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Abstract

The human brain functional lateralization has been widely studied over the past
decades, and neuroimaging studies have shown how activation of motor areas
during hand movement execution (ME) is different according to hand dominance.
Nevertheless, there is no research directly investigating the effects of the partici-
pant's handedness in a motor imagery (Ml) and ME task in both right and left-handed
individuals at the cortical and subcortical level. Twenty-six right-handed and 25 left-
handed participants were studied using functional magnetic resonance imaging dur-
ing the imagination and execution of repetitive self-paced movements of squeezing a
ball with their dominant, non-dominant, and both hands. Results revealed significant
statistical difference (p < 0.05) between groups during both the execution and the
imagery task with the dominant, non-dominant, and both hands both at cortical and
subcortical level. During ME, left-handers recruited a spread bilateral network, while
in right-handers, activity was more lateralized. At the critical level, Ml between-group
analysis revealed a similar pattern in right and left-handers showing a bilateral acti-
vation for the dominant hand. Differentially at the subcortical level, during Ml, only
right-handers showed the involvement of the posterior cerebellum. No significant
activity was found for left-handers. Overall, we showed a partial spatial overlap of
neural correlates of Ml and ME in motor, premotor, sensory cortices, and cerebellum.
Our results highlight differences in the functional organization of motor areas in right
and left-handed people, supporting the hypothesis that Ml is influenced by the way

people habitually perform motor actions.
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Highlights

e We are the first to investigate brain activity during dif-
ferent motor imagery (MI) and motor execution (ME)
tasks in both left- and right-handed participants.

e We found significant differences (p < 0.05) in brain ac-
tivity between left- and right-handed participants dur-
ing both Ml and ME.

e During Ml in both groups, the highest peak was found
over the ipsilateral hemisphere for Ml task.

e During M, only right-handers showed the involvement
of the posterior cerebellum.

e Ml is influenced by the way people habitually perform
motor actions.

1 | INTRODUCTION

Nine out of 10 individuals in the world (Baraldi et al., 1999; Kim
etal., 1993; Singh et al., 1998) show right-hand dominance. Although
handedness is the primary manifestation of hemispheric lateraliza-
tion, it is still debatable how this preference is reflected in the motor
organization of the brain. Studies over the past decades have found
agreement on the activation of the primary motor and sensory areas,
as well as the motor association areas and cerebellum for complex
movement production. Additionally, several functional magnetic
resonance imaging (fMRI) studies revealed contralateral and ipsilat-
eral activation within motor-related areas (Baraldi et al., 1999; Kim
et al,, 1993; Singh et al., 1998). Although the main observed activity
for unimanual movement is on the contralateral primary motor cor-
tex (M1) and ipsilateral cerebellum, activations have also been de-
tected on the same side of the performing hand. In the study of Kim
et al. (1993), results showed that the right motor cortex was acti-
vated during contralateral movements in both right and left-handers.
Left motor cortex activity was instead found during ipsilateral move-
ments in both groups and seemed more pronounced in right-handed
participants. Nevertheless, there is also evidence of no difference
in brain activation in left and right-handers (Dassonville et al., 1997)
and results supporting that only left-handers have bilateral activa-
tion in the lateral premotor cortex (Kawashima et al., 1997). A fur-
ther question of interest is whether these differences are present
during motor imagery (M) tasks.

Ml is defined as an internal representation of simple or com-
plex movements in the absence of physical action, meaning that
it is not accompanied by any kind of peripheral muscular activ-
ity (Annett, 1995; Jeannerod, 1995; Porro et al., 1996). Jeannerod
(1995) first differentiated it from the broader class of mental imagery,
a quasi-perceptual experience occurring in the absence of perceptual
input (Cattaneo & Silvanto, 2015). According to the author, Ml is part
of motor representation, a broader phenomenon related to planning
and preparing movements. More precisely, if motor representation
usually is a nonconscious process, Ml represents conscious access
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Significance

The present research investigates whether right and left-
handers show differences in terms of brain activity (i.e.,
area involved) when they perform or imagine a movement
with the right, left, or both hands. The study was per-
formed with functional magnetic resonance imaging and
for the first time the same paradigm was applied to both
right and left-handers. Our results show significant dif-
ferences in brain activity between the groups during both
motor imagery and movement execution. Such results
could be used to exploit new clinical assessments as well
to ameliorate rehabilitation planning (e.g., personalized

treatment).

to the content of a movement. Thus, M| and motor representation
would share functional properties (i.e., motor images), suggesting a
functional equivalence in the causal role of movement generation.
Several neuroimaging studies attempted to disentangle this ques-
tion finding mixed results (Decety, 1996; Fitts & Peterson, 1964;
Jeannerod, 1994, 1995; Viviani & Schneider, 1991). Overlapping ac-
tivations were found in primary motor cortex (M1), supplementary
motor area (SMA), premotor cortex (PMC), inferior parietal lobule
(IPL), superior parietal lobule (SPL), primary somatosensory (S1) cor-
tex, and cerebellum (Gerardin, 2000; Guillot et al., 2008; Hanakawa
etal., 2003; Lotze et al., 1999; Michelon et al., 2006; Roth et al., 1996;
Solodkin et al., 2004; Szameitat et al., 2007a). Concerning subcortical
areas, ipsilateral cerebellar activity over lobules V and VIII (van der
Zwaag et al., 2013) has been reported for movement execution (ME)
of unimanual tasks with lobules 1V, V, and VIII considered represent-
ing the cerebellar homunculus (Mottolese et al., 2013). While anterior
cerebellar lobules project to contralateral cerebral cortical motor-
related areas, the cerebellar hemispheres are mainly connected to
contralateral cerebral association networks (Bostan et al., 2013;
Buckner, 2013; Buckner et al., 2011). Thus, if anterior lobules (lobules
I-V) are associated with the execution of ipsilateral simple, repetitive
movements, functional heterogeneity was reported for the superior-
posterior cerebellum. In detail, higher-order cognition is associated
with Crus | and Crus Il and a combination of complex motor and cog-
nitive functions is linked to lobules VI and VlIb. Furthermore, there is
evidence that the posterior cerebellum (lobules VI through IX) is in-
volved in the inhibition of ME (Lotze et al., 1999) and lobule VI in cog-
nitively demanding tasks (Stoodley et al., 2012) and MI (Sakai et al.,
1999; for a Review see Hétu et al., 2013). Although further evidence
suggests that M| and ME networks are distinct (Gao et al., 2011,
Gerardin, 2000; Jeannerod, 2001; Stephan & Frackowiak, 1996;
Vigneswaran et al., 2013), it is generally accepted that the distribu-
tion of activation tends to be similar.

What it is still lacking is understanding how Ml differs across in-
dividuals on the base of their experience both at the cortical and
subcortical levels.
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With specific regard to hand movements and handedness, the
question is whether MI neural correlates vary between right and
left-handers and to which extent this difference is resembling the
one found for ME. In this view, MI should be considered “body-
specific” (Casasanto, 2009), meaning that it is influenced by how
people habitually perform motor actions. Casasanto (2009) found
that during MI for complex hand actions, the activation of cortical
areas involved in motor planning and execution was left-lateralized
in right-handers but right-lateralized in left-handers. Thus, Ml re-
flects the difference found for ME between right and left-hander,
supporting that long-term motor history (i.e., a preference to exe-
cute an action with one hand) also influences MI. This is in line with
the “simulation hypothesis” (Decety, 1996; Jeannerod, 1994, 1995),
where MI of action involves the recruitment of the same neural
networks in the motor system that are engaged when the move-
ment is actually being executed. An alternative position defines Ml
as a more abstract implementation of general kinematic rules of
biological motion, such as the selection of an action's goal (Fitts &
Peterson, 1964; Viviani & Schneider, 1991). Hence, the motor plan
generated during Ml is abstracted away from the individual motor
experience or specific effectors and occurs at the level of goal of the
imagined action (Rijntjes et al., 1999). Rijntjes et al. (1999) showed
that movement parameters of highly trained movement are stored
in secondary sensorimotor cortices of the extremity with which it is
usually performed (i.e., dorsal and ventral lateral premotor cortices).
These areas are, therefore, functionally independent from the pri-
mary representation of the effector. This issue is still in debate and
several approaches have been used to address this question (e.g.,
EEG, fMRI, brain-damaged patients, behavioral techniques), finding
mixed results in support of one of the two hypotheses.

Overall, most research supports the “simulation hypothesis”
(Decety, 1996; Jeannerod, 1994, 1995) reporting EEG and fMRI
studies which were able to discriminate MI tasks according to the
specific effector imagined. For instance, the results of the study of
Perruchoud et al. (2016) illustrate how our brain is specialized in
representing visual and sensorimotor aspects of our body. More in
detail, they highlighted the difference between hand and body Ml
in recruiting two distinct brain networks (i.e., local and global bodily
representations).

Furthermore, different fMRI studies suggest that hand pos-
ture influences MI (Nico, 2004; Shenton et al., 2004). Ehrsson
et al. (2003) showed that Ml of hand movements activates the hand
sections of the contralateral motor-related areas (i.e., M1, dPM, PCC,
and SMA). Consistent with this hypothesis, Szameitat et al. (2007)
demonstrated that during Ml of complex everyday movements dif-
ferent lateralization in right-handers was found when imagining ac-
tions with the right hand as compared to actions with the left hand.
Willems et al. (2009) demonstrated differential and opposite lateral-
ization for the two groups during Ml of action verbs, suggesting that
right- and left-handers represent action verb meanings from an ego-
centric perspective, which reflects the way they perform these ac-
tions with their dominant hand. Additional findings from Gentilucci
et al. (1998) postulated differences in the Ml mechanism between

left and right-handers, suggesting that the former rely more on a
pictorial hand representation, whereas the latter on a pragmatic one.

