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Functional neuroimaging shows that dorsal frontoparietal regions exhibit conjoint activity during various motor and cognitive tasks.
However, it is unclear whether these regions serve several, computationally independent functions, or underlie a motor “core process”
that is reused to serve higher-order functions. We hypothesized that mental rotation capacity relies on a phylogenetically older motor
process that is rooted within these areas. This hypothesis entails that neural and cognitive resources recruited during motor planning
predict performance in seemingly unrelated mental rotation tasks. To test this hypothesis, we first identified brain regions associated
with motor planning by measuring functional activations to internally-triggered vs externally-triggered finger presses in 30 healthy
participants. Internally-triggered finger presses yielded significant activations in parietal, premotor, and occipitotemporal regions. We
then asked participants to perform two mental rotation tasks outside the scanner, consisting of hands or letters as stimuli. Parietal
and premotor activations were significant predictors of individual reaction times when mental rotation involved hands. We found no
association between motor planning and performance in mental rotation of letters. Our results indicate that neural resources in parietal
and premotor cortex recruited during motor planning also contribute to mental rotation of bodily stimuli, suggesting a common core

component underlying both capacities.

Key words: embodied cognition; fMRI; higher-order cognition; mental rotation; motor planning.

Introduction

Evolution imposes on brain structures constraints of energy-
efficiency and cost-effectiveness, but also resistance to damage.
Distributed information processing leads to highly redundant
representations throughout brain networks, which appears
to contradict principles of neural efficiency (Fair et al. 2009;
Anderson 2010; Pessoa 2014). This limitation is counterbalanced
by the potential of distributed systems to facilitate the emergence
of new functions through the reuse and recombination of
phylogenetically older sensorimotor processes (Anderson 2007).
These processes act as essential building blocks of behavior
that are supported by coalitions of multiple brain areas rather
than by a single region (Pessoa 2023). While principles of
neural reuse are difficult to demonstrate empirically, research
in a particular domain suggests a crucial link between covert
motor processes and visual-spatial transformations involved
in mental rotation (Vingerhoets et al. 2002; Frick et al. 2009;
Nishihara et al. 2015; Bennet and Reiner 2022; Menéndez
Granda et al. 2022). At a first glance, motor planning and
mental rotation appear to reflect entirely distinct cognitive
capacities. For example, while the former requires the enactment
of motor commands and the evaluation of action outcomes,
the latter entails a mental transformation in the absence
of physical execution. However, converging findings from

behavioral, functional magnetic resonance imaging (fMRI), and
electroencephalography (EEG) studies indicate that both tasks rely
on internal representations and offline kinematics. For example,
an almost linear relationship between rotational angle and
reaction time (RT) supports the conclusion that mental rotation
simulates physical transformations that would be necessary to
actually rotate an object (Wohlschlager and Wohlschldger 1998).
Psychophysical experiments reveal strong correlations between
RTs in tasks measuring motor planning and mental rotation
(Bennet and Reiner 2022), and show that conflicting motor plans
interfere with mental rotation, thus suggesting the employment
of overlapping cognitive components (Bach et al. 2014; Ptak et al.
2021). Motor planning and mental rotation are also positively
correlated in children at 6 years old at the behavioral level
(Toussaint et al. 2013). Along with other developmental studies,
this suggests that acquired early sensorimotor capacities are
applied in the context of higher-order cognition. The cognitive
capacities enabling mental rotation in children thus emerge only
once they have access to covert motor representations (Ornkloo
and von Hofsten 2007; Frick et al. 2009; Jansen and Heil 2010).

A possible interpretation of these observations is that abstract
kinematic plans produced by the motor system are reused
during mental rotation (Ptak et al. 2017, 2021). This proposal is
supported by neuroimaging results showing that motor planning
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and internally rehearsed actions rely on largely overlapping
brain structures (Vingerhoets et al. 2002; Wraga et al. 2003;
Hanakawa et al. 2008; Filimon 2010; Ptak et al. 2017; Cona
and Scarpazza 2019). Thus, several studies observed similar
activations of posterior parietal cortex (PPC) and premotor
cortices when participants were engaged in movement planning
and preparation (Beurze et al. 2007, 2010; Gallivan et al. 2011,
2013; Ariani et al. 2015; Pilacinski et al. 2018), motor imagery, or
mental rotation (Zacks 2008; Milivojevic et al. 2009).

Despite these converging findings, the strength of the evidence
suggesting a dependence of mental rotation on motor planning
remains questionable. One important caveat is that cognitive
and neural mechanisms underlying mental rotation are not the
same for all stimulus types. In particular, several studies showed
that mental rotation of bodily versus non-bodily stimuli differ
regarding cognitive components, mental strategies and recruited
brain regions (Corballis 1988; Sirigu and Duhamel 2001; Tomasino
and Gremese 2016). For instance, while mental rotation of objects
mainly activates bilateral parietal regions, mental rotation of
hands additionally engages motor-related areas in premotor cor-
tex (Kosslyn et al. 1998; Tomasino and Gremese 2016). This finding
suggests the recruitment of covert motor mechanisms during
the mental manipulation of body-related images, and hence the
reliance of mental rotation on embodied representations (Kaltner
et al. 2014; Iachini et al. 2019).

