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ABSTRACT

Motor imagery, the mental simulation of movement without physical execution, has traditionally been linked to the neu-
ral mechanisms of actual movement, as proposed by Motor Simulation Theory. However, recent frameworks, such as
the Motor-Cognitive Model, suggest a closer link between motor imagery and executive functions, particularly working
memory. This meta-analytic study quantitatively compared data from 697 neuroimaging studies on motor imagery,
movement execution, and working memory. Activation likelihood estimation (ALE) and conjunction analyses revealed
that 60% of the volume recruited by motor imagery was also recruited by working memory, while by comparison only
28% of the motor imagery network was also recruited by movement execution. To ensure this difference was not due to
variations in overall network sizes, volume-matched analyses were conducted and confirmed a consistent effect but
with less dramatic difference (36% of the motor imagery network was also recruited by working memory, compared with
32% for movement execution). Analyses by brain areas indicated that the greater overlap between motor imagery and
working memory was primarily due to greater activation in frontal and parietal areas. These findings highlight that motor
imagery may place a greater emphasis on cognitive processing than has been assumed by previous models and sug-
gests that central executive processes may play an important role in motor imagery.

Keywords: mental imagery, motor imagery, movement execution, working memory, meta-analysis, neuroimaging
data

1. INTRODUCTION cle activations during imagery and execution, but with
some variations across studies (Guillot et al., 2007).
These similarities between motor imagery and movement
execution are the subject of the “Motor Simulation The-

ory”, established by Jeannerod (2001). Motor Simulation

Motor imagery can be defined as ”"a dynamic state during
which a subject mentally simulates a given action”
(Decety, 1996). Many studies have looked at the similari-

ties between motor imagery and movement execution,
revealing parallels between them at the level of the neural
circuits recruited; for example, fMRI studies have demon-
strated that motor imagery and actual movement execu-
tion share similar brain activations (Sharma & Baron,
2013). Other studies have also shown a similarity in mus-

Theory argues that “covert actions (imagined move-
ments) are in fact actions, except for the fact that they are
not executed”, suggesting that the same neural path-
ways are recruited during both imagined and physically
performed actions. According to Jeannerod (2001), motor
imagery involves the programming and generation of
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movement without its execution, serving as part of a
broader process related to intention and preparation for
action. As such, Motor Simulation Theory is consistent
with theories proposing that the neural mechanisms
involved in motor imagery and movement execution are
“functionally equivalent” (Crammond, 1997; Grafton
et al., 1996; Grezes & Decety, 2001). Based on a qualita-
tive assessment of studies examining movement execu-
tion, motor imagery, and action observation, Jeannerod
(2001) suggested that action simulation was supported
by a series of motor areas (primary motor, premotor, and
supplementary motor cortices, as well as the corticospi-
nal pathway, basal ganglia, and cerebellum) and associa-
tive regions (parietal and prefrontal cortices).

A recent intracortical recording study further chal-
lenges the notion of strict functional equivalence between
motor imagery and execution. Dekleva et al. (2024)
showed that activity in the primary motor cortex during
imagined wrist movements does not simply reflect atten-
uated versions of executed dynamics. Instead, popula-
tion activity was organized into three orthogonal
subspaces: one shared between execution and imagery,
one unique to execution, and one unique to imagery. Cru-
cially, the imagery-unique subspace preserved the
dynamical structure of execution while remaining output-
null, thus avoiding overt motor commands. These find-
ings suggest that motor cortex activity during motor
imagery is characterized by a reorientation of neural
dynamics rather than by a direct equivalence to execu-
tion. While Motor Simulation Theory has been widely
accepted in the literature, more recent work has chal-
lenged the idea that imagined and physically performed
actions are functionally equivalent. For example, the liter-
ature is inconsistent regarding the direct involvement of
the primary motor cortex during action simulation (Riggio
& Gangemi, 2024). Studies using Transcranial Magnetic
Stimulation (TMS) have applied stimulation over the pri-
mary motor cortex and measured the excitability of the
corticospinal tract during both motor imagery and control
conditions. While studies applying TMS over the primary
motor cortex show an increase in corticospinal excitabil-
ity during motor imagery, these effects may in fact origi-
nate from changes in the excitability of premotor regions
that contribute to the corticospinal tract (Fadiga et al.,
2005). By contrast, other studies using electroencepha-
lography (EEG) show no activation in this region during
imagery (Silva et al., 2020), and meta-analytic syntheses
of neuroimaging studies indicate that imagery preferen-
tially recruits higher-order associative regions rather than
lower-level sensorimotor areas (Van Caenegem et al.,
2024). This principle of functional equivalence had been
questioned, and new theories emerged (for a compre-
hensive review see Hurst & Boe, 2022), such as the

