJ)

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 and Kitazawa 2001; Shore et al. 2002).
The finding has clearly shown that our brain cannot solely rely on

the 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 pro-
posed to address this question (Kitazawa et al. 2008; Heed and
Azanon 2014; Maij et al. 2020). Kitazawa et al. (2008) proposed that
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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
300–400 ms (Kitazawa 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 and Sparks
1996) but was later confirmed by an ingenious psychological
experiment (Azanon and Soto-Faraco 2008). Kitazawa 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 stimu-
lus onset asynchrony (SOA) 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 et al. 2013). Another
account was put forth by Shore 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 this contradictory spatial information may lead
to associating incorrect hands with the tactile stimuli. Following
this thread, Badde 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 et al. 2016) and
by a concurrent cognitive load (Badde et al. 2014). More recently,
Maij 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 the different
categorical features of touch, such as limb type and body side
(Badde 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 partici-
pants. 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 et al. 2010). However, there remains con-
siderable 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
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, we 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,
we 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 regions. Here, we 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,
we discuss the implications of the mechanisms of judgment
reversal.

Methods
Participants

Forty-two volunteers (23 males and 19 females with an average
age of 22.7 and a standard deviation [SD] 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 an SD 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 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. 1A).
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 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, 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, the 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. We 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.

The SOA of the two tactile stimuli was randomly assigned
from 12 intervals (±15, ±30, ±60, ±100, ±200, and ±300 ms) in the
uncrossed session and from 14 intervals (±30, ±60, ±100, ±200,
±300, ±450, and ±900 ms) in the crossed session. Negative and
positive SOAs indicated that the order of stimuli was from the
left-to-right hand and from right-to-left hand, 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. Each SOA interval was repeated eight
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, we con-
ducted a short training session to familiarize the participants
with the task.

To assess whether extracted metrics from the TOJ perfor-
mances are reliably used as traits within individuals, we asked 24
of the participants (17 males and 7 females) to come again and
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Figure 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 stimulus onset asynchrony (SOA) 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.

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 session. We
reversed the order of sessions in the second participation to
examine whether the order had any effect on the TOJ perfor-
mances.

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. Figure 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) in the uncrossed condition and
an N-shaped pattern (eq. 2) in the crossed condition (Yamamoto
and Kitazawa 2001; Wada et al. 2004).

Pu (SOA) = (Pmax − Pmin)

SOA∫
−∞

1√
2πσu

e−(τ−du)
2
/2σu

2
dτ + Pmin. (1)

Equation (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, and du are the upper and lower asymptotes, the
wideness, and the horizontal translation, 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
. (2)

Equation (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 in equations (1) and (2) were calculated by using the
maximum likelihood estimation and the MATLAB optimization
toolbox. Figure 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 and Zucchini 1986). In the four cases in which data did
not pass the goodness of fit test, we observed the data by the eye.
We judged that the model captured the essential characteristics
of the data because the determination coefficient was greater
than 0.4 (Supplementary Fig. S1).

By subtracting the left-hand-second judgment probability
curve of the crossed condition from the uncrossed condition
(Fig. 1C), we can observe the judgment reversal (i.e., erroneous
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.
We called this measure the reversal value. We normalized the
reversal value by dividing it by its maximum possible value.
The normalized reversal value ranged between 0 and 1, with 0
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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, we
examined the correlations between the reversal value and the
model parameters in equation (2) (Al, Ar, σf , and c).

Structural magnetic resonance imaging Acquisition

T1-weighted structural magnetic resonance imaging (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 30 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, time repetition [TR] = 1900 ms, time echo [TE] = 3.37 ms,
flip angle [FA] = 9◦, 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
3 months, with the Prisma scanner. We compared the data of
the two scanners to check whether there was any scanner bias
affecting our analyses.

Analysis of the Structural MRI Images

We used FreeSurfer software to analyze the structural MRI
images (Fischl 2012). FreeSurfer finds the white–gray matter
boundary and makes its 3D surface model using triangular
meshes (approximately, 150 000 vertices per hemisphere) (Dale
et al. 1999). The meshes of triangles allow us to measure the
surface area, curvature, and cortical thickness at each vertex.
The surface area 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 et al. 2008; Ronan et al. 2011).