A major principle of neural reuse is that the cognitive archi-
tecture adapts to new tasks through a re-combination of basic
neurocognitive elements (Anderson 2016). Several neuroimag-
ing studies have reported overlapping activations when subjects
planned motor actions or performed mental rotation. However,
the overlap of activations in a specific brain area is not a sufficient
argument for shared underlying functions. Activations may not
necessarily reflect a causal relationship with hypothetical cogni-
tive processes, or may even be entirely epiphenomenal to the stud-
ied function. More direct evidence for an interdependence would
be obtained when activations associated with a purely motor task
directly predict performance on an unrelated mental rotation task.
To this aim, we used fMRI to identify brain regions that are acti-
vated when participants plan a simple finger movement. We then
examined whether activations in these brain regions predicted
performance on mental rotation tasks involving bodily or non-
bodily stimuli that were performed outside the scanner. Based on
the hypothesis that mental rotation reuses cognitive components
of motor planning, we hypothesized that motor planning activity
in parietal and premotor regions would directly predict mental
rotation performance.

Materials and methods
Participants

For this study, 35 right-handed healthy participants participated
to the fMRI part of this study. According to Hulley et al. (2013),
we would need twenty-nine participants for a high power, based
on our expectation of obtaining a correlation of r= 0.50 (here,
between brain activations and mental rotation performance),
with an effect size of 0.80 for p= 0.05. Due to technical prob-
lems including MRI trigger issues and excessive head movement,
the data of four participants were excluded from the analyses.
Another participant’s data had to be excluded due to his inability
to follow the given instructions. Thus, data of thirty healthy par-
ticipants with an age range of 21-43 years (mean=27.4, SD=5.7;
13 females) were considered for further fMRI analysis. Twenty-
five out of these thirty participants performed the behavioral
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experiments outside of the MRI scanner on another day, and one
participant was excluded as extreme outlier. Thus, the data of
twenty-four participants (mean=27.9 years, SD=5.8; 10 females)
were considered for further analysis on the behavioral part of this
study.

Written informed consent was obtained prior to participating
under a study procedure approved by the ethical commission of
the Canton of Geneva (Switzerland) and following the standards
set out by the Declaration of Helsinki. The inclusion criteria for
this study were (i) right-handedness, (ii) absence of current or
previous neurological or psychiatric disorders, and (iii) no incom-
patibilities with MRI scanning. Handedness of each participant
was assessed using the Edinburgh Handedness Inventory (EHI;
Oldfield 1971).

Experimental designs

The study consisted of an fMRI and a behavioral session apart. The
behavioral session outside the scanner examined participants’
mental rotation performance by considering two types of stimuli
(hands and letters).

During fMRI, participants were required to perform simple
finger movements, while alternating externally-triggered and
participant’s selection of the action, as described in Doganci et al.
(2023).

MRI session

Functional and structural images were acquired using a 3 T Trio
MRI scanner (Siemens Medical Solutions, Erlangen, Germany)
with a 64-channel array coil. Whole-brain structural images were
obtained with a high-resolution T1-weighted MPRAGE sequence
(TR: 2,300 ms; TE: 1.96 ms; number of slices: 176; FA: 9°; voxel
size=1.0 mm isometric). Functional images consisted of a fast
Echoplanar Imaging sequence (TR: 720 ms; TE: 30 ms; number
of slices=56 axial; voxel size=2.5 mm isometric; flip angle
(FA)=50°). A field map for each participant was additionally
acquired using the same field of view as the functional images.

The first step in investigating whether motor planning and
mental rotation performance rely upon similar neural resources
was to identify brain regions implicated in planning a simple
finger movement. Motor planning consists of several steps (and
associated sub-processes), including action (or effector) selection,
initiation and control of the target action (Brass and Haggard
2008). Our fMRI experiment was intended to identify the selection
step of motor planning. The fMRI experimental paradigm con-
sisted of the image of a left or right hand outlined in white on
black background (Fig. 1A). In the externally-triggered condition
(Ext), a white circle (cue) appeared randomly above one finger
(except the thumb), while in the internally-triggered condition
(Int), four circles appeared simultaneously, one above each finger.
Participants were asked to press down a button of a response
box either with the cued finger (Ext) or with a randomly selected
finger (Int). They were expected to provide a response within
1,500 milliseconds (ms) following the appearance of the cue, and
responses exceeding this period were excluded from the analysis
of RTs. The task was performed alternatively with the left or right
hand in two distinct runs, separated by a short resting period.
Hand order was counterbalanced across participants.

Mental rotation session

All the stimuli were presented in random order on a 13.3” laptop
computer placed at a distance of 50 cm from the observer. The size
of the hand stimuli at this distance was approximately 12.3° along
their long axis and 9.2° along the short axis. The stimulus of the
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fMRI session
Motor task

EXTERNAL
9 trials
5 blocks

INTERNAL
9 trials
5 blocks

Behavioral session

Mental rotation tasks

HANDS LETTERS
0° 60° 120° 0° 60° 120°
180° 240° 300° 180° 240° 300°

Fig. 1. Example of a single run of the motor task (A) and demonstration of mental rotation tasks (B) with two types of stimuli: hands (left) and letters

(right), each represented with six angular disparities.