Thus, fMRI studies corroborate the hypothesis that right and
left-handed individuals show different sensorimotor processing re-
flected in distinct brain activity patterns during Ml tasks. With spe-
cific regard to handedness, it implies that activation of motor areas
during Ml is different in right- and left-handed individuals.

Although these differences have been highly investigated, the major-
ity of fMRI studies concern only right-handed participants. Furthermore,
to the best of our knowledge, there is no study directly investigating the
difference between right and left-handers' Ml neural correlates per se
and especially in the cerebellum. To achieve a deeper understanding of
handedness effects on Ml in both right and left-handed individuals, the
present study used fMRI to compare neural correlates associated with
the execution and imagination of a simple task (i.e., squeezing a ball) with

the dominant, non-dominant, and both hands.

2 | MATERIALS AND METHODS

2.1 | Participants

Fifty-one healthy participants, 26 right-handed (13 males and 13
females) and 25 left-handed (12 males and 13 females), between
19 and 32 years of age (mean = 24.61 years; SD = 3.09) volun-
teered to participate in the experiment for compensation of 20
euros (Table 1). Exclusion criteria included any major medical ill-
ness that could impact brain function, such as neurological or
psychiatric conditions. Besides, no participants had any contrain-
dications to MRI such as having chronic diseases, being under
medication, being pregnant, having metallic or electrically conduc-
tive implants or prostheses, having tattoos on the head or neck
area, nicotine patches, or cosmetic eye manipulations. All partici-
pants were informed about the purpose of the study before giving
their written consent. The study was approved by the local ethics
committee (Medical University of Graz) and is in accordance with
the ethical standards of the Declaration of Helsinki. Handedness
assessment was calculated for each participant through the
Edinburgh Handedness Inventory (EHI; Oldfield, 1971) and Hand
Dominance Test (HDT; Steingriiber & Lienert, 1971). At the end

TABLE 1 Demographic characteristics of the sample (N = 51)

Number 51
Age M =24.61(SD =3.09)
Handedness

Right = 26 Male = 13

Female = 13
Left =25 Male = 12
Female = 13
Note: Data are presented as sample size (N) for number and handedness.
Right = right-handed; Left = left-handed. Age is reported in terms of
mean (M) and standard deviation (SD).
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of the experiment, they were also asked to fill the second version
of the Vividness of Movement Imagery Questionnaire (VMIQ-2;
Kinesthetic part only; see Extended Data Figure 6) to assess par-

ticipants’ kinesthetic Ml ability.

2.2 | Anti-COVID-19 measures

This study took place in accordance with the recommended meas-
ures of the Austrian Ministry of Social Affairs. All employees in the
laboratory wore mouth and nose protection (MNS) and maintained a
distance of 1 m from each other. The maximum number of study par-
ticipants present in the laboratory was one person at any time and
all employees checked their state of health daily using a COVID-19
questionnaire (see Extended Data Figure 7). To clarify whether there
was a suspected corona case, we request the COVID-19 question-
naire to each participant who was allowed to enter the laboratory
only if such a questionnaire was available and checked. Participants
were picked up at a meeting point outside the university building.
This was followed by the review of the questionnaire as well as the
participant side setting up of MNS. Participants were always accom-
panied when entering and leaving the laboratory, and participants
were not allowed to meet at any time. Participants wore MNS when
they entered the laboratory and were asked to wash their hands.
The person authorized to carry out the MR measurement wore MNS
(FFP2) and a face shield. Participants kept their MNS on until im-
mediately before attaching the head coil and then removed it them-
selves (at the end of the measurement, it was put back on before
leaving the scanner room). After the measurement, all objects that
were in direct contact or in close proximity to the test participants
were disinfected (Incidin TM Liquid; required minimum exposure
time 10 min sufficient for the surface disinfection). The scanner
room has an exhaust system. All other rooms were ventilated for
5 min. The next participant was allowed to enter the laboratory only
when the cleaning and disinfection were completed.

2.3 | Procedure

Each session lasted around one and a half hours and took place in
two separate rooms at the MRI Lab Graz. The whole experiment in-
cluded two phases: the preparation phase and the fMRI scanning.
The first part (i.e., preparation phase) took place in a separate room
equipped with a computer, a table, and chairs. Here, the participants
were asked to read an information letter in which they were given
further information about the study, fill and sign the informed con-
sent and the participant protocol.

In order to assess hand dominance, each participant completed
the Hand Dominance Test (HDT,; Steingriiber & Lienert, 1971). Then,
to familiarize themselves with the experimental conditions, all par-
ticipants were instructed to squeeze a ball several times at their own
pace. Next, the concept of Ml was explained verbally and through
a written definition which provides the precise difference between
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instructed to “imagine repeatedly squeezing the ball with kinesthetic
perspective at your own pace during the task periods of ‘Imagery’
and not to change the pace during the experiment.” Once they felt
ready, a short version of the paradigm was shown, including both the
execution and imagery tasks presented on the computer.

The second phase started with the preparation according to the
safety measurements for undergoing an MRI session. Then, the partic-
ipant entered the scanner room where he performed in a single session
both the imagery and execution tasks. Participants were lying on the
scanner table and cushions were used to reduce head motion. Earplugs
were also provided to reduce MRI scanner noise. Verbal instructions
were repeated through a microphone from the outside of the scanner
room, and once the participant felt ready, scanning started.

The first block included 3.47 min of T1 structural MRI (Figure 1).
The second block was the Ml task. Both conditions (i.e., Ml and ME) had
the same visual input. To create the stimulus material, we took photo-
graphs of a model naturally squeezing a ball using the right hand, left
hand, and both hands (Figure 1). Visual stimuli were presented on an
LCD screen (NNL MR compatible 32-inch monitor) with Presentation
Version 20.0 Build 07.26.17 (Neurobehavioral System, Inc., www.neuro
bs.com). Participants looked at the screen located at the backside of
the scanner through a mirror system. Each participant performed first
the imagination task and then the execution task. We decided not to
randomize the order of the tasks (i.e., MI, ME) since previous studies
showed that just a few minutes of motor exercise on the eve of the im-
agery task leads to stronger cerebral activation in motor-related areas
(Wriessnegger et al., 2014). Thus, to prevent ME influence on the cere-
bral activation, each participant performed the two tasks in the follow-
ing order: (1) “Imagery,” where participants imagined squeezing a foam
ball (7 cm diameter) with the right, left, or both hands without holding
the ball; (2) “Execution,” where participants squeezed the foam ball
(7 cm diameter) with the right, left, or both hands while holding the ball.
Only at the beginning of the Ml task, the word “Imagery” appeared on
the screen. Each trial started with a fixation cross, followed by a picture
showing a right hand, left hand, or both hands indicating which con-
dition had to be executed. The order of trials for each condition (left/
right/both hands) was randomized across participants. Thirty trials of
7 s for each condition (left/right/both hands) were randomized across
participants. A jitter interval between 5 and 9 s of resting time (fixation
cross) took place between trials. Thus, the duration of the task was not
the same for all the participants. The Ml task lasted for approximately
20 min. Then, participants could rest for 5 min while DTI data were ac-
quired. ME task followed. Before the ME run started, the experimenter
entered the scanner room to provide the balls to the participant. Only
at the beginning of the ME task, the word “Execution” appeared on the
screen. ME task included 30 trials of 7 s for each condition (left/right/
both hands) randomized across participants. A jitter interval between 5
and 9 s of resting time took place between trials. Thus, the duration of
the task was not the same for all the participants. The ME task lasted
for approximately 10 min. After the experiment, the participants filled
out the modified version of the VMIQ-2 concerning the kinesthetic
modality only.
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FIGURE 1 Timeline of the experiment. The trial started with 3.47 min of T1 structural MRI followed by the motor imagery (M) task
(approximately 20 min). DTI data were then acquired (5 min), followed by the motor execution (ME) task (approximately 10 min). Detailed
timing of the motor imagery task is here displayed. Only at the beginning of the Ml task, the word “Imagery” appeared on the screen. Each
trial started with a fixation cross (3 s) followed by a picture showing a right hand, left hand, or both hands indicating which condition had to
be executed (7 s). A jitter interval between 5 and 9 s of resting time (fixation cross) took place between trials. Trials for each condition (left/
right/both hands) were randomized across participants. The same procedure was applied for the ME task with the only difference that at the

beginning the word “Execution” was displayed

2.4 | Paradigm validation

To control for active movements during the MI task, participants
were observed through a monitor while no electromyogram (EMG)
was recorded over participants’ hands. To validate the MI task,
we performed a multivariate pattern analysis with ProNTo v.2.1
(Schrouff et al., 2013). A support vector machine (SVM) classifica-
tion was performed to find differences between whole-brain func-
tional maps of left and right MI. We used the “Leave One Subject per
Group Out” Cross-Validation scheme. Results indicate a very good
classification for the two different imagery tasks (See Figure 8 in the
Extended Data). With a total accuracy of 93.62% and a balanced ac-
curacy for left Ml of 91.49 and 95.74% for right MI, we can be quite
certain that all participants were engaged in the task.