FreeSurfer automatically parcellates the cerebral cortex into
68 standard gyral-based anatomical regions (34 regions per hemi-
sphere) known as the Desikan-Killiany atlas (Fischl et al. 2004;
Desikan et al. 2006). We used those 68 regions to compare the
structural properties of individual brains.

In choosing structural properties for the analyses, we paid
particular attention to those that have been reported to corre-
late with intelligence in young participants as recruited in the
present study (Luders et al. 2009; Schnack et al. 2015; Tadayon
et al. 2020). We 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 pos-
itively with intelligence, whereas cortical thickness correlated
negatively (Luders et al. 2009; Schnack et al. 2015; Tadayon et al.
2020). This motivated us first to define a measure that combines
the 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 =
∑

A

|H| dA, (3)

where H is the mean curvature, dA is the surface area, and A
refers to the vertices of one anatomical region. The RSI empha-
sizes the surface area (dA) with a greater curvature (H) but ignores
a flat surface. We expected that the RSI would provide a more
reliable measure of cortical elaboration than a simple sum of the
surface areas. To make the RSI robust to spatial distortions, we
used a spatially smooth version of the mean curvature values
produced by FreeSurfer in its analysis pipeline. We then defined
the mean cortical thickness (MCT) by the following equation:

MCT =
∑

A T
NA

, (4)

where T is the cortical thickness, and NA is the number of vertices
of one anatomical region. We 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. We also exam-
ined the gray matter volume because a recent study reported
that fluid intelligence was associated with the parameter
(Chen et al. 2020).

We tested whether there was any scanner bias by comparing
the data of the one participant who was scanned by both scan-
ners. There was no scanner bias in the RSI, but there was a signif-
icant scanner bias in the MCT. On average, MCT was 2% smaller in
the Vida than the Prisma scanner (Supplementary Fig. S2). This
small difference was reasonable because the cortical thickness
was reported to be sensitive to the scanner types (Iscan et al.
2015). We 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.

We examined the correlation between each of the cortical
measures (i.e., MCT, RSI, and RSI/MCT) and the reversal value. As
we had 68 anatomical regions and subsequently 68 correlation
values, to find the significant regions, we corrected the P values
for multiple (i.e., 68) tests by using the Benjamin–Hochberg false
discovery rate (FDR) (Benjamini and Hochberg 1995). We 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, we searched for a model that could effectively esti-
mate the reversal value from the cortical characteristics.

Reversal value ∼ g
(∑N

i=1
∝iFi + C

)
, (5)

g(z) =
∫ z

−∞

1√
2π

e−x2/2dx. (6)

The model was made up of a linear combination of the
cortical characteristics (Fi) passing through a normal cumulative
distribution function (g) (eqs. 5 and 6, Fig. 6A). The normal cumu-
lative distribution function was adopted to make the output of
the model fall between 0 and 1 and within the range of the
reversal value. Moreover, it can improve the model by accounting
for a possibly existing nonlinearity between the cortical charac-
teristics and the reversal value. By testing the model with and
without the nonlinear layer (i.e., normal cdf), we realized that the
nonlinearity of the model was beneficial. Basically, after identi-
fying the cortical characteristics that had significant correlation
with the reversal value, we 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, we considered
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Figure 2. (A) Reversal values of the participants. Reversal values range between 0 and 1. Zero indicates absolutely no reversal, and 1 indicates complete reversal. A lower

reversal value corresponds to a better performance in the crossed-hand tactile TOJ task (Fig. 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).

sex as a factor in the model to assess its possible significance.
The Stan programming language (Carpenter et al. 2017) was used
to fit the model to the data. We employed the leave-one-out (LOO)
cross-validation (Vehtari et al. 2017) to find the most effective
model (i.e., the combination of cortical characteristics that could
effectively explain the reversal value). Moreover, we calculated
Pareto k, an estimate of the distance between an individual LOO
distribution and the full distribution. A Pareto k greater than 0.7
suggests that the left-out data were an outlier and that the model
was not adequate. The model with the lowest LOO information
criterion (LOOIC) and with all 42 Pareto k values smaller than 0.7
was selected as the best model (Fig. 6B).

Data/Code Availability

The data that support the findings of this study are openly
available at http://dx.doi.org/10.17632/tfkdrc4yfw.1.