hand task was a black-and-white photograph of a neutral right
male hand in palm-down view (Fig. 1B, left). Any marks on the
hand that could potentially facilitate decisions were removed, and
a left-hand version was created by mirror-imaging the right hand.
The hand task consisted of 192 trials in four blocks of 48 trials,
resulting in 32 trials per condition. The letter task consisted of 180
trials in three blocks of 60 trials, resulting in 30 trials per condition.
The size of the letter stimuli at 50 cm distance was approximately
7.1° along their long axis and 8.4° along the short axis. For this
task five capital letters (L, F, G, P, R) written in black Arial font were
used in their canonical and a mirrored version (Fig. 1B, right). Five
additional versions of each picture were obtained by rotating the
picture plane around its perpendicular axis in 60° steps. The image
set thus consisted of pictures of a left and right hand and each of
the five letters presented at six different angular disparities (0°,
60°, 120°, 180°, 240°, 300°).

Since the hand task strongly relies on motor imagery
(Vingerhoets et al. 2002), we registered vocal rather than manual
responses to avoid motor interference with imagery of body parts
(Cocksworth and Punt 2013). Hence, participants were asked to
indicate whether pictures showed a left or right hand by saying
“left” or “right,” or a letter in its canonical or mirror-reversed
orientation by saying “correct” or “incorrect” as quickly and
accurately as possible. In addition, participants were instructed
not to look at their hands and to restrain any hand movement
during the experiment. They were required to provide a response
within 10 seconds upon appearance of the stimulus, after which
the stimulus disappeared, and a new trial started.

Statistical analysis
Imaging data analysis
Functional data, comprising Ext and Int conditions per par-
ticipant, were preprocessed (slice-timing correction, realign-
ment and unwarping using field maps, coregistration, spatial
normalization, and smoothing) and analyzed using Statistical
Parametric Mapping (SPM12; Wellcome Trust Centre for Neu-
roimaging, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/).
Scan-nulling regressors (Lemieux et al. 2007) and their Volterra
expansion (Friston et al. 1998) for motion control in the MRI
scanner as well as average time course from white matter
and cerebrospinal fluid as additional nuisance regressors were
included.

A two-factor GLM, accounting for left and right hand with Int
and Ext conditions as regressors of interest, was performed for

each participant at a first-level statistic, which was convolved by
the hemodynamic response function. In order to identify brain
areas that are crucial for motor planning, the Int and Ext con-
ditions were contrasted irrespective of hand ((Rmt+ Lint)) > (Rext+
Lext)). One-sample t-tests were performed at a group level, and
activation results were visualized using the BrainNet Viewer tool-
box (Xia et al. 2013).

Behavioral analysis of the mental rotation tasks

Vocal responses of each trial from individual participants were
analyzed offline with a custom MATLAB script (please see Data
availability section) to determine the onset of each response.
Only RTs of correct responses (97.7% of all trials) with less than
two standard deviations (SD) from the participants’ mean were
considered for further analysis. The accuracy showed a ceiling
effect (> 97% correct responses); therefore, it was not further
analyzed.

In order to examine the main effects of stimulus (hands
and letters) and angular disparity (0°, 60°, 120°, 180°, 240°, and
300°), as well as their interaction, chi-square difference tests
were performed using the phia R package (R Core Team 2021,
https://cran.r-project.org/web/packages/phia/index.html).  The
tests were adjusted for multiple comparisons with Bonferroni
corrections. All RTs of correct trials were analyzed with linear
mixed models (LMM) using the Ime4 R package (R Core Team
2021, https://cran.r-project.org/web/packages/Ime4/index.html).
Unlike analysis of variance, mixed models treat each trial
individually as within-subject dependent measures, while the
subject-level is treated as independent factor (Coll and Grandjean
2016). Importantly, this method is useful to control for within-
subject variability, which was the random effect in RT analyses.
In addition to main outcomes of our statistical tests, an effect
size was calculated with the MuMIn R package (R Core Team 2021,
https://cran.r-project.org/web/packages/MuMIn/index.html) for
each statistical model that produced significant results, using
a marginal R? (R?,,) reflecting the variance explained by fixed
effects only, and a conditional R? (R?.) reflecting variance
explained by the whole model incorporating fixed and random
effects (Nakagawa and Schielzeth 2013).

Relationship between fMRI task activation and mental
rotation

We extracted maximum T-values for each participant and each
significant cluster identified with the second-level fMRI analysis
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A. Irrespective of hand
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Fig. 2. Significantly increased brain activations for the contrast of internally-triggered vs. externally-triggered condition of the motor task (A) irrespective
of hand, and for performance of the left (B) and right hand (C). The colorbar indicates the T-values. The results are FWE-corrected with a threshold of

p <0.05. Modified from Doganci et al. (2023) with permission from Elsevier.

of the contrast (Rint+ Lint) > (Rexe+ Lext). In order to correlate these
T-values with a meaningful score that best reflects individual dif-
ficulty with MR, we computed normalized RT differences between
the 180° (maximal rotation) and 0° condition (no rotation) for
mental rotation of hands and letters as follows: (RT 180° — RT
0°)/(RT 180° +RT 0°). The greater the normalized difference, the
longer a participant took to respond in the 180° condition com-
pared to the 0° condition. According to Shapiro-Wilk normality
test, the distribution of most activation values was non-normal,
therefore we computed Spearman correlation coefficients in MAT-
LAB between maximum T-values and normalized RT differences.
We also correlated the maximum T-values with mental rotation
RTs at 0° for control purposes, as no mental transformation
should occur at this stage.