2.5 | Image acquisition

The experiment was conducted using a 3T MRI scanner (SIEMENS
Magnetom VIDA, Syngo MR XA20) at the MRI Lab Graz. A

64-channel head coil was used for acquisition. High-resolution T1-
weighted anatomical 3D scans were recorded and reconstructed in
sagittal plane (MPRAGE sequence; voxel size 1.0 x 1.0 x 1.0 mm?,
number of slices = 192, repetition time (TR) = 1,600 ms, echo
time (TE) = 2.36 ms, flip angle = 9°). Functional images were
acquired using SIEMENS SMS EPI (Simultaneous Multislice
Echoplanar Imaging) sequence with the following parameters: voxel
size = 1.8 x 1.8 x 1.8 mm?®, number of slices = 78, TR = 2,300 ms,
TE = 30.00 ms, flip angle = 72° SMS factor = 3, parallel imaging
with acceleration factor = 2 (total PAT = 6) using an interleaved
multi-slice mode for each experimental session (i.e., Imagery and
Execution). Functional images were acquired using AP phase encod-
ing direction. Field maps were acquired with inverse coding direc-
tion. Multishell DTI images were acquired using SIEMENS SMS EPI
(Simultaneous Multislice Ecoplanar Imaging) sequence with voxel
size = 2.5 x 2.5 x 2.5 mm®, number of slices = 57, TR = 2,800 ms,
TE = 95.00 ms, SMS factor = 3, parallel imaging with acceleration
factor = 2 (total PAT = 6) using fat-saturation. A custom diffusion
vector set with 100 directions and the following b-values (b = O;
1,000; 3,000 s/mm?) was used.
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2.6 | Data analysis of four contrasts per group (i.e., MEleft>MEright; Mlleft>Mlright;

The software packages used for preprocessing was fMRIPrep
20.1.1 (Esteban, Blair, et al., 2018; Esteban, Markiewicz, et al., 2018;
RRID:SCR_016216), which is based on Nipype 1.5.0 (Esteban,
Markiewicz, et al., 2018; Gorgolewski et al., 2011; RRID:SCR_002502).

fMRI first-level data analysis was performed using Fitlins (ver-
sion: 0.6.2, 2017-2019, Center for Reproducible Neuroscience;
https://github.com/poldracklab /fitlins). For each participant, a
random-effects analysis (RFX) of the activation during each of the
three experimental conditions (i.e., right-hand, left-hand, and both
hand execution) was performed for the two runs (i.e., Ml and ME). To
test for condition effects at the first level, a general linear model was
constructed with the following regressors of interest: left, right, and
both hands. Additionally, we also modeled regressors of no interest,
such as framewise displacement, three axial translation, three axial
rotation, five a_comp_cor, and eight drifts. The contrasts of interest
were the experimental condition effects (left > right; both > right;
both > left; both > fixation; left > fixation; and right > fixation) for
a total number of six contrasts for both the execution and imagery
runs. The activation-fixation contrast images based on the SPM
model were then taken to a second-level random-effects analysis to
test for group effects.

GLM Flex Fast2 (Schultz, 2017) based on MATLAB2019a
(Mathworks, Inc., Natick, MA) was used for the second-level anal-
ysis. This tool has the advantage of using a common notation and
can handle between- and within-participant designs. The contrasts
from Fitlins were entered into a random-effects group analysis. A t
test was performed for each contrast with p < 0.05. Our model was
defined as follows:

Group * Hand * Condition + random (SS|Hand = Condition)

Due to problems with the Fitlins model estimation, we had to
exclude two participants for the ME and four participants for the
MI task. The final sample included 45 participants, 25 right-handed
and 20 left-handed (Table 2). Post hoc contrasts were specified in
GLM FlexFast2 for both the between and within-group analysis. A
2 x 3 within-participant design (t test, n = 45; p < 0.05) was specified
to investigate if there was any difference for the two tasks (i.e., Ml

and ME) and two conditions (i.e., left and right) for a total number

TABLE 2 Demographics characteristics of the final sample
(N =45)

Number 45
Handedness
Right = 25 Male = 12
Female =13
Left = 20 Male = 11
Female =9

Note: Data are presented as sample size (N) for number and handedness.
Right = right-handed; Left = left-handed.

MEleft>Mlleft; and MEright>MiIright).

A 2 x 3 between-participant design (t test, n = 45; p < 0.05)
was specified to investigate any difference between the left and
right groups for the two tasks (i.e., Ml and ME) and three condi-
tions (i.e., left, right, and both hands). All the contrasts were then
thresholded with a FWE voxel correction (p < 0.05) with bspm-
view (Spunt, 2016) based on SPM8/SPM12 operating in MATLAB
2019b.

3 | RESULTS

3.1 | Behavioral results

3.1.1 | Edinburgh handedness inventory (EHI)

On the Edinburgh Handedness Inventory (EHI), participants' results
were the following: mean = 11.08, SD = 75.69, range -100 to -100.
Twenty-six participants were right-handed (N = 26, 12 female, mean
age 24.23, range 21-32 years, EHI score: mean = 76.92, SD = 14.49,
range 50-100), three were mixed-handed (N = 3, 1 female, mean age
22.67, range 21-24 years, EHI score: mean = 11.67, SD = 32.53, range
-20 to 45), and 22 were left-handed (N = 22, 12 female, mean age
25.32, range 19-30 years, EHI score: mean = -66.82, SD = 39.56,
range -100 to 90).

3.1.2 | Hand dominance test (HDT)

On the Hand Dominance Test (HDT), participants' results were the
following: mean = 101, SD = 75.69, range 93 to 108. Twenty-five

o
© o
-~ o 0% o0&y

o O/G%W{
g . -

T o - o

L
o o
3 4
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o |
=
| [ [

90 100

HDT

FIGURE 2 Correlation plot between the Edinburgh Handedness
Inventory (EHI) and the Hand Dominance Test (HDT). The score for
each participant for the EHI are displayed on the y axis and those
for the HDT on the x axis. Higher scores indicate right-handed
participants for both the EHI and the HDT. Green lines define the
cutoff scores for groups; the red line displays the regression line
between the two test scores. A significant correlation (r = 0.866)
was found between EHI and the HDT scores
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FIGURE 3 Between-group contrasts for motor imagery and motor execution (ME). (a-c) Between-group contrasts (t test, n = 45;

p < 0.05) for motor imagery (Ml). (d-f) Between-group contrasts (t test, n = 45; p < 0.05) for ME. Contrasts are shown for left hand (a,d),
right hand (b,e), and both hand (c,f) conditions in comparison with “fixation” (0). Suprathreshold (FWE voxel p < 0.05) voxels for right-handers
are shown in blue and in red for left-handers. Position MNI coordinates [12 -86 12]; right hemisphere (R) is displayed on the left side, left

hemisphere (L) on the right side

participants were right-handed (N = 25, 11 female, mean age 24.36,
range 21-32 years, HDT score: mean = 101, SD = 7.3, range 93-
108), seven were mixed-handed (N = 7, 3 female, mean age 25,
range 21-30 years, HDT score: mean = 82.29, SD = 4.57, range 78-
92), and 19 were left-handed (N = 19, 11 female, mean age 24.79,
range 19-30 years, HDT score: mean = 73.32, SD = 4.59, range
62-81).

3.1.3 | Correlation analysis

A Pearson correlation analysis was run between the EHI and the
HDT for assessing if self-report measurements were correlated with
the results of participants’ performances. A significant correlation
(r = 0.866) was found between EHI and the HDT scores (Figure 2).
Furthermore, given the nature of the data for the EHI and HDT, a
Cohen's kappa analysis was performed. According to the result
(wk = 0.3271640), we can state that our tests, EHI and EDT, have a

fair agreement.

Our final sample was divided into two groups, namely right and
left-handed. Since the correlation between the two tests was high,
we decided to divide our groups according to the result of the self-
report EHI. Hence, three participants were scored as mixed handers
and when asked “Do you consider yourself right or left-handed?,’
they all replied “left-handed.” For this reason, we decided to include

them in the left-handed group.

3.14 | VMIQ-2

On the VMIQ-2, participants’ results were the following:
mean = 24.25, SD = 6.87, range 13 to 40, mode = 29. The lower
the score, the more vivid is the imagination. Being the test
formed by 12 items with a rating score between 1 and 5, the
minimum score achievable is 12 and the maximum is 60. Despite
the subjectivity of this measurement, we think that the VMIQ-2
can be considered as a good self-report index about participants’

imagery ability.
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Left-handers

Motor imagery

) “ )
FIGURE 4 Within-group contrasts for motor imagery. Within-group contrasts (t test, n = 45; p < 0.05) for motor imagery (Ml) for the
left-handed group (a) and right-handed group (b). Suprathreshold (FWE voxel p < 0.05) voxels for right-hand Ml in comparison with “fixation’

are shown in blue and for left-hand Ml in comparison with “fixation” in red. Position MNI coordinates [12 =86 12]; right hemisphere (R) is
displayed on the left side and left hemisphere (L) on the right side

3.2 | fMRI
All participants performed the task sequences correctly at their own
pace. No overt movement was observed during the imagery tasks.
A complete overview of the results from the GLM-Flex analysis
for both main effects and interactions is displayed in Table 3 in the
Extended Data.

Voxel-wise FWE-corrected threshold images were computed
with “bspmview” and for each contrast, we obtained a table showing
all local maxima separated by more than 20 mm. Regions were au-
tomatically labeled using the Anatomy Toolbox atlas (Eickhoff et al.,
2005) (see Tables 4-6 in the Extended Data).

Contrast images were then displayed on mrview based on
MRtrix3 (Tournier et al., 2019). We first describe the between-
group results comparing Ml and ME for right, left, and both hands
(i.e., Mlleft>0; Miright>0; Mlboth>0; MEleft>0; MEright>0;
and MEboth>0). In the described contrasts, zero is the fixation
cross. Within-group results are then displayed, comparing right
and left-hand tasks for right and left-handers separately (i.e.,
MEleft>MEright and Mlleft>MiIright). Then, to make a direct com-
parison of the two tasks (i.e., Ml and ME) in both the groups, we
discuss the contrasts between ME and MI of the same hand (i.e.,
MEleft>Mlleft and MEright>MlIright) with a specific focus of the

cerebellum.