Motor-Cognitive model (Glover et al., 2020; Glover &
Baran, 2017; Martel & Glover, 2023), which asserts that
motor imagery and movement execution do not rely on
identical mental processes. Specifically, the Motor-
Cognitive model proposes that motor imagery and exe-
cution share early movement planning mechanisms, but
diverge during action implementation, with imagery rely-
ing more heavily on executive functions in a fashion sim-
ilar to working memory, whereas execution depends on
sensorimotor circuits and external feedback.

Indeed, while Motor Simulation Theory only relies on
similarities between motor imagery and movement exe-
cution and does not provide any information about the
disparities between them, the Motor-Cognitive model
directly addresses these discrepancies. These differ-
ences were studied using experiments measuring the
timing of real or imagined movements. According to
Motor Simulation Theory, the time to imagine a move-
ment should be the same as the time to perform the same
movement, as the same neural processes are involved in
both situations (Decety & Michel, 1989; Jeannerod,
2001). Glover and Baran (2017) extended this approach
by introducing a secondary cognitive task (i.e. mental
arithmetic) during motor imagery, which significantly
increased imagery duration without affecting execution.
This supports the Motor-Cognitive model, highlighting
the role of executive resources in motor imagery.

Recent studies have also proposed hybrid models in
which motor imagery involves both motor simulation and
working memory (Hurst & Boe, 2022). In such models,
early planning relies on motor simulation, but later stages
of imagery engage working memory and cognitive elabo-
ration, particularly for complex or novel actions. This
stage-based perspective generates clear, testable pre-
dictions regarding the cognitive demands of imagery ver-
sus execution.

Martel and Glover (2023) provided further evidence by
using TMS over the dorsolateral prefrontal cortex
(DLPFC), showing that disrupting its function prolongs
imagery duration, similar to its effect on a calculation
task, without impairing movement execution. These
results are consistent with the predictions of the Motor-
Cognitive model, as selectively interfering with executive
resources affects imagery but not actual execution.

Recent work has also challenged the concept of func-
tional equivalence. Hardwick et al. (2018) used a meta-
analytic approach to examine the convergence and
divergence between brain activity during motor imagery
and movement execution. Comparing the brain networks
recruited during motor imagery and movement execu-
tion, they identified significant overlap in the sensorimo-
tor and subcortical areas. These findings indicate that
imagining an action engages brain areas similar to those
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involved in action preparation. However, the majority of
the voxels identified were not commonly activated
between motor imagery and movement execution; par-
ticularly, the dorsolateral prefrontal cortex was only con-
sistently recruited during motor imagery, and not during
movement execution. Similarly, there were notable differ-
ences in the overall extent and sub-regions involved in
each task. For example, motor imagery and movement
execution showed similar activations in premotor and
parietal regions, but at the level of subcortical regions
such as the putamen and the cerebellum, movement
execution activates these regions to a greater extent
compared with motor imagery. These data suggest that
while there is indeed some overlap between motor imag-
ery and movement execution, the principle of functional
equivalence does not fully explain the available data, as
there were notable discrepancies between the networks
for each task.

The emergence of the Motor-Cognitive model has led
to further examination of the link between motor imagery
and executive function, and more specifically working
memory. Also known as updating, working memory tasks
involve storing and performing operations with task-
related information in short-term memory, recalling, or rec-
ognizing it later, and modifying the information based on
the task’s context, which may include manipulating the
information as part of the task (A. Baddeley, 2012; A. D.
Baddeley & Hitch, 1994). Glover and Baran (2017) argue
that the elaboration and monitoring of motor imagery in
real time rely on a central pool of executive resources, sim-
ilar to their use in working memory. As both working mem-
ory and motor imagery involve maintaining and
manipulating task-relevant information, there is reason to
consider that they may recruit similar brain networks.