In order to investigate whether there was a hand effect, Spear-
man correlation coefficients were additionally computed between
the maximum T-values from each cluster of left-hand perfor-
mance (Lt > Lgx) and the mental rotation task performance of
left-hand stimuli. However, one participant was excluded from
this analysis due to her insufficient correct trials of mental rota-
tion with left hand stimuli (n=23). The same was performed for
the right-hand run of the motor task with the right-hand stimuli
of the mental rotation of hands (n=24).

In addition to the correlation analyses, an LMM was performed
using the Ime4 R package in order to investigate whether the
motor planning regions together would overall predict mental
rotation performance. In order to overcome multicollinearity and
to reduce our variables for the LMM, first a principal component
analysis (PCA) was performed, using the Statistica software (TIBCO
Software Inc.). Once the variables were reduced, the principal

component (PC) scores were extracted which were then set as
fixed effects in the LMM. The other fixed effect was the stimulus
type of the mental rotation tasks (hands and letters) and the
dependent variable was the normalized RT difference (180° —0°)
of mental rotation of hands and letters, while controlling for
within-subject variability which was set as the random effect. In
the end, the model was constructed as the following: Normalized
RT ~PC1 % PC2 * stimulus type + (1 | Participant).

Results
Functional MRI results

As shown in Fig. 2(A), the contrast of interest (Rpt+ Lint) > (Rext+
Lexr) yielded significant activations from sixteen clusters, which
include the inferior parietal lobule (IPL) bilaterally, the right
superior parietal lobule (SPL), premotor regions including the
opercular part of left and right inferior frontal gyrus (IFG), left pre-
SMA, and lateral and medial parts of the superior frontal gyrus
(SFG). Interestingly, the highest activations were observed in the
left lingual and right fusiform gyrus. Table 1 displays individual
peaks, their corresponding MNI coordinates, cluster sizes and
T-values.

To further examine possible differences between hands, we
analyzed the Int > Ext contrast for each hand separately. Left hand
performance of the motor task resulted in increased activations
in bilateral lingual gyrus, right SFG, bilateral IFG, right IPL, MFG,
left middle occipital gyrus (MOG), as well as right precuneus
(Fig. 2B, Supplementary Table S1). In contrast, right hand perfor-
mance produced increased activations in bilateral IPL, left SPL,
and bilateral fusiform gyrus (Fig. 2C, Supplementary Table S2).
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Table 1. Significantly increased brain activations with their MNI coordinates, cluster sizes, and T-values of Int > Ext contrast

irrespective of hand.

MNI coordinates

Structures Side X y z Cluster size T-value
Lingual gyrus Left -14 -82 -10 548 9.86
Fusiform gyrus Right 24 -76 -10 524 9.45
Inferior frontal gyrus (pars opercularis) Left -50 12 10 232 8.64
Insula Left -32 26 4 82 7.38
Inferior parietal lobule Right 56 —34 52 101 7.26
Medial superior frontal gyrus Left -4 22 44 276 7.25
Middle frontal gyrus Right 40 38 18 69 7.2
Superior frontal gyrus Right 20 10 64 126 7.12
Middle frontal gyrus Left -30 48 18 33 7.07
Middle frontal gyrus Right 34 28 36 41 7.07
Inferior frontal gyrus (pars opercularis) Right 56 14 14 156 7.02
Superior parietal lobule Right 30 —64 52 193 6.91
Inferior parietal lobule Left —48 —46 50 86 6.73
Middle frontal gyrus Right 38 42 4 17 6.68
Superior frontal gyrus Left -22 6 64 17 6.19

Note: Modified from Doganci et al. (2023) with permission from Elsevier. For the anatomical name of the regions, the AAL atlas was used (Tzourio-Mazoyer

et al. 2002).

Table 2. Pairwise comparisons of stimulus in the mental
rotation task for each angular disparity.

Degrees  Simple effect X? df PBonferroni
0° Hands vs. Letters 8.0033 1 0.028
60° Hands vs. Letters 13.1219 1 0.002
120° Hands vs. Letters 56.473 1 < 0.001
180° Hands vs. Letters 61.6596 1 < 0.001
240° Hands vs. Letters 37.3717 1 < 0.001
300° Hands vs. Letters 17.1743 1 < 0.001

Note: X?: chi-square; df: degrees of freedom.

However, these increased activations were weaker and less diffuse
compared to the left hand (Fig. 2B and C).

Behavioral results of mental rotation tasks

Figure 3 shows mean RTs in both tasks as a function of angular
disparity. Both tasks yielded the expected increase of RT with
increasing disparity, peaking at 180°. The LMM with stimulus
and angular disparity as fixed effects, and subjects as random
effect revealed significant effects of stimulus (F(1,8443)=171.20,
p< 0.001, R?;, = 0.012, R?. = 0.243; for more details about the
model comparison results, please see Supplementary Table S3)
and angular disparity (F(5,8441) =306.03, p < 0.001, R?,, = 0.115,
R? = 0.35). Participants were slower for hands than letters, and
slower for higher angular disparities. However, the interaction
between both factors was also significant (F(5,8441)=4.70,
p< 0.001, R?, = 0.129, R?. = 0.368), indicating that angular
disparity did not affect RT similarly for hands and letters. RTs
were longer for hands than letters at all angular disparities
(all p< 0.001), except for 0° and 60° (see Table 2). We further
performed chi-square difference tests to examine differences
between different angular disparities. These comparisons
revealed significant differences between all disparities (all
P < 0.001, for hands and letters), except for those that required
only small rotations or departed for a similar amount from the 0°
condition (0° vs. 60°; 0° vs. 300°; 60° vs. 300° and 120° vs. 240°; see
Tables 3 and 4).