(b)
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3.2.1 | Between group

To verify the hypothesis of whether there was any significant difference
between the left and right-handed group, a two-sample t test (p < 0.05,
FWE corrected for voxel) for all the contrast of interest was run.

Among MI conditions, significant group effects (p < 0.05) were
found for the following contrasts, namely Mlleft>0 (Figure 3a),
Mlright>0 (Figure 3b), and Mlboth>0 (Figure 3c). Here again, zero
is the fixation cross.

For the left MI task, the right-handed group showed a predom-
inantly left-lateralized activation pattern (Figure 3a, blue) compared
to the left-handed group. The activation included the left lingual
gyrus and left cerebellum (Crus 1) and a small cluster on the right
inferior temporal gyrus. In the left-handed group, left Ml yielded a
more bilateral activation pattern (Figure 3a, red), including the right
calcarine gyrus and the left posterior-medial frontal and left superior
occipital gyrus.

In the right-handed group, “right MI” comparison with “fixation”
induced a bilateral activation pattern (Figure 3b, blue), including the
right calcarine gyrus, left lingual gyrus, and fusiform gyrus, while the
left-handed group (Figure 3b, red) showed a right-lateralized acti-
vation pattern over the calcarine gyrus. The direct comparison of
these two contrasts revealed a similar pattern for the two groups,
showing a bilateral activation for Ml of the dominant hand and a
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FIGURE 5 Within-group contrasts with focus on the cerebellum. (a,b) Within-group contrasts for the left-handed group (t test, n = 45;

p < 0.05) for MEleft>Mlleft and MEright>MIlright. (c,d) Within-group contrasts for the right-handed group (t test, n = 45; p < 0.05) for
MEleft>Mlleft and MEright>Mlright. Suprathreshold (FWE voxel p < 0.05) voxels in comparison with fixation for ME right are shown in red,
Ml right in blue, MEleft in green, and Mlleft in purple. Right hemisphere (R) is displayed on the left side and left hemisphere (L) on the right

side

lateralized activation over the ipsilateral hemisphere for Ml of the
non-dominant hand.

The comparison of “both MI” and “fixation” condition revealed for
the right-handed group (Figure 3c, blue) maxima suprathreshold activ-
ity over the right lingual gyrus and smaller clusters over the left lingual
gyrus, middle occipital and inferior occipital gyrus. The left-handed
group (Figure 3c, red) showed the maxima locus over the right calcar-
ine gyrus and smaller clusters over the bilateral cerebellum (VI).

Among the ME conditions, significant group effects (p < 0.005)
were found for the following contrasts, namely MEleft>0
(Figure 3d), MEright>0 (Figure 3e), and MEboth>0 (Figure 3f). In the
right-handed group, “left ME” comparison with “fixation” induced a
predominantly right-lateralized activation pattern (Figure 3d, blue),
with a global peak on the Rolandic operculum, followed by the right
calcarine and fusiform gyrus and right cuneus. In the left-handed
group, “left ME” comparison with “fixation” (Figure 3d, red) yielded
a more spread and bilateral activation pattern, including the cer-

ebellar vermis, on the right hemisphere the highest peak over the

superior temporal calcarine, precentral, middle temporal and fu-
siform gyrus, cerebellum (IX), and IFG (pars triangularis) while for
the left hemisphere over the IFG (pars orbitalis), middle and inferior
temporal gyrus and MCC.

In the right-handed group, “right ME” comparison with “fix-
ation” (Figure 3e, blue) induced a predominantly left-lateralized
activation pattern over the cerebellum (VI), calcarine and posterior-
medial frontal gyrus. Also, for this contrast, the left-handed group
yielded a more spread and bilateral activation pattern, including
for the right hemisphere the superior occipital and temporal gyrus,
cerebellum (VI) fusiform, and lingual gyrus, while for the left hemi-
sphere over the calcarine and lingual and middle orbital gyrus and
cerebellum (I11). The direct comparison of these two contrasts re-
vealed a different pattern for the two groups, showing a bilateral
activation for ME of both the dominant and non-dominant-hands
in left-handers and a more lateralized activation over the contra-
lateral hemisphere for ME of both the dominant and non-dominant

hands for right-handers.
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The comparison of “both ME” and “fixation” condition revealed
for the right-handed group (Figure 5f, blue) maxima suprathreshold
activity over the right lingual and calcarine gyrus. The left-handed
group (Figure 3f, red) showed the maxima locus over the bilateral
cerebellum (VI-crus 1) and left pre- and postcentral gyrus.

3.2.2 | Within-group

Among ME conditions, significant within-group effects (p < 0.005)
were found for the contrast MEleft>MEright for both the groups,
showing contralateral involvement of the cortical motor areas and
ipsilateral cerebellum (for a complete description, see Extended
Data, Tables 4.3 and 4.4).

Among Ml conditions, significant within-group effects (p < 0.005)
were found for the contrast Mlleft>Mlright for both the groups. In the
left-handed group (Figure 4a), right-hand Ml (blue) induced a bilateral
activation over the calcarine gyrus while for left-hand Ml (red), over
the bilateral lingual gyrus. A result of interest is that for both the con-
ditions, the highest peak was found over the ipsilateral hemisphere
for Ml task.

In the right-handed group (Figure 4b), both right- and left-hand
Ml induced a bilateral activation over the lingual gyrus with the high-
est peak over the ipsilateral hemisphere for Ml task.

3.2.3 | The cerebellum

The within-group comparison of Ml and ME for the conditions of
right and left hands with a specific focus on the cerebellum is de-
scribed below.

Left-handers' (Figure 5; panel a,b) within-group analysis (i.e.,
MEleft>Milleft and MEright>Mlright) showed for “left ME” (green)
significant pattern (FWE voxel p < 0.05) over the cerebellar ver-
mis (4/5), and left cerebellum (IV-V-VIII) while “right ME” (red) over
the right cerebellum (VIII). No significant activity was found over
the cerebellum for the reverse contrasts (i.e., MEleft<Mlleft and
MEright<MiIright).

Right-handers' (Figure 5; panel C, D) within-group analysis (i.e.,
MEleft>Mlleft and MEright>MlIright) showed for “left ME” (green)
significant pattern (FWE voxel p < 0.05) over the cerebellar vermis
(3) and left cerebellum (IV-V-VIII) while “right ME” (red) over the cer-
ebellar vermis (6), right (IX) and left (Crus1) cerebellum. The reverse
contrasts (i.e., MEleft<Mlleft and MEright<Mlright) revealed for
“left MI” (purple) significant pattern (FWE voxel p < 0.05) over the
cerebellar vermis (3) and right cerebellum (IX) while for “right MI”
(blue) over the right (VIII) and left (VIII; Crus 2) cerebellum.

4 | DISCUSSION

It is widely recognized that Ml and ME rely on partly overlapping
mechanisms. However, the exact nature of their relationship still
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how MI differs across individuals based on their experience. With
specific regard to hand movements, the question is whether Ml
neural correlates vary between right and left-handers and to which
extent this difference is resembling the one found for ME. Several
neuroimaging studies have addressed this issue, finding mixed
results (Decety, 1996; Fitts & Peterson, 1964; Jeannerod, 1994,
1995; Viviani & Schneider, 1991). The majority corroborate the
hypothesis that right and left-handed individuals show different
patterns of brain activity during MI tasks. Although these dif-
ferences are well recognized, most of the fMRI studies concern
only right-handed participants (Ehrsson et al., 2003; Szameitat
et al., 2007a, 2007b).

To the best of our knowledge, there is less research directly
investigating the effects of handedness in both right and left-
handed individuals at cortical and subcortical level. One recent
study (Willems et al., 2009) directly investigates handedness ef-
fects on Ml in both the groups, but within the relationship to the
more abstract domain of language (i.e., imagination after action/
non-action verb presentation). Indeed, Willems et al. (2009) inves-
tigated MI in both right and left-handers, using as stimuli Dutch
verbs, expressing concrete actions (half related and half not re-
lated to manual actions). This is a fundamental difference from our
study where stimuli were pictures, and there was no involvement
of language domain. The study of Grabowska et al. (2012) includes
both right and left-handers but it was focused on ME only (i.e.,
flexion/extension of the index finger, successive finger-thumb op-
position). The same can be said for the study of Tzourio-Mazoyer
et al. (2021). Furthermore, no one of the mentioned studies in-
vestigated the difference between groups for Ml and ME of both
hands. Lastly, our comparison includes an extensive analysis of the
cerebellar activity.

To achieve a deeper understanding of handedness effects on
Ml in both right and left-hander individuals, the present study used
functional magnetic resonance imaging (fMRI) to compare neural
correlates associated with the execution and imagination of a simple
task (i.e., squeezing a ball) with the dominant, non-dominant, and
both hands. More in detail, given the superior role of the kinesthetic
content of Ml in recruiting the sensorimotor system, we asked par-
ticipants to precisely concentrate on the feeling experienced. A fur-
ther question we addressed was whether individual hand dominance
assessed using the EHI (Oldfield, 1971) was associated with the
HDT (Steingriber & Lienert, 1971). In such a way, we investigated
whether there was a correlation between handedness self-report
and performance-based assessment.

Overall, in our study, we showed a partial spatial overlap of Ml
and ME in motor and premotor areas, sensory cortices, and cerebel-
lum. The results of the performed analysis confirmed our research
hypothesis. Indeed, handedness significantly impacts the neural cor-
relates of MI for both the dominant, non-dominant, and both hand
tasks.

Group differences for M| were found for the left and right-hand
tasks, revealing a similar pattern for the two groups with a bilateral
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activation for Ml of the dominant hand. Indeed, for this contrast, both
groups recruited the right calcarine gyrus and left occipital gyrus. On
the contrary, a more lateralized activation was found for both groups
over the ipsilateral occipital lobe for Ml of the non-dominant hand. A
result of interest is that both right and left-handers showed maxima
suprathreshold activation for both hands Ml over the right occipital
lobe.