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. 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. 1B).
However, it is noteworthy that the degree of judgment reversal
varied considerably across the participants (Fig. 2A). Some par-
ticipants showed nearly complete reversal (e.g., inverted sigmoid,
top right panel in Fig. 2A) or N-shaped response curves (e.g., right
middle panel in Fig. 2A), but others made much fewer inverted

judgments (e.g., left top and left middle panels in Fig. 2A). The
female participants generally showed a larger reversal value
than the male participants (Fig. 2B), but the difference was not
significant (Wilcoxon rank-sum test, P value = 0.23).

To summarize the crossing effect in the tactile TOJ task,
we introduced the reversal value (Fig. 1C) which takes a value
between 0 (no reversal) and 1 (full reversal). We confirmed
that the reversal value correlated significantly with most of
the parameters in the flip model of equation (2) (Fig. 3). 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 (Supplementary Fig. S3). 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 with a recent report that the crossed-hands
effect was highly reproducible within each individual participant
(Unwalla et al. 2020).

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).

http://dx.doi.org/10.17632/tfkdrc4yfw.1
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Figure 3. Correlation between the parameters of the Gaussian flip model (eq. 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.

Taken together, the reversal value could be regarded as a
comprehensive and reliable measure of judgment reversal in
each individual participant.

The MCT over the whole brain was positively correlated with
the reversal value (Fig. 4B, r = 0.42, P = 0.0061). Region-by-region
analyses (Fig. 4A, uncorrected P < 0.05) yielded many regions with
positive correlations. After correction for the FDR of 0.05 (FDR
correction), the two regions of the right pars-orbitalis (i.e., orbital
part of the inferior frontal gyrus) and right rostral middle frontal
gyrus were identified as significant. As shown in Fig. 4C, the MCT
of these two regions had a strong positive correlation with the
reversal value.

By contrast, the whole brain RSI was negatively correlated
with the reversal value, though it did not reach the level of
significance (Fig. 4E, r = −0.28, P = 0.078). The region-by-region
analyses (Fig. 4D, 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. 4F).

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 lobule, left
superior temporal gyrus, left precuneus, right cuneus, and left
supramarginal gyrus (Fig. 5C).

As for the gray matter volume, the correlations were generally
weak and negative, with the strongest ones at the right postcen-
tral gyrus (r = −0.38, P = 0.013), left superior temporal gyrus
(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.

Table 1 summarizes the main findings of our analysis by
listing the 10 brain regions that showed a significant correlation
between either of the MCT, RSI, or RSI/MCT and the reversal value.
When we applied the same analyses by using the mean peak
flip ((Al + Ar)/2) instead of the reversal value, the major findings
remained unchanged: 8 of the 10 regions showed significant
correlation (Table 1, Supplementary Fig. S4).

Last, we discovered that a model made up of the following two
cortical features could most effectively explain the variability in
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Figure 4. The brain anatomical regions (according to the Desikan-Killiany atlas) whose (A) MCT (D) 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.

judgment reversal (Fig. 6): 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 LOOIC (Fig. 6B). As shown in Fig. 6C, the
model estimated the reversal value quite precisely (r = 0.75) for
both male and female participants.

Discussion
In the current study, we 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. We found that the cortical structural features (MCT, RSI,
and RSI/MCT) of the following 10 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). Moreover, we 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 judg-
ment reversal (Fig. 6). It is worth noting that the addition of
sex did not significantly improve the model. When we directly

compared the reversal value, the female participants showed
a larger reversal value than the male participants on average,
but the difference was not significant. These findings generally
agree with a previous study that examined the sex effect in a
large set of different tactile TOJ studies and reported significant
sex effect (larger reversal in females than males) in only 3 out
of 23 studies (Unwalla et al. 2020). Therefore, sex would not be
a primary factor that affects the degree of judgment reversal,
though it may serve as an additional factor. We 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.

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 corre-
lation. It is worth discussing what a thinner, larger, and more
convoluted cortex would mean regarding cortical functions, in
general.
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Figure 5. (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 the 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.

Table 1. Summary of the correlation analysis

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

Note: 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 listed in the rows. Numbers in bold represent the correlation values that passed the FDR threshold of 0.05. RSI/MCT: RSI to MCT ratio.