<5
w

—$—Hands
—4—Letters |-

N
N

N
N

o
©

Mean Reaction Time (seconds)
o
® -

o
]

0 60 120 180 240 300
Angular Disparity (°)
Fig. 3. Mean RT in seconds as a function of angular disparity for mental

rotation of hands and letters.

Table 3. Pairwise comparisons of all the angular disparities for
mental rotation of hands.

Stimulus ~ Simple effect X2 df PBonferroni
Hands 0°-60° 4.178 1 1
Hands 0°-120° 155.8185 1 < 0.001
Hands 0°-180° 702.482 1 < 0.001
Hands 0°-240° 87.8609 1 < 0.001
Hands 0°-300° 6.0797 1 0.410
Hands 60°-120° 108.431 1 < 0.001
Hands 60°-180° 596.7915 1 < 0.001
Hands 60°-240° 53.454 1 < 0.001
Hands 60°-300° 0.1783 1 1
Hands 120°-180° 199.8406 1 < 0.001
Hands 120°-240° 9.6255 1 0.06
Hands 120°-300° 99.643 1 < 0.001
Hands 180°-240° 296.0179 1 < 0.001
Hands 180°-300° 575.6554 1 < 0.001
Hands 240°-300° 47.3742 1 < 0.001

Note: X?: chi-square; df: degrees of freedom.

Correlation analyses

To assess if the neural resources implicated during motor plan-
ning were engaged in mental rotation tasks, we evaluated the
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Table 4. Pairwise comparisons of all the angular disparities for
mental rotation of letters.

Stimulus  Simple effect X2 df Pronferroni
Letters 0°-60° 1.3797 1 1

Letters 0°-120° 55.9405 1 < 0.001
Letters 0°-180° 430.2036 1 < 0.001
Letters 0°-240° 34.2549 1 < 0.001
Letters 0°-300° 1.1686 1 1

Letters 60°-120° 39.4676 1 < 0.001
Letters 60°-180° 381.0604 1 < 0.001
Letters 60°-240° 21.7058 1 < 0.001
Letters 60°-300° 0.0093 1 1

Letters 120°-180° 178.0975 1 < 0.001
Letters 120°-240° 2.6733 1 1

Letters 120°-300° 40.9225 1 < 0.001
Letters 180°-240° 224.2111 1 < 0.001
Letters 180°-300° 386.8328 1 < 0.001
Letters 240°-300° 22.75 1 < 0.001

Note: X?: chi-square; df: degrees of freedom.

correlation between maximum T-values of the (Rji+ Lint) > (Rext+
Lgy) contrast and performance in the mental rotation tasks. To
obtain a simple index of RT performance, we computed for both
mental rotation tasks normalized differences between RTs at 180°
and 0°.

For the hands task, fMRI activation in the right IPL, SPL and
SFG significantly predicted mental rotation performance (Fig. 4),
and less strong correlations were observed for the opercular part
of the right IFG, the MFG and left pre-SMA (Table 5). This finding
indicates that the more these regions were recruited during the
motor task, the longer it took participants to answer in the hand
mental rotation task. In contrast, no clusters showed a significant
association with the normalized RT difference in the letter task
(highest correlation: r=-0.31, p= 0.139). To further determine
whether the significant associations predict a specific mental
rotation process rather than general response speed, we also com-
puted correlations between maximum T-values and simple RTs at
0°. These analyses did not identify any significant correlation for
the hand task and the letter task (Table 5).

Finally, to examine whether there was a similar relationship for
distinct hands, we respectively correlated the maximum T-values
of motor planning identified when participants used their left or
right hand, with mental rotation performance implying pictures
of the left or right hand. Among the left-hand clusters, activity
in the right precuneus predicted mental rotation with left-hand
stimuli, while the right SFG, the opercular part of the right IFG, IPL,
MFG, and left MOG exhibited less strong correlations (Table 6). For
mental rotation with right-hand stimuli, only the right fusiform
gyrus positively correlated with performance. None of the activa-
tion clusters strongly predicted mental rotation performance with
right-hand stimuli.

Among the right-hand clusters, only the right fusiform gyrus
was correlated with right-hand stimuli (r=0.42, p=0.043), and
the IPL predicted mental rotation with left-hand stimuli (r=0.49,
p=0.018). These results indicate that activation associated with
motor planning was a better predictor of behavioral performance
when the motor task and the mental rotation task involved the
same hand. In addition, more significant associations were found
for the left (non-dominant) hand than the right hand.