The occipital lobe is the site of visual processes control where the
primary visual cortex (V1) is mainly located in the calcarine sulcus
and the lingual gyrus is responsible for letter processing and encod-
ing visual memories. Since the stimuli we used were pictures of the
hand, the activation of such areas for Ml is explained by their visual
processing. Furthermore, the activation of the lingual gyrus could
represent the retrieval of the sensation and feelings associated with
the movements, which was what we required for kinesthetic Ml.

When compared these results with the ones of ME, a different
pattern was found. Group differences for ME were found for the
left and right-hand movement compared to fixation, revealing a bi-
lateral activation for ME of both the dominant and non-dominant
hands in left-handers and a more lateralized activation over the
contralateral hemisphere for ME of both the dominant and non-
dominant hands for right-handers. Both hand ME showed maxima
suprathreshold activation for right-handers over the right occipital
lobe while left-handers recruited the bilateral cerebellum and left
motor and sensory cortices. These results are in line with previ-
ous findings supporting the hypothesis that left-handers recruit a
more spread bilateral network for ME tasks (Jancke, 1996; Solodkin
et al., 2004).

Furthermore, the present study demonstrated that the non-
dominant precentral gyrus was active in both right- and left-handers
for Ml of both dominant and non-dominant hands. On the other side,
the dominant precentral gyrus was active only in right-handers and
only for Ml of the dominant hand. A previous study (Perruchoud
et al., 2018) showed that the stimulation of the dominant precentral
gyrus played a causal involvement in MI. Together with our find-
ings, it could be proposed that the activation of a region causally
involved in M, such as the dominant precentral gyrus (Perruchoud
et al., 2018), can be further correlated with handedness. Indeed, the
activation of the precentral gyrus was present in right-handers and
specifically for Ml of the dominant hand, but not in left-handers.

With regard to within-group analysis of MEleft>MEright, we rep-
licate previous findings (Baraldi et al., 1999; Kim et al., 1993; Singh
et al., 1998) for both the groups, showing controlateral involvement
of the cortical motor areas and ipsilateral cerebellum.

Among Ml conditions, significant within-group effects (p < 0.05)
were found for the contrast Mlleft>Mlright for both the groups,
showing bilateral activation over the occipital cortex. A result of in-
terest is that for both the conditions and groups, the highest peak
was found over the ipsilateral hemisphere for MI task. Differentially
from previous studies with Ml on right-handers only, we did not find a
significant difference between Ml of the dominant and non-dominant
hands in motor and sensorimotor cortices (Szameitat et al., 2007b;
Zhanget al., 2017). These differences could be caused by the different

paradigms used and MI modalities which were not controlled for all
these studies.

A further result of special interest is the analysis of the cerebel-
lum activity in ME and MI when compared the execution of the task
with the same hand (i.e., MEleft>Mlleft and MEright>MlIright). Our
results showed that overt movements (i.e., MEleft and MEright) in
comparison to MI activated ipsilateral cerebellar lobules IV-VI and
VI, which are the sites of the cerebellar homunculus (Mottolese
et al., 2013). This pattern was found in both right and left-handers.

Differentially, cerebellar involvement in Ml was found to be
different between right and left-handers. If in the former, left
Ml led to significant activity (FWE voxel p < 0.05) over the cer-
ebellar vermis (3) and right cerebellum (IX) while right Ml over
the right (VIIl) and left (VIII; Crus 2) cerebellum; no significant
activity was found for left-handers. More in detail, the recruit-
ment of the posterior cerebellum (lobe 1X) found in right-handers
is in accordance with previous findings (Lotze et al., 1999) sug-
gesting the role of such area in the inhibition of ME. Additionally,
the cerebellar Crus 2 is considered to be involved in higher order
cognition functions.

Furthermore, the between-task analysis revealed that MI, in
both groups for both right and left hand, showed the maxima ac-
tivation over the left posterior medial frontal cortex (pMFC) which
is the site of SMA. This is in accordance with the meta-analysis of
Hétu et al. (2013), which showed this area as the peak locus for Ml.
Additionally, this is in line with the study of Guillot et al. (2014), com-
paring KMI to VMI neural correlates. Their results showed (Guillot
et al., 2014) for kinesthetic imagery activity over motor-related
regions including contralateral M1, PMC, SMA, cerebellum, basal
ganglia, and in the inferior parietal cortex. In contrast, during visual
imagery, they observed more activity in occipital regions and supe-
rior parietal lobule, including the precuneus. It is to note that in our
study, both groups showed left pMFC involvement despite the hand
imagined. Moreover, in right-handers, a more bilateral network was
found for Ml compared to ME; while left-handers showed suprath-
reshold activity mainly only in the left hemisphere.

Another important aspect of our study is the assessment of
handedness. Despite the fact that most of the studies involve only
one measurement (e.g., EDI), we decided to include both a self-
report (i.e., EHI; Oldfield, 1971) and a behavioral test (i.e., HDT;
Steingriber and Lienert (1971)) in order to define more precisely
the two groups. According to the literature, both measurements
are reliable, but a single-hand performance measure did not al-
ways correctly classify an individual hand dominance (Brown
et al., 2004; Corey et al., 2001). On the other side, the combina-
tion of results from different tasks was predictive of hand prefer-
ence (Corey et al., 2001). Our analysis showed a strong correlation
(r = 0.866) between these two measurements. One aspect of in-
terest visible in the correlation plot is that there are a few partic-
ipants whose self-report score differentiates from the behavioral
task (e.g., on the EDI they score right and the performance of the
HDT defined them more left-handers or vice versa). Since they are
only a few and the correlation between the two questionnaires is



CROTTI ET AL.

JOURNALOE ,

strong, we suppose that our study has a good distinction between
the right and left-handed participants.

Some limitations of our findings should also be noted. First of all,
the lack of a comprehensive analyses of potential gender difference.
Being aware of its importance, we run a pattern recognition analysis
between male and female (See Figure 9 in the Extended Data). Results
show a total accuracy rather poor (53.19%). Thus, we conclude that
there is no a strong pattern distinction between males and females and
that sex did not play a major influence on our results. Nevertheless,
we do think that further investigation is needed to address a compre-
hensive analysis of sex influence on both behavioral and neuroimaging
data. Second, our participants were explicitly trained to focus on the
kinesthetic feelings and consequences of the actions that they imag-
ined. This is different compared to visual-MI in which participants are
instructed to focus on the visual aspects of ML. In order to have a feed-
back about the engagement of such a modality, we asked our partici-
pants to fill the VMIQ-2. Our results ranged from low to high with no
statistical difference between the two groups. Thus, we could assume
that our sample MI ability ranges from low to high level of MI. Being
aware of the subjectivity of this measurement, the interpretation of
such results is hence speculative. Additionally, future studies should
include muscular activity measurements (e.g., EMG) to record possible
muscle activation during the Ml tasks.

5 | CONCLUSION

To sum up, the present study provides for the first time an extensive
comparison between right-and left-handers' neural correlates for
ME and Ml tasks with the dominant, non-dominant, and both hands.

Our results replicated previous findings on ME, showing contra-
lateral involvement of the cortical motor areas and ipsilateral cer-
ebellum. We also replicated differences between groups, showing
that left-handers recruit a spread bilateral network while in right-
handers, activity is more lateralized.

Furthermore, for the first time, we highlighted different patterns
of the cerebellum activity for ME and MI. We showed that in both
groups, overt movements (i.e., MEleft and MEright) activated ipsi-
lateral cerebellar lobules IV-VI and VIII, considered to be the sites
of the cerebellar homunculus. Differentially, for MI, right-handers
showed the involvement of the posterior cerebellum, considered to
be involved in movement inhibition and higher order functions. No
significant activity was found for left-handers.

According to our hypothesis, right and left-handers showed dif-
ferent neural correlates of MI. A result of interest is that for both the
conditions (i.e., leftMI and rightMI) and groups, the highest peak was
found over the ipsilateral hemisphere for Ml task. Such differences
do not correspond to the ones found for ME. Difference in activa-
tion with previous findings can be explained by the different meth-
odology used such as the paradigm, the complexity of the task and
the control for the MI modality. Lastly, a different pattern between

groups was identified for the cerebellar activity in Ml.
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Our findings could be used to exploit new clinical assessments
and treatment approaches. In the context of brain-computer in-
terface, Ml is a valuable approach used with different techniques
and clinical populations (see Frolov et al. (2017); Vourvopoulos et al.
(2019); Khan et al. (2020) for a review). In conclusion, we do think the
present study could be used to ameliorate rehabilitation planning
(e.g., personalized treatment) and clinical assessments.