The present study, therefore, examined the neural net-
works recruited during movement execution, motor
imagery, and working memory. Our aim was to examine
the specific neural network for each paradigm (move-
ment execution, motor imagery, and working memory), in
order to determine the extent to which the network
recruited during motor imagery was also recruited during
these other paradigms. This process aimed to address
key limitations in current literature; specifically, while
Jeannerod (2001) proposed that similar brain areas were
recruited during movement execution and motor imag-

ery, these observations were based on qualitative com-
parisons based on a relatively limited sample of studies
available at the time of writing. The present work, there-
fore, presents quantitative comparisons of the networks
recruited in relation to motor imagery, providing a synthe-
sis of results based on several hundred studies. This
approach allowed us to examine the extent of the similar-
ities and differences between these networks.

2. METHODS

2.1. Datasets

Relevant neuroimaging papers were identified through
two existing meta-analyses. Regarding movement exe-
cution and motor imagery, the data came from Hardwick
et al. (2018) and for working memory all the papers
included in this analysis were those included in
Rodriguez-Nieto et al. (2022)’s work. A total of 697 papers
were included (see Table 1).

2.2. Data extraction and classification

Each paper was assigned a unique identifier based on
the first author’s surname and the year of publication,
with letters (a, b, c, etc.) appended to distinguish dupli-
cates. Extracted data included the number of participants
in each experiment and the coordinates of reported acti-
vations in MNI or Talairach space. Talairach coordinates
were converted to MNI space using the Lancaster trans-
form (Lancaster et al., 2007). Each paradigm was catego-
rized as involving movement execution, motor imagery,
or working memory. Additional details for each of the
included papers can be found in the corresponding meta-
analyses (Hardwick et al., 2018; Rodriguez-Nieto et al.,
2022).

2.3. Data analyses

2.3.1. General procedures

First, we conducted separate activation likelihood esti-
mation (ALE) meta-analyses to identify the individual net-
works involved in experimental paradigms examining
motor imagery, movement execution, and working mem-
ory. Next, we used conjunction analyses to examine the

Table 1. Data included in the meta-analyses.

Paradigm Papers Experiments Participants Foci
Movement execution 71 107 1687 1842
Motor imagery 134 216 3349 3214
Working memory 492 492 11,323 10,086
All 697 815 16,359 15,142
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convergence and divergence between these networks.
Conjunction analyses were calculated using the mini-
mum statistic (Nichols et al., 2005); by overlaying the net-
works in a pairwise fashion, we identified the volume
specific to each individual paradigm, and the volume
activated across multiple paradigms. Regions consis-
tently engaged across different paradigms were identi-
fied through pairwise conjunction analyses, and a final
combined conjunction analysis highlighted the regions
consistently recruited across all three paradigms. These
results are detailed in Section 2 in the Supplementary
Materials (Tables S4-S7, Figs. S1-S2). For contrast anal-
yses, see Sections 3 and 4 in Supplementary Materials
(Tables S8-S15, Fig. S3).

2.3.2. ALE analyses

The analyses utilized the revised ALE algorithm (Eickhoff
et al., 2009; Turkeltaub et al., 2002, 2012), which assesses
whether the convergence of activation coordinates (foci)
across experiments exceeds what would be expected by
chance. Reported foci are represented as centres of 3D
Gaussian probability distributions (Turkeltaub et al.,
2002). In the revised algorithm, the width of these Gauss-
ians is determined through empirical comparisons, mod-
elling the increased spatial reliability associated with
larger sample sizes by employing smaller Gaussian distri-
butions (Eickhoff et al., 2009).

Foci from each experiment were aggregated across
voxels to generate a modelled activation map (Turkeltaub
et al., 2012). The combination of these modelled activa-
tion maps across experiments produced ALE scores,
which indicate the convergence of coordinates for each
location. These ALE scores were compared with a non-
linear histogram integration based on the frequency of
distinct modelled activation maps (Eickhoff et al., 2012),
identifying areas where convergence exceeded chance
expectations. ALE values were calculated exclusively for
voxels with a probability of >10% of containing grey mat-
ter (Evans et al., 1994), as functional activations are pri-
marily observed in grey matter regions. The results were
thresholded at p < 0.05 (cluster-level family-wise error,
corrected for multiple comparisons, with a cluster-forming
threshold at voxel level p < 0.001) and reported at a voxel
resolution of 2 x 2 x 2mm. Results are reported with a min-
imum cluster volume of 100 mm3 (i.e., >13 voxels, Beissner
et al., 2013; Erickson et al., 2014; Turkeltaub et al., 2012).