PCA and linear mixed model

Among the sixteen activation clusters identified with the (Ry+
Lint) > (Rext+ Lext) contrast in the fMRI results, most were located
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in frontoparietal areas, while two clusters occupied regions of
inferior occipitotemporal cortex (Fig.2A). Based on analyses
of task-based functional connectivity, we previously showed
that frontoparietal and occipitotemporal clusters are part of
two segregated networks that have distinct contributions to
intentional action (Doganci et al. 2023). The correlation analyses
in the present study only examined individual clusters and did not
consider possible functional subgroups that may predict mental
rotation performance. We therefore performed a PCA on the
maximum T-scores of all activation clusters to identify underlying
large-scale components in the fMRI data. This analysis yielded
two principal components (Fig.5) that grouped together all
frontoparietal activation clusters (component 1; 65.17% explained
variance) and the two occipitotemporal clusters (component 2;
9.97% of explained variance).

We next examined whether component 1 and component 2
predicted mental rotation performance by incorporating them
as fixed effects in an LMM, which treated the participant
effect as a random variable. For further model comparison
results, please refer to Supplementary Table S4. There were
no significant main effects of component 1 (F(1,20) = 1.89,
p= 0.184), component 2 (F(1,20) = 1.10, p= 0.307), or stimulus
type (F(1,20) = 0.004, p= 0.950), and no interaction between
both components (F(1,20) = 0.589, p= 0.452) or all three factors
(F(1,20) = 0.032, p= 0.860). While the interaction between
component 2 and stimulus type did not reach significance
(F(1,20) = 3.954, p= 0.061), we found a significant interaction
between component 1 and stimulus type (F(1,20) = 5.315, p=0.032,
R?,, = 0.107, R?. = 0.396). Simple effects analysis further revealed
a significant effect for hands (X?(1)=5.948, p= 0.015) but not
for letters (X?(1)=0.030, p= 0.860; Fig. 6). This finding confirms
and extends our observations from the correlation analyses, by
showing that frontoparietal functional activation related to motor
planning predicts performance in a mental rotation task implying
the mental processing of hand stimuli.

Discussion

Our study shows that neural activation within frontoparietal
areas involved in motor planning is a direct predictor of
performance in mental rotation of bodily (hands), but not of non-
bodily stimuli (letters). We identified motor planning areas by
comparing activations to internally-triggered finger movements
with externally-triggered ones (Doganci et al. 2023). As in previous
studies, this comparison identified several areas of parietal and
premotor cortex (Beudel and De Jong 2009; Francois-Brosseau
et al. 2009), as well as inferior occipitotemporal regions. Since
both movement conditions required simple finger movements,
contrasting them excluded brain areas that are involved in
motor execution (e.g. primary motor cortex). Active areas thus
reflected components of the motor plan that are particularly
important in the preparatory phases, such as the programming of
kinematics, known to be associated with parietal and premotor
activations.

Our correlation analyses identified several clusters in which
activation was a positive predictor of mental rotation perfor-
mance with hand, but not with letter stimuli. The highest correla-
tions were found in the right PPC (SPL and IPL) and the right dorsal
premotor cortex (PMd: SFG). A linear mixed model, testing the
association between frontoparietal and occipitotemporal groups
of clusters, showed that only the former was associated with
mental rotation of hands. Taken together, our results support the
interdependence between frontoparietal activations associated
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Fig. 4. Plots of the strongest correlations between each participant’s maximum T-values in right SPL, right IPL, and right SFG from the motor task and
normalized RT differences between 180° and 0° of the mental rotation task of hands.

Table 5. The results of correlations between maximum T-values in each cluster resulted from the (Rit+ Lint) > (Rext+ Lext) contrast of
the motor task and the normalized RT difference (180° — 0°) as well as the normalized RT of 0° of the mental rotation tasks of hands

and letters.

180° —0° 0°
Hands Letters Hands Letters

Clusters Side Ts Ts p Ts p Ts p

Lingual gyrus Left 0.19 0.385 0.02 0.911 0.04 0.866 —0.16 0.441
Fusiform gyrus Right 0.26 0.211 -0.13 0.542 0.08 0.694 0.23 0.274
Inferior frontal gyrus (pars opercularis) Left 0.27 0.208 0.05 0.802 0.15 0.494 0.19 0.360
Insula Left 0.27 0.196 —0.05 0.802 0.05 0.821 0.24 0.252
Inferior parietal lobule Right 0.51 0.011* -0.13 0.545 0.14 0.526 0.11 0.595
Superior frontal gyrus (medial) Left 0.48 0.017 -0.11 0.598 0.17 0.434 0.38 0.067
Middle frontal gyrus Right 0.42 0.041 —0.25 0.244 0.28 0.186 0.3 0.149
Superior frontal gyrus Right 0.66 <.0012 0.08 0.725 0.05 0.812 0.27 0.205
Middle frontal gyrus Left 0.23 0.283 —0.03 0.879 0.12 0.586 —0.02 0.943
Middle frontal gyrus Right 0.29 0.162 -0.14 0.518 0.15 0.486 0.24 0.256
Inferior frontal gyrus (pars opercularis) Right 0.47 0.020 —0.05 0.818 0.06 0.768 0.07 0.734
Superior parietal lobule Right 0.54 <.0018 0.06 0.771 0.21 0.329 0.33 0.113
Inferior parietal lobule Left 0.17 0.431 -0.31 0.140 0.12 0.561 0.31 0.137
Middle frontal gyrus Right 0.29 0.175 -0.27 0.208 0.05 0.831 -0.1 0.641
Middle frontal gyrus Left 0.37 0.073 —0.25 0.244 0.31 0.147 0.37 0.076
Superior frontal gyrus Left 0.26 0.266 0.17 0.439 —0.04 0.845 0.21 0.330

Note: rs: Spearman’s rank correlation coefficient. ?Strongest correlations.

with motor planning and the capacity to mentally rotate bodily
stimuli.