A question that remains unaddressed is whether this difference
is present at the level of brain connectivity. In our paradigm, we in-
deed include the acquisition of DTI data for future analysis, disen-
tangling this issue and further clarifying the impact of handedness
on brain circuit development.
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APPENDIX
EXTENDED DATA
CODE Feeling yourself do the movement
(Kinaesthetic Imagery)
Vividness of Movement Imagery Questionnaire-2 £z 3 3 2
Name: Age: ltem EE : E 3 2E2
Gender: Sport: 23 2 E g FER
Movement imagery refers to the ability to imagine a movement. The aim of this questionnaire =" o 2 =
. g s . . . “Walkn )
is to determine the vividness of your Kinaesthetic movement imagery. RES : 3 ?
The items of the questionnaire are designed to bring certain images to your mind. Try to obtain 2 Running 2 3 4 5
them by feeling yourself do the movement (Kinaesthetic imagery). 3 Kicking a stone 3 3 7 3
Please try to be concentrated on the feeling experienced and NOT to use an external point of
) ) ) . 4.Bending to pick up 2 3 4 5
view such watching yourself performing the movement (External Visual Imagery) or an acoin
internal point of view, as if you were looking out through your own eyes whilst performing the . .
S.Running up stairs 2 3 4 ]
movement (Internal Visual Imagery).
You are asked to rate the vividness of each item by reference to the 5-point scale. After each 6 Jumping sideways : 3 B 2
item, circle the appropriate number in the boxes provided. 7.Throwing a stone 2 3 4 5
into water
For all items please have your eyes CLOSED.
- - - - 8 Kicking aball in 2 3 4 H
Think of each of the following acts that appear on the next page, and classify the images the air
according to the degree of clearness and vividness as shown on the RATING SCALE.
9.Running downhill 2 3 4 H
RATING SCALE. The image aroused by each item might be:
Perfectly clear and as vivid (as normal vision or feel of movement) 10Riding a bike 2 3 4 ]
Clear and reasonably vivid
Moderately clear and vivid - 11.Swinging on a 2 3 1 H
Vague and dim o rope
No image at all. you only “know™ that you are thinking of the skill...
12.Jumping off a 2 3 4 5
high wall

FIGURE 6 Kinesthetic part of the Vividness of Movement Imagery Questionnaire (VMIQ-2). Example of the kinesthetic part of the
VMIQ-2 which was administered to each participant to obtain a self-report index of participants’ imagery ability. On the left, the name, age,
gender, and information about sport played by the participant were reported before reading the instructions. Participants had to rate on a
scale between 1 (low) and 5 (high) how clear and vivid was feeling himself/herself doing the movement of the 12 items (i.e., actions) reported

on the right side. The total score is calculated by the sum of the 12 items
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FIGURE 7 COVID symptoms
questionnaire. COVID-19 questionnaire
which was administered to each
participant before entering the laboratory.
Seven screening items must be checked as
“No” to allow the participant to take part
in the study

FIGURE 8 Multi-voxel pattern analysis for motor imagery.
Classification analysis based on left and right motor imagery tasks.
Black crosses represent motor imagery (M) of the right hand, and
red circles represent Ml of the left hand. The dashed line is the
cutoff function value between both groups
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GrazeGRAZ BCI

COVID-19 questionnaire for an MR research exam
MRI Laboratory Graz, Institute for Psychology

Personal data:

Name: Date of birth:

In order to carry out the MR research examination, we ask you to answer conscientiously to the
following questions within a maximum of 48 hours before your agreed appointment.

Do you currently have or have you had in the past week:

Fever O Yes O No
Sore throat O Yes O No
Dry cough O Yes O No
shortness of breath O Yes O No
Shortness of breath O Yes O No
Taste disorders / odor disorders O Yes O No
Diarrhea / vomiting O Yes O No

Is your body temperature 37.5 ° C or more?

O Yes O No

If you answered YES to any of the points, it is not possible to conduct the research investigation or
to enter the laboratory. Otherwise, take the completed and signed questionnaire with you on the
agreed date.

If you have specific symptoms, stay at home and call health number 1450 for further clarification.

| confirm that | have read, understood and truthfully answered the questions that concern me.

Date and signature (subject, parents or legal representative)
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FIGURE 9 Multi-voxel pattern analysis for gender difference. Classification analysis of the motor imagery task (left Ml vs. right MI) based
on gender difference. Circles represent females and squares represent males. The horizontal line is the cutoff function value between both
groups
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TABLE 3 GLM-Flex results analysis of main effects and interactions

Group
Hand

Group x Hand

Region label

Precentral_R
Postcentral_L
Precentral_L
Cerebellum_4_5_R
Cerebellum_4_5_L
Cerebellum_8_L
Occipital_Inf_R
Location not in atlas
Precentral_R
Location not in atlas
Location not in atlas
Cerebellum_Crus2_L
Cerebellum_Crus2_R
Cerebellum_Crus1_L
Frontal_Inf_Tri_L
Frontal_Inf_Tri_R
Temporal_Sup_R
Frontal_Sup_Medial_L
Temporal_Mid_L
Precentral_L
Temporal_Pole_Mid_R
Temporal_Mid_L
Temporal_Mid_L
Temporal_Mid_L
OFClat_R
Temporal_Mid_L
Cerebellum_6_R
Cingulate_Mid_L
Cingulate_Post_R
ACC_sup_L
ACC_sub_L
Parietal_Sup_L
Location not in atlas
Cingulate_Mid_R
Temporal_Mid_L
Paracentral_Lobule_L
Frontal_Inf_ Orb_2_L
Cingulate_Mid_R
Precuneus_R
Frontal_Inf_Oper_R
Parietal_Sup_L
Temporal_Mid_R
Temporal_Pole_Mid_R

Extent

21,845

45,126

728

232
175
26
165
139
29
145
63
78
26
23
22
31
27
30
70
25
124
52
136
136
65
23
162
47
25
31
23
72
89
22

35
36
32

F-value

n.s.
615.045
548.195
229.608
387.170
349.282
217.797
29.055
20.849
19.323
18.204
16.193
16.020
14.787
14.098
13.996
13.475
13.133
10.955
10.720
10.419
10.385
10.319
9.275
9.182
9.064
15.331
14.817
14.488
7.546
14.157
13.118
12.981
12.606
11.827
11.575
11.513
11.152
11.145
10.845
10.127
10.120
10.079
9.408

MNI coordinates
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X

-106

-30
=87
-82

-53
29
26

38
-41
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TABLE 3 (Continued)

Condition

Group x Condition

Hand x Condition

CROTTI ET AL.

MNI coordinates
Region label Extent F-value X y z
Supp_Motor_Area_L 23 9.365 1 20 64
Precentral_R 7,304 19.756 38 =238 53
Rolandic_Oper_R 11.801 44 -25 20
Postcentral_R 8.501 62 -16 15
Postcentral_L 4,483 18.997 -46 -26 60
Cerebellum_4_5_R 8,270 17.412 13 -52 -19
Cerebellum_6_L 13.756 -14 -57 -14
Thal_VPL_R 8.587 15 -17 2
Rolandic_Oper_L 2,476 10.237 -46 -25 20
Putamen_L 4.842 -32 -10 2
Rolandic_Oper_L 3.553 -61 0 4
Cerebellum_8_L 1,190 9.969 -19 -59 -52
Cerebellum_8_L 5.520 -30 -41 -52
Location not in atlas 3.632 =5 =75 -46
Cerebellum_8_R 9.547 13 -62 -50
Location not in atlas 6.920 4 -46 =5
Cerebellum_10_R 4.554 22 -35 -46
Supp_Motor_Area_L 1,634 8.314 1 -17 49
Cingulate_Mid_L 4.717 -7 0 40
Location not in atlas 75 4.930 =32 =50 1
Temporal_Pole_Sup_R 51 4.726 62 6
Location not in atlas 40 4.597 =8 20 4
Location not in atlas 22 4.568 -10 -23 -39
Amygdala_L 109 4.503 -17 ! -21
Calcarine_R 45 4.473 6 -82 6
ParaHippocampal_R 28 4436 29 -25 -28
Temporal_Inf_L 27 4.373 -34 -1 -34
Location not in atlas 64 4.263 1 =255 -43
Frontal_Sup_Medial_R 29 4.097 2 33 60
Amygdala_R 39 4.042 20 0 -16
Frontal_Sup_2_L 55 21.954 -28 63 -7
Frontal_Mid_2_R 31 20.478 35 26 35
Temporal_Sup_R 40 19.462 67 -35 10
Cerebellum_6_R 22 19.246 88 -57 -19
Temporal_Mid_R 34 16.635 69 -44 -1
Postcentral_R 12,793 660.965 40 -25 53
Postcentral_L 563.198 -44 -25 60
Precentral_R 90.911 24 =25 76
Cerebellum_4_5_L 8,982 280.097 -19 -50 -25
Cerebellum_4_5_R 245.597 17 -52 -21
Cerebellum_4_5_L 122.999 -5 -62 -14
Rolandic_Oper_L 1,895 81.401 -44 -21 19
Thal _VPL_L 68.186 -17 -21 6
Supp_Motor_Area_L 2,191 74.025 =5 -17 49

(Continues)
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TABLE 3 (Continued)

MNI coordinates

Region label Extent F-value X y z
Cingulate_Mid_R 17.486 6 0 42
Rolandic_Oper_R 2,753 72.863 42 -19 19
Thal_VPL_R 52.589 19 -21 4
Amygdala_R 33.122 27 ! -12
Location not in atlas 108 24.379 4 -46 -61
Cerebellum_Crus1_R 147 15.910 20 -89 -19
Putamen_L 84 14.216 -19 8 8
Location not in atlas 24 13.559 -34 =2 31
Frontal_Inf_Tri_L 47 12.090 -39 44 10
OFCpost_L 20 11.005 =28 27 -17
Location not in atlas 26 10.659 -21 -23 28
Group x Hand x Occipital_Mid_L 62 16.113 -39 -70 28
Condition
Fusiform_L 63 14.871 -34 -39 -16
Location not in atlas 82 13.679 28 42 =3
OFCant_L 85 11.871 -32 38 -16
Frontal_Sup_Medial_L 21 10.918 -14 54 4

Note: Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right; L = left. Extent in voxels, F values, and MNI coordinates
(x, y, 2) in Talairach space for each region are displayed.