2.3.3. Conjunction analyses

Conjunction analyses synthesized the overlap between
networks, under the conjunction null hypothesis (i.e., that

at least one of the effects is absent). They were com-
puted using the minimum statistic method (Nichols et al.,
2005), which compares the voxel-wise minimum value
across volumes, and returns as output the lower value for
each voxel. This ensures that only voxels showing signif-
icant effects in all contrasts are retained, thereby identify-
ing regions consistently engaged across conditions. A
minimum cluster volume of 100 mm3® was applied
(Beissner et al., 2013; Erickson et al., 2014; Turkeltaub
et al., 2012).

2.3.4. Volume matched analyses

Recognizing that differences in the number of overall
voxels in each network could impact the size of identified
overlap between them, “volume-matched analyses”
(Hardwick et al., 2015) were conducted. Here, two net-
works were compared, with the smaller network’s volume
designated as the target size. The larger network’s vol-
ume was iteratively reduced in size by increasing its
threshold until the volume difference was minimized. This
threshold was then applied to the larger network, result-
ing in a volume-corrected version closely matching the
smaller network’s voxel count. This process identified
regions consistently implicated in a paradigm, while also
controlling differences in resulting volumes between dif-
ferent analyses.

2.3.5. Mask analysis by brain area

This analysis, inspired by Jeannerod’s (2001) original
qualitative assessment of the recruitment of different
brain regions by motor imagery and movement execu-
tion, examined the overlap for each task paradigm within
different areas of the brain. We first identified regions that
were implicated in the main meta-analysis of motor imag-
ery (i.e. Area N motor imagery), then examined the extent
to which movement execution and working memory
overlapped in these regions. Further analysis examined
whether one of these paradigms showed greater recruit-
ment of one of these specific sub-regions than the other
paradigm. Volume-matched analysis was also conducted
for this analysis (see Table 3 for the results).

Regions to be examined were identified based on the
brain areas for which we observed maximum activation
peaks during the main analysis of the neural network of
motor imagery. Templates of the areas to be studied were
identified from three different sources. Brodmann area
templates were taken from MRIcroGL (Rorden, 2025).
Cortical motor areas were examined using the Human
Motor Area Template (HMAT; Mayka et al., 2006). Tem-
plates of cerebellar regions were extracted from the
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Table 2. Brain atlases used in the analyses, and their origins.

Area Atlas Source
DLPFC Brodmann atlas (Merge of Areas 9 and 46) MRlcroGL

Area 2 Brodmann atlas MRIcroGL

Area 7 Brodmann atlas MRlcroGL

Area 32 Brodmann atlas MRIcroGL

Area 40 Brodmann atlas MRlcroGL

Area 44 Brodmann atlas MRIcroGL

Area 45 Brodmann atlas MRlcroGL

Area 48 Brodmann atlas MRlcroGL

PMd HMAT LRNLAB.org website
PMv HMAT LRNLAB.org website
S1 HMAT LRNLAB.org website
Cereb_VI SUIT atlas SPM Anatomy Toolbox
IPL_PF Cytoarchitectonic map of the human IPC SPM Anatomy Toolbox
IPL_PFcm Cytoarchitectonic map of the human IPC SPM Anatomy Toolbox
IPL_PFt Cytoarchitectonic map of the human IPC SPM Anatomy Toolbox
AIPS_IP1 Cytoarchitectonic map of the human IPS SPM Anatomy Toolbox

Spatially Unbiased Infratemporal Template (SUIT;
Diedrichsen et al., 2009). Given that the DLPFC has been
considered to play an important role in motor imagery
across different models (Glover & Baran, 2017; Jeannerod,
2001), we created a template for this region based on the
designation by Petrides (2005), by combining the avail-
able templates for Brodmann Areas 9 and 46. Similarly,
we note that although area 2 is part of S1, the two zones
have been considered in their entirety for the purposes of
this analysis, as there is no total overlap. Cross-
referencing these templates with the regions implicated
in the main meta-analysis of motor imagery identified 16
areas for analysis in further depth (see Table 2).
Conjunctions were made between the template pro-
vided for each area of the brain and motor imagery (e.g.
performing the conjunction DLPFC ~ motor imagery
revealed the regions of the DLPFC specifically recruited
during motor imagery). Further conjunctions were then
conducted to identify the overlap in a given brain region
between motor imagery and movement execution/work-
ing memory (e.g. the conjunction “DLPFC n motor imag-
ery n working memory” would reveal the regions of the
DLPFC that are recruited by motor imagery that are also
recruited during working memory tasks). The number of
voxels identified in each analysis was converged to per-
centages, calculated relative to the volume of a given
brain area that was recruited during working memory
(allowing interpretations such as “of the volume of the
DLPFC” that is recruited by motor imagery, 92% is also
recruited by working memory). These steps then allowed
the calculation of the “observed difference” in the recruit-
ment of each area by each paradigm (i.e. calculated as
the difference in the percentage of recruitment of the