Shared parietal and premotor resources between
motor planning and mental rotation of hands

Previous studies have shown that frontoparietal regions play a
predominant role in motor planning and mental transformations,

particularly when bodily stimuli are involved (Gallivan et al. 2013;
Ariani et al. 2015; Tomasino and Gremese 2016). However, in most
previous studies, the link between motor planning and mental
rotation was indirect, and they could not exclude the possibility
that frontoparietal areas contributed to both functions indepen-
dently. Our study shows that functional activations of the right
IPL, SPL, and PMd measured with a motor task are more direct
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Table 6. The results of correlations between maximum T-values in each cluster resulted from the Int > Ext contrast of the left- and
right-hand performances separately of the motor task and the normalized RT difference (180° — 0°) of the mental rotation of hand
task with stimuli of left and right hand separately and respectively.

Left hand Right hand
180° - 0° 180° - 0°
Clusters Side Ts P Clusters Side Ts D
Lingual gyrus Right 0.25 0.255 Inferior parietal lobule Right 0.27 0.195
Lingual gyrus Left 0.13 0.555 Inferior parietal lobule Left 0.06 0.784
Superior frontal gyrus Right 0.44 0.039 Inferior parietal lobule Left 0.04 0.866
Inferior frontal gyrus (pars opercularis) Right 0.44 0.038 Fusiform gyrus Right 0.42 0.044
Inferior parietal lobule Right 0.47 0.023 Fusiform gyrus Left 0.18 0.398
Insula Left 0.33 0.121
Middle frontal gyrus Right 0.46 0.029
Middle occipital gyrus Left 0.42 0.049
Middle frontal gyrus Right 0.39 0.07
Precuneus Right 0.52 0.0122
Inferior frontal gyrus (pars opercularis) Left 0.27 0.214

Note: rs: Spearman’s rank correlation coefficient. 2Strongest correlations.
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Fig. 5. Plot of PCA results of maximum T-values from the 16 clusters,
demonstrating the projection of the variables on the factor-plane (1 x 2).
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Fig. 6. Linear mixed model interaction plot between the first principal
component (PC1) scores for the motor task and stimulus type of mental

rotation tasks.

predictors of mental rotation of bodily stimuli. We observed exclu-
sively positive correlations, indicating that longer RTs in mental
rotation were associated with increased hemodynamic responses
in the motor task. A similar pattern has been demonstrated in
previous studies (Domagalik et al. 2014; Rao et al. 2014), suggesting
that the recruitment of motor activity is related to increased effort
in the rotation task.

The contribution of the PPC to mental rotation of hands fits
with the role of this region in generating motor intentions, while
being less implicated in motor execution (Desmurget et al. 2009).
Damage to the PPC leads to impairments of motor imagery (Aflalo
et al. 2015), a function that is often equated to mental rotation
of bodily stimuli (Vingerhoets et al. 2002; Osuagwu and Vuckovic
2014). Within the PPC, the SPL is known to store visuospatial rep-
resentations (Ratcliff 1979; Sack 2009) while the IPL is assumed to
harbor motor representations (Pelgrims et al. 2009), both of which
are essential building blocks for motor planning and mental
rotation. Another region that is strongly engaged in covert action
is the premotor cortex (Vingerhoets et al. 2002; Wraga et al. 2003;
Zacks 2008). The dorsal part (PMd) in particular is activated during
the preparation of goal-directed behaviors (Nakayama et al. 2022)
and it also supports mental rotation processes by moderating
visuospatial transformations (Sack et al. 2008; Cona et al. 2017).
These findings indicate that mental rotation of hands is related
to the generation of abstract kinematic plans within the IPL, SPL,
and PMd.

Mental rotation of hands relies predominantly on
motor regions of the right hemisphere

We observed that brain regions predicting mental rotation of
hands were mainly located in the right hemisphere. This seems
to contradict several studies showing that mental rotation of
bodily stimuli implicates the left hemisphere more than the right
one, while the opposite is found for mental rotation of objects
(Tomasino et al. 2004; Zacks 2008). However, the degree of later-
alization appears to differ between anterior and posterior brain
regions. For example, the right PPC plays a key role in spatial pro-
cessing and visuospatial transformations irrespective of stimulus
type (Corballis 1997; Formisano et al. 2002). Left lateralization to
bodily stimuli is particularly observed for premotor cortex (Buiatti
et al. 2011), which is partly in line with our results: though the
best predictor of hand rotation was the right PMd, we also found
a strong correlation in the left pre-SMA. Both regions are strongly
activated when participants perform motor imagery of hands
(zhang et al. 2011; Simos et al. 2017), suggesting their potential
implication in mental rotation of bodily stimuli. A possible cogni-
tive explanation why we observed significant correlations mainly
with right hemisphere regions is the application of a self-related
strategy during mental rotation. Studies examining mechanisms
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of body ownership and self-related bodily processing identified
right-lateralized frontoparietal areas as main correlates of limb
movement perception and mental imagery of one’s own body
(Naito et al. 2005; Blanke et al. 2010). When performing mental
rotation of bodily stimuli participants often report attempting to
match the stimulus with their own hand at different orientations
(Parsons 1994). Such self-projection to bodily-related stimuli may
therefore underlie the implication of right premotor regions in our
study.