TABLES 4 Between-group results

TABLE 4.1 Between-group result for motor imagery (MI) left hand

Ml left hand
MNI coordinates
Contrast Region label Extent t value X y z
left>right-handers R Calcarine Gyrus 180 9.862 19 -95 10
L Posterior-Medial Frontal 50 7.516 1 8 55
L Superior Occipital Gyrus 44 6.908 -16 -95 13
right>left-handers L Lingual Gyrus 326 -8.664 2 -86 6
L Cerebellum (Crus 1) 35 -7.270 -32 -80 -17
L Lingual Gyrus 20 -7.181 -17 -79 =3}

Note: Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right; L = left. Extent in voxels, t values, and MNI coordinates (x,
y, z) in Talairach space for each region are displayed.

TABLE 4.2 Between-group result for motor imagery (M) right hand

Ml right hand
MNI coordinates
Contrast Region label Extent t value X y z
left>right-handers R Calcarine Gyrus 125 9.005 19 -93 8
right>left-handers R Calcarine Gyrus 312 -8.957 4 -86 6
L Lingual Gyrus 86 -7.618 -16 -79 -1
L Fusiform Gyrus 52 -7.530 -28 -71 -10

Note: Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right; L = left. Extent in voxels, t values, and MNI coordinates (x,
y, z) in Talairach space for each region are displayed.
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TABLE 4.3 Between-group result for motor execution (ME) left hand
ME left hand
MNI coordinates

Contrast Region label Extent t value X y z

left>right-handers R Superior Temporal Gyrus 106 9.640 67 -35 13
R Calcarine Gyrus 117 9.521 19 -91 10
R Precentral Gyrus 37 8.461 22 -25 76
R Middle Temporal Gyrus 184 8.195 51 =il -28
L IFG (pars orbitalis) 48 7.951 -37 42 -7
R Cerebellum (IX) 65 7.714 11 -57 -37
L Middle Temporal Gyrus 292 7.564 -57 2 =26
L MCC 49 7.449 =7/ -26 38
R Fusiform Gyrus 31 7.342 38 -10 -28
L Superior Temporal Gyrus 29 7.294 -66 -50 24
Cerebellar Vermis (3) 34 7.076 -1 -48 -16
L Inferior Temporal Gyrus 62 6.936 -43 -9 -34
R IFG (pars triangularis) 49 6.897 44 24 33
R Cerebellum (VI) 20 6.882 29 -59 -17
R Posterior-Medial Frontal 21 6.850 17 -16 69
R Middle Occipital Gyrus 28 6.841 44 -82 15
R Cerebellum (Crus 2) 22 6.660 49 -55 -35
R IFG (pars orbitalis) 37 6.363 49 38 -7

right>left-handers R Rolandic Operculum 46 -8.785 58 -16 20
R Calcarine Gyrus 364 -7.777 6 -82 15
L Inferior Temporal Gyrus 33 -7.681 -39 -37 -8
L Cuneus 29 -7.228 -7 -93 24
R Fusiform Gyrus 20 -7.045 27 -86 -8
R Cuneus 34 -6.814 6 -88 29

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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ME right hand
MNI coordinates
Contrast Region label Extent t value X y z
left>right-handers R Superior Occipital Gyrus 224 11.003 20 -91 11
R Superior Temporal Gyrus 69 8.426 67 =85 13
R Fusiform Gyrus 88 7.660 47 -66 -16
R Lingual Gyrus 88 6.238 44 -86 -12
L Calcarine Gyrus 146 7.468 -14 -106 -5
L Lingual Gyrus 146 6.145 =2 -97 -10
R Cerebellum (VI) 84 7.444 31 -55 -23
L Heschl's Gyrus 51 7.190 =87 -28 19
L Cerebellum (I11) 34 6.867 -14 -35 -19
L Middle Orbital Gyrus 100 6.828 =23 62 -7
R Cerebellum (Crus 2) 47 6.721 47 -57 -39
R Cerebellum (VI) 19 6.712 22 -79 -16
R Inferior Temporal Gyrus 34 6.602 51 -3 -28
right>left-handers L Cerebellum (VI) 122 -7.556 -8 =71 -10
R Cuneus 42 -7.369 -82 33
L Calcarine Gyrus 98 -7.367 -84 17
L Posterior-Medial Frontal 25 -6.730 -3 -5 74
Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
TABLE 4.5 Between-group result for motor imagery (Ml) both hands
Ml both hands
MNI coordinates
Contrast Region label Extent t value X y z
left>right-handers R Calcarine Gyrus 58 -8.379 17 -91 8
L Cerebellum (VI) 23 -7.830 -8 -86 -10
R Cerebellum (VI) 29 -6.805 20 -80 -16
right>left-handers R Lingual Gyrus 158 10.159 4 -70 6
L Lingual Gyrus 63 7.102 -12 -82 4
L Middle Occipital Gyrus 39 7.030 -41 -91 13
L Inferior Occipital Gyrus 31 6.296 -52 =77 1
L Lingual Gyrus 21 6.287 2 -84 6

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;

L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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TABLE 4.6 Between-group result for motor execution (ME) both hands
ME both hands
MNI coordinates

Contrast Region label Extent t value X y z

left>right-handers R Cerebellum (Crus 1) 365 -9.6644 47.26 -67.808 -15.5
R Cerebellum (VI) 365 -8.723 29.29 -57.026 -19.1
R Fusiform Gyrus 365 -6.863 25.696 -76.793 -4.7
R Cerebellum (VI) 151 -9.4907 20.305 -78.59 -15.5
R Posterior-Medial Frontal 168 -8.874 7.726 -10.304 72.7
L Precentral Gyrus 91 -8.4842 -42.59 -12.101 54.7
L Cerebellum (VI) 89 -8.2542 -8.447 -83.981 -10.1
R Calcarine Gyrus 86 -8.1945 20.305 -89.372 11.5
R Precentral Gyrus 19 -7.6947 20.305 -22.883 76.3
R Superior Temporal Gyrus 26 -7.6334 68.824 -35.462 13.3
L Superior Parietal Lobule 119 -7.5787 -24.62 -60.62 61.9
R Middle Occipital Gyrus 90 -7.4959 32.884 -92.966 18.7
L Rolandic Operculum 56 -7.4297 -35.402 -31.868 241
L Inferior Parietal Lobule 83 -7.3103 -42.59 -46.244 60.1
L Cerebellum (Crus 1) 18 -6.8733 -42.59 -74.996 -13.7
R Superior Temporal Gyrus 88 -6.4218 54.448 -31.868 22.3
R IFG (pars opercularis) 10 -6.3779 41.869 5.869 27.7
R Posterior-Medial Frontal 26 -6.3252 9.523 -12.101 58.3
R Postcentral Gyrus 25 -6.2936 43.666 -24.68 52.9
R Inferior Parietal Lobule 14 -6.201 31.087 -46.244 58.3
L Superior Temporal Gyrus 7 -6.0591 -65.951 -49.838 22.3
L Postcentral Gyrus 5 -6.0498 -53.372 -19.289 36.7
L Cerebellum (I11) 6 -6.0418 -10.244 -37.259 -19.1

right>left-handers R Lingual Gyrus 60 7.8647 4132 -69.605 7.9
R Calcarine Gyrus 33 7.3718 13.117 -78.59 20.5
L Olfactory cortex 21 7.3046 -3.056 20.245 -6.5
R Precuneus 14 7.0805 20.305 -48.041 11.5
L Cuneus 26 6.6208 -1.259 -82.184 Gl
R Cerebellum (VII1) 13 6.5786 32.884 -64.214 -51.5
L Calcarine Gyrus 8 6.2525 -8.447 -98.357 2.5
L Posterior-Medial Frontal 5 6.162 -4.853 -3.116 65.5
L Superior Medial Gyrus 5 5.9946 -10.244 68.764 7.9
L Insula Lobe 8 5.9795 -38.996 7.666 6.1
R Putamen 5 5.7883 16.711 5.869 -4.7
L Cerebellum (I11) 7 5.6799 -10.244 -37.259 -10.1

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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TABLES 5 Within-group results

TABLE 5.1 W.ithin-group result of motor imagery (M) for left-handers

Left-handed group Ml

Neuroscience
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Contrast Region label
left >right hand L Lingual Gyrus
R Lingual Gyrus
L Cerebellum (V1)
right >left hand R Calcarine Gyrus
L Calcarine Gyrus

R Lingual Gyrus

Extent

254
214
149
201
118
53

t value

10.254
8.625
8.277

-12.429

-8.480

-6.788

MNI coordinates

X
-12
10
-12
15
-10
10

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al.;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.

TABLE 5.2 Within-group result of motor imagery (M) for right-handers

Right-handed group MI

2005); R =right;

Contrast Region label

left >right hand L Lingual Gyrus
R Lingual Gyrus

right >left hand R Lingual Gyrus
L Lingual Gyrus

Extent
178

83
259

42

t value
10.986
7.194
-11.787
-6.050

MNI coordinates

-10

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.

0 = O



822 JOURNALOF , CROTTI ET AL.
Neuroscience Research
TABLE 5.3 Within-group result of motor execution (ME) for left-handers
Left-handed group ME
MNI coordinates

Contrast Region label Extent t value X y z

left >right hand R Postcentral Gyrus 6,721 32.979 40 -25 53
R Precentral Gyrus 6,721 17.578 24 =25 76
RMCC 6,721 13.937 6 -16 51
L Cerebellum (IV-V) 4,300 21.683 -23 -48 -25
L Cerebellum (VIII) 4,300 15.571 -19 -59 -53
R Rolandic Operculum 1,732 12.672 44 -17 20
R Thalamus 1,732 10.520 19 -21 4
R Lingual Gyrus 145 8.436 10 -88 1
R Insula Lobe 19 6.084 38 4 13

right >left hand L Postcentral Gyrus 4934 -18.400 -43 =21 53
L Postcentral Gyrus 4,934 -29.170 -46 -23 58
L Postcentral Gyrus 4,934 -11.534 -28 -39 60
L Paracentral Lobule 4,934 -7.968 -14 -30 80
R Cerebellum (IX) 2,855 -16.188 13 -62 -48
Cerebellar Vermis (4/5) 2,855 -10.687 6 -66 -5
R Calcarine Gyrus 305 -14.206 15 =77 10
L Rolandic Operculum 1,014 -13.324 -43 -21 19
L Putamen 1,014 -11.967 -32 -12 1
LMCC 672 -13.104 -5 -19 49
L Thalamus 237 -12.068 -17 -21 4
L Calcarine Gyrus 266 -8.912 -10 -95
L Amygdala 21 -7.430 -21 -10 -8
R Superior Frontal Gyrus 6,721 8.569 22 -17 73

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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TABLE 5.4 Within-group result of motor execution (ME) for right-handers

Right-handed group ME
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Contrast

left >right hand

right >left hand

Note: Contrast: left = left-handers; right = right-handers. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.