DLPFC identified in the conjunctions “DLPFC n motor
imagery N movement execution” and “DLPFC ~ motor
imagery N working memory”).

2.3.6. Labelling

The results were anatomically labelled based on their
most likely macro-anatomical and cytoarchitectonic/
tractographically assessed locations using the SPM
Anatomy Toolbox 2 extension (Eickhoff et al., 2005, 2006,
2007). Additionally, functional labels for motor regions
were assigned using the human motor area template
(HMAT) defined by Mayka et al. (2006). Brodmann area
labels were added using the MRIcron Anatomical Tem-
plate. The reported coordinates were based on peak
maxima in MNI space.

3. RESULTS

3.1. Paradigm-specific analyses

3.1.1. Movement execution

The analysis of movement execution included 71 experi-
ments reporting 1842 foci recorded from a total of 1687
participants. Movement execution identified the network
with the smallest overall volume of the meta-analyses
conducted, with a total of 11,229 voxels (a comparison of
the volumes across networks is presented in Fig. 1; see
also Supplementary Materials Section 1, Tables S1-S3
for detailed summaries). Bilateral recruitment in the sen-
sorimotor and premotor areas was identified and included
the left supplementary motor area (SMA), bilateral ventral
premotor cortex (PMv), and left lateralized dorsal
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Fig. 1.

Quantitative meta-analyses of the three paradigms.

premotor cortex (PMd). Two bilateral clusters around the
primary motor and somatosensory areas were found.
Subcortically bilateral areas in the thalamus, cerebellum
(including lobule VI), and putamen were also recruited.

3.1.2. Motor imagery

Motor imagery included 134 experiments reporting 3214
foci recorded from a total of 3349 participants. Motor
imagery recruited a total of 16,194 voxels, primarily
recruiting bilateral premotor areas as well as left lateral-
ized recruitment of the DLPFC. The largest cluster
encompassed the left ventral and dorsal premotor cortex
and extended to the insula lobe. In the right hemisphere,
another cluster included ventral and dorsal premotor cor-
tex, the insula lobe, and the putamen. Recruitment of the
parietal lobule was identified in both hemispheres. Fur-
ther bilateral clusters were identified in the cerebellum
(lobule VI).

3.1.3. Working memory

The analysis of working memory involved 492 experi-
ments reporting 3214 foci recorded from a total of 11,323
participants with a total volume of 27,724 voxels The
analysis revealed a fronto-parietal network. The largest
cluster was detected in the left hemisphere, spanning
frontal (inferior and middle frontal gyri), and subcortical
(putamen, thalamus) regions. A similar cluster was
detected in the right hemisphere. Parietal clusters were
identified in both hemispheres, extending across the

superior and inferior parietal lobules. Cerebellar clusters
were found bilaterally around the Crus | area.

3.2. Conjunction analyses

Minimum-statistic conjunction analyses were performed
to identify regions that were consistently activated across
the different paradigms (Fig. 2; see also Supplementary
Tables S4-S7).

3.2.1. Movement execution N motor imagery

A conjunction analysis of motor imagery and movement
execution revealed a network consisting of bilateral sen-
sorimotor and premotor cortical clusters, along with
smaller subcortical clusters in the putamen and cerebel-
lum (Fig. 2). In the premotor regions, a medial, superior
cluster encompassed the bilateral preSMA and SMA
proper. Additional bilateral clusters spanned the ventral
premotor cortex and extended to the left dorsal premotor
cortex. Posterior to these premotor clusters, two bilateral
clusters were identified, each involving the primary
somatosensory cortex. Subcortically, the left putamen
and bilateral cerebellum (lobule VI) were consistently acti-
vated across both analyses.