When conducting additional analyses separated for each hand,
we found effects suggesting a strong association between the
effector and the mental rotation target. Activity associated with
motor planning implicating the left hand only predicted left-hand
mental rotation in several right-hemisphere regions including the
precuneus. Our data also showed that the correlation findings
were mainly driven by fMRI data pertaining to the left hand. Sev-
eral studies have implicated the precuneus in egocentric mental
imagery and its dynamic updating (Cavanna and Trimble 2006;
Weniger et al. 2009; Dordevic et al. 2022), which may specifically
be required for mental rotation of hands. Moreover, Zapparoli
et al. (2014) demonstrated that back views of hands engage the
precuneus more than palm views, suggesting that the precuneus
is involved in representations matching the canonical view of
one’s own hand.

The correlation analyses thus show that functional activation
associated with motor planning predicts mental transformations
of hands if it implicates the same effector. This is in line with
studies on clinical populations such as patients with hand dys-
tonia (Fiorio et al. 2006), or upper limb amputees (Nico et al.
2004), who showed poorer performance for mental rotation with
body parts representing the affected side. Together, these findings
suggest that motor planning and the capacity to mentally rotate
bodily stimuli rely on shared motor representations. Thus, our
study substantiates the arguments that higher-level cognition is
strongly embodied.

From motor planning to mental rotation: neural
reuse of embodied cognitive mechanisms

The correlation analyses considered brain activations in different
clusters as independent predictors of mental rotation perfor-
mance. However, functional task-evoked activations are them-
selves strongly correlated. A PCA across all activation clusters
identified a dorsal (frontoparietal) group and a ventral (occip-
itotemporal) group of clusters representing distinct functional
networks. Applying linear mixed modeling, we found that only
activation of the frontoparietal group was a significant predictor
of mental rotation. As in the correlation results, this activation
only predicted hand mental rotation, while no significant effect
was observed for letter stimuli. These findings indicate that men-
tal rotation of bodily stimuli is strongly embodied, in that it
relies on neural resources and mental processes that are recruited
during motor planning (Ptak et al. 2017, 2021). However, motor
planning is a complex function requiring the selection of target,
movement, and associated effector, which raises the question
whether all, or just some of these processes might be recruited
for mental rotation. Since the fMRI clusters were identified by
subtracting activations that were common to internally-triggered
and externally-triggered action, we hypothesize that the asso-
ciated process was close to the output side of motor planning,
but before the specification of the effector. The rationale for this
hypothesis is that activations associated with movement execu-
tion were identical in both conditions, and consequently activity
of output regions such as the primary motor cortex was canceled.

Modern models of motor planning integrate a copy of the motor
command containing abstract kinematic representations that is
sent as feedforward input and may serve as a prediction of the
outcome of an intended action (Wong et al. 2015). Such a cognitive
process is a good candidate for the reuse in other higher-order
mental operations. It may therefore represent a core component
that is implicated in motor planning and mental representations
or transformations implying a body part.

Taken together, our study provides several arguments that
motor planning and mental rotation share underlying neural
resources, which is more direct than simply showing overlapping
activations between the two tasks. We used two seemingly unre-
lated tasks that were performed on two different days. While the
motor task focused on finger selection and execution of simple
finger movements, the mental rotation tasks did not require
any finger-related transformation nor did we ask our subjects to
physically execute manual movements. This method goes beyond
the simple measure of neural activations during two tasks and
the emphasis on overlapping activations in specific cortical areas.
Our approach provides more direct evidence that sensory and
motor representations (such as kinematic plans) available during
simple motor planning may be reused for an entirely different
cognitive activity, together with the fundamentally implicated
neural resources. A strong argument for neural reuse would be the
presence of distinct networks whose alternative configurations
are associated with different cognitive functions. This is what
we found in the LMM analyses, as among two distinct networks
observed during the motor planning task, only the frontoparietal
network also contributed to mental rotation of bodily stimuli.
Therefore, our findings support the main tenets of neural reuse,
given that sub-parts of the dorsal network were recruited for a
secondary function (D’Ambrosio and Colage 2017). Nevertheless,
causal evidence for neural reuse requires studies using tech-
niques that allow causal inference, such as brain stimulation
targeting the possible interactions between brain regions rather
than the focus on isolated cortical areas (Pessoa 2023).

In conclusion, our results indicate that neural resources in
parietal and premotor cortex recruited during motor planning
also contribute to the mental representation, manipulation, and
transformation of bodily stimuli. This finding suggests that a com-
mon core component underlying motor planning can be reused
for a purely mental activity. While this core component does not
explain mental rotation performance in its entirety, our results
indicate that mental transformations are partly based on embod-
ied mechanisms. We hypothesize that such neural reuse is a
general principle of cognitive organization that may explain the
emergence of higher-order processes based on low-level motor or
sensory operations.
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