A higher cortical surface area means a higher number of
cortical columns (Lübke and Feldmeyer 2007), which is associ-
ated with a reduction in the fraction of columnar interconnec-
tions (Ringo 1991). It has been proposed that a higher num-
ber of cortical columns and subsequently a smaller percentage
of interconnectedness lead to higher information capacity and
specialization by allowing limited interference and overlapping
of information (Ringo 1991; Tadayon et al. 2020). The increase
of surface area in a certain brain region would thus lead to

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

As for the thickness of the cortex, we should pay careful atten-
tion to age. Cortical thickness increases in childhood (on average,
until the age of 10), then goes through thinning during adoles-
cence, more drastically in more intelligent children (Shaw et al.
2006; Shaw et al. 2008; Schnack et al. 2015). As far as the young
adults, the age group of the present study, are concerned, a nega-
tive association between the cortical thickness and general intel-
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Figure 6. (A) Generalized linear model with a nonlinear sigmoid function (normal cumulative distribution function) that relates the cortical characteristics to the

reversal value. (B) The LOO cross-validation approach to finding the best model. The lowest LOOIC is plotted against the number of features on the left, and

the distributions of corresponding Pareto-k values are shown on the right. 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.

ligence (Schnack et al. 2015; Tadayon et al. 2020), visual creativity
(Tian et al. 2018), and visual perceptual acuity (Song 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 to the
atrophy of the brain, as it has been reported that a younger group
(20∼40 years old) with a higher cortical thickness had a higher
common intelligence than an older group (e.g., 50∼80 years old)
with a lower cortical thickness (Salthouse et al. 2015).

Roles of the 10 Regions in Crossed-Hand TOJ

We here discuss how the 10 regions listed in Table 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 functional magnetic resonance imaging (fMRI)
and magnetoencephalography (MEG) studies (Wada et al. 2012;
Takahashi et al. 2013; Ora et al. 2016; Crollen et al. 2017; Takahashi
and Kitazawa 2017).

In one fMRI study, Takahashi et al. (2013) investigated the neu-
ral correlates of tactile TOJ. They compared the TOJ task with the
numerosity judgment (NJ) task, and in both tasks, 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 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
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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 et al.
2015; Findlater et al. 2018). It was reported in a lesion study
that the superior parietal lobule plays a major role in updat-
ing and maintaining the internal representation of the body
(Wolpert 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 et al. 2008) or more efficient
associations of tactile stimuli to their external representations
(Shore et al. 2002). In agreement with the idea, Wada et al.
(2012), in another fMRI study, found that adapting a crossed-
hand posture activated the left superior temporal gyrus and the
left posterior 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 judg-
ment reversal. The same group, in a follow-up study, examined
the left intraparietal-sulcus-seeded functional connectivity and
reported significantly stronger functional connectivity in the
right rostral–middle/inferior frontal gyrus and left posterior pari-
etal areas during the crossed posture than during the uncrossed
posture (Ora 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 coor-
dinates 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 et al. 2008; Takahashi et al. 2013;
Takahashi and 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 et al. 2013).

We have so far discussed the implications of 5 of the 10
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 and Kitazawa (2017), by recording MEG signals dur-
ing 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 regu-
lates information flow from the superior colliculus, where the
anatomical tactile information is represented, to the precuneus
by modulating the thalamic nuclei that interconnect the superior
colliculus to the precuneus at 10 Hz. Elaboration of the medial
regions might thus contribute to better suppressing the anatom-
ical tactile information coming from the subcortical regions,
thereby reducing the chance of inverted judgments.

We 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 imag-
ing studies. We 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 sen-
sory region and its most caudal part is especially responsible
for the integration of bilateral somatosensory, proprioceptive,
and visual information (Iwamura 1998; Borchers et al. 2011).

Therefore, elaboration of the postcentral gyrus might contribute
to the processing of not only somatotopic but also the spatial
aspects of the tactile stimuli.

The pars-orbitalis is associated with top-down inhibitory con-
trol (Chavan et al. 2015; Yoo 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 et al. 2015). Moreover, it has been shown
that symptom improvement in attention deficit hyperactivity
disorder (ADHD) patients through psychological therapy signif-
icantly altered the resting-state regional homogeneity (i.e., local
connectivity) of the right pars-orbitalis (Yoo 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
et al. 2014; Badde et al. 2016; Badde and Heed 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 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 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 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) sup-
pressing 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.

Supplementary Material
Supplementary material can be found at Cerebral Cortex Commu-
nications online.
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