Region label

R Postcentral Gyrus

R Precentral Gyrus

R Posterior-Medial Frontal

L Cerebellum (VIII)

L Cerebellum (IV-V)

R Rolandic Operculum
R Thalamus

R Amygdala

L Lingual Gyrus
RMCC

R Lingual Gyrus

L Precentral Gyrus

L Postcentral Gyrus

L Postcentral Gyrus

L Postcentral Gyrus

L Paracentral Lobule
Location not in atlas
R Cerebellum (VIII)

R Lingual Gyrus

L Rolandic Operculum
L Putamen

L MCC

L Calcarine Gyrus

Extent

5,720
5,720
5,720
7,258
7,258
1,709
1,709
1,709
256

720

132

6,444
6,444
6,444
6,444
6,444
7,258
7,258
7,258
2,212
2,212
1,202
138

t value

34.931
10.346
7.914
16.667
16.543
13.167
10.556
9.945
11.984
11.623
7.174
-5.490
-7.731
-32.030
-14.928
-9.795
-22.063
-17.324
-11.488
-17.128
-14.842
-15.512
-7.541

MNI coordinates

X y

40 -26
22 =24
10 -3

-19 -59
-5 -62
44 -19
15 -17
27 =il

-10 =79
6 -17
8 -89
-14 -19
-26 -34
-44 -25
-23 -41
-12 28
17 -52
17 -61
13 =75
-44 -21
-32 -12
=5 -10
-10 -95
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TABLES 6 Between-task results (ME vs. Ml)
TABLE 6.1 Between-task result for left-handers' left hand
Left-handers—left hand
MNI coordinates
Contrast Region label Extent t value X y z
ME>MI R Postcentral Gyrus 3,829 28.288 40 =26 53
R Precentral Gyrus 3,829 13.866 31 -26 73
L Cerebellum (IV-V) 1,839 12.407 -5 -64 -14
Cerebellar Vermis (4/5) 1,839 6.680 -1 -48 1
R Rolandic Operculum 1,775 15.037 44 -19 19
R Insula Lobe 1,775 8.080 40 2 13
R Postcentral Gyrus 1,775 5.672 65 -12 24
L Cerebellum (VIII) 676 13.313 -21 -57 -55
RMCC 709 9.649 6 -17 51
R Thalamus 201 8.831 19 -21 4
L Rolandic Operculum 150 8.427 -50 -26 19
L Postcentral Gyrus 285 8.316 =55 -21 38
R Amygdala 129 7.920 27 0 -10
L Superior Orbital Gyrus 19 7.386 -14 &3 =17
MI>ME L Posterior-Medial Frontal 232 -9.633 1 9 55
L Precentral Gyrus 97 -8.577 -34 =5 51
L Paracentral Lobule 20 -6.091 -7 -34 60

Note: Contrast: ME, motor execution; MI, motor imagery. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.

TABLE 6.2 Between-task result for left-handers' right hand

Left-handers—right hand

Contrast Region label Extent
ME>MI L Postcentral Gyrus 3,868
L Postcentral Gyrus 3,868
R Cerebellum (VII1) 616
L Rolandic Operculum 1,234
L Putamen 1,234
L MCC 476
R Postcentral Gyrus 134
R Rolandic Operculum 89
R Superior Temporal Gyrus 21
MI>ME L Posterior-Medial Frontal 309
L Precentral Gyrus 81
L Superior Parietal Lobule 19
R Superior Orbital Gyrus 20

t value

26.881
6.937
14.757
14.674
8.570
10.522
7.855
6.556
6.404
-9.460
-8.615
-6.208
-5.979

MNI coordinates

X y z
-46 -23 58
=28 -44 58
17 -62 -50
-46 -26 20
-32 -12 1
-5 -19 49
60 -16 44
51 -21 19
62 -14 13
1 8 55
-37 -7 51
-17 -64 55
19 17 -8

Note: Contrast: ME, motor execution; MI, motor imagery. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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TABLE 6.3 Between-task result for right-handers' left hand

Right-handers—Ileft hand
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Contrast

ME>MI

MI>ME

Region label

R Postcentral Gyrus

L Cerebellum (IV-V)

R Rolandic Operculum

L Cerebellum (VII1)

L Olfactory cortex

R Thalamus

R Posterior-Medial Frontal
R Rolandic Operculum
Cerebellar Vermis (3)

L Superior Temporal Gyrus
L Postcentral Gyrus

L Insula Lobe

R Thalamus

L Posterior-Medial Frontal
L Paracentral Lobule

R Precentral Gyrus

R Cerebellum (IX)

L Postcentral Gyrus
Cerebellar Vermis (3)

R Posterior-Medial Frontal
R Middle Temporal Gyrus
L Precentral Gyrus

L Middle Occipital Gyrus
R Caudate Nucleus

R Superior Parietal Lobule
L Superior Parietal Lobule
R Middle Temporal Gyrus
L Middle Frontal Gyrus

Extent

4,052
2,338
1,249
591
70
163
358
84
220
160
266
38
20
196
457
76
33
63
29
164
34
33
49
22
27
20
36
28

t value
-30.377
-18.726
-16.379
-13.470
-9.030
-8.814
-8.813
-8.497
-8.151
-8.105
-7.980
-6.739
-6.625
8.880
8.385
8.238
8.069
7.752
7.477
7.475
6.850
6.727
6.726
6.595
6.452
6.424
6.404
6.209

MNI coordinates

X y z
40 -26 55
-17 -52 -23
51 -21 19
-19 -59 -53
-5 22 4
15 -17 6
4 -7 51
42 =l 17
2 -43 2
-57 -23 15
-55 -21 38
-46 -3 8
4 -17 11
-10 6 56
-14 -28 71
40 0 51
11 -59 -37
-44 -12 38
2 -48 -17
11 -23 67
44 -64 11
-37 -3 49
-52 -80 4
20 -21 29
26 -59 62
-26 -59 64
62 -32 2
-23 -7 53

Note: Contrast: ME, motor execution; MI, motor imagery. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.
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TABLE 6.4 Between-task result for right-handers' right hand
Right-handers—right hand
MNI coordinates

Contrast Region label Extent t value X y z

ME>MI L Postcentral Gyrus 4,369 28.377 -44 -25 60
L Rolandic Operculum 1,885 17.155 -48 =25 19
L Insula Lobe 1,885 9.708 -46 -3 8
Cerebellar Vermis (6) 1,686 8.356 1 -79 -8
R Cerebellum (IX) 521 13.064 13 -64 -48
L MCC 512 12.431 =7/ =) 49
L Posterior-Medial Frontal 27 8.019 -5 -14 76
R Rolandic Operculum 99 7.668 63 =17 19
R Lingual Gyrus 19 6.839 24 -75 4
R Insula Lobe 45 6.791 40 -14 10
L Cerebellum (Crus 1) 23 6.408 -12 -89 -21

MI>ME R Cerebellum (VII1) 819 -6.124 11 =75 =83
L Posterior-Medial Frontal 279 -9.799 -8 4 55
R Precentral Gyrus 54 -8.053 19 -28 69
L Precentral Gyrus 255 -8.049 -39 -5 53
L Middle Temporal Gyrus 174 -7.945 =53 -75 13
L Postcentral Gyrus 149 -7.923 -43 -12 37
R Middle Frontal Gyrus 19 -7.574 38 0 49
L Middle Temporal Gyrus 209 -7.116 -55 -53 20
L Cerebellum (VII1) 37 -7.073 -8 -71 -35
L Middle Frontal Gyrus 128 -7.040 -48 31 35
L Precentral Gyrus 41 -6.842 -48 2 46
L Superior Frontal Gyrus 171 -6.718 -25 56 6
L Paracentral Lobule il -6.637 -5 =32 65
LACC 74 -6.600 -8 27 28
L Middle Orbital Gyrus 29 -6.580 =35 45 2
L Cerebellum (Crus 1) 76 -6.511 -30 -66 -35
L Cerebellum (Crus 2) 83 -6.510 -41 -61 -37
R Middle Temporal Gyrus 29 -6.468 63 -37 8
R Middle Temporal Gyrus 61 -6.402 54 -70 10
R Caudate Nucleus 23 -6.356 10 17 1
L Inferior Parietal Lobule 81 =358 =35 -52 55
L IFG (pars triangularis) 30 -6.275 -30 26 8
L IFG (pars orbitalis) 19 -6.103 -34 24 -5
L Cerebellum (VII1) 19 -6.035 -19 -73 -39
L Middle Frontal Gyrus 22 -5.954 -41 36 26

Note: Contrast: ME, motor execution; MI, motor imagery. Region label according to the Anatomy Toolbox atlas (Eickhoff et al., 2005); R = right;
L = left. Extent in voxels, t values, and MNI coordinates (x, y, z) in Talairach space for each region are displayed.