3.2.2. Working memory N motor imagery

Consistent activations across motor imagery and work-
ing memory were identified mainly in the premotor regions
(Fig. 2). One cluster included the left ventral and dorsal
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Fig. 2. Conjunction analyses conducted across combinations of the paradigms. (A) Represents the network activated
during motor imagery and movement execution (yellow). (B) Presents the network activated during motor imagery and
working memory (purple). (C) Comparison of the overlap between the motor imagery network and the other paradigms.
While 60% of the motor imagery network was also recruited by working memory, compared with only 28% of the
movement execution network, we note that considerable differences in the overall sizes of each network (D) may have
contributed to this effect.
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premotor cortex and extended to the putamen, while
another included the right ventral and dorsal premotor
cortex. A small cluster included the right superior parietal
lobule and the right precuneus. Another cluster common
to both paradigms involved the left DLPFC. Subcortically,
conjunction revealed common activation of the right
insula lobe, the right putamen but also bilateral activa-
tions in the cerebellum.

3.2.3. Comparison of overlap with the motor
imagery network

Results from the conjunction analyses presented above
were considered in relation to the extent to which each
network overlapped with the network involved in motor
imagery. These results indicated that the network for
motor imagery had greater overlap with working memory
(60% of voxels in the motor imagery network) than with
movement execution (28% of voxels in the motor imag-
ery network; difference of 42%).

3.3. Volume-matched control analyses

A “volume-matched” analysis was conducted to control
for possible differences in overlap between the two para-
digms that was simply due to the fact that working mem-
ory recruited more voxels overall than movement
execution. The meta-analysis for movement execution
was identified as having the smallest overall volume
(11,229 voxels). lteratively increasing the threshold
applied to the networks allowed us to reduce their total
volumes to be as close to the volume of the movement
execution as possible (Motor imagery: 11,215 voxels,
Working memory: 11,228 voxels).

While we did not observe any major differences in terms
of the regions involved in the conjunction analyses, this did
affect the overall volumes as identified in the overlap anal-
ysis. In percentage terms, the volume-matched motor
imagery network shared 32% of its total volume with
movement execution, and 36% of its volume with working
memory (Fig. 3). Thus, both our main and volume-matched

A Motor Imagery volume-matched to movement execution

I L

Movement Execution

b

Fig. 3. Volume-matched brain areas and overlap percentage. (A) represents the network for the volume-matched analysis
activated during each paradigm and during the conjunction between motor imagery and movement execution in yellow
and the conjunction between motor imagery and working memory in purple. While the volume-matching approach

(B) considerably reduces the difference in the extent of the overlap between the networks (c.f. Fig. 2C.), there is still
greater overlap between motor imagery and working memory than with motor imagery and movement execution.

(C) Represents the overall volume for each paradigm to match with movement execution, while (D) demonstrates that the
volume-matching procedure led to minimal differences between the number of voxels in each network examined.

8
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Table 3. Volume of activation (in voxels) in common with motor imagery by different areas of the brain.

Full network analysis

Volume-matched analysis

Total Volume Volume Volume Volume Volume Volume Diff
Brain area volume area~MI areanMINWM area~MINEX Diff overlap areanMIl area~nMINWM areanMINEX overlap
AIPS_IP1 2805 649 640 (98.6%) 37 (6.7%) 603 (+92.9%) 482 428 34 394
Area 7 6194 1394 1269 0 1269 829 440 0 440
Area 32 4009 327 313 70 243 248 225 69 156
Area 45 3566 89 85 0 85 20 11 0 11
DLPFC 8069 141 130 0 130 34 17 0 17
Area 40 3975 1789 1305 279 1026 1376 757 261 469
PMd 6599 2794 1845 240 1605 2189 853 220 633
Area 44 2320 506 463 195 268 331 236 164 72
IPL_PFcm 2555 753 16 122 -106 488 0 99 -99
Cereb_VI 9020 734 492 305 187 493 133 210 =77
S1 4288 645 235 437 -202 296 28 216 -188
Area 2 1824 763 327 419 -92 487 98 308 -210
IPL_PFt 3497 1580 735 553 182 1068 345 390 -45
IPL_PF 5069 963 205 67 138 569 60 49 11
Area 48 19932 2177 789 725 64 1343 254 511 -257
PMv 5838 2038 1281 1024 257 1506 544 834 -290

For “difference overlap” values, positive values (in bold) indicate greater overlap between motor imagery and working memory, while
negative values indicate greater overlap between motor imagery and movement execution. Percentages are in relation to the volume
of a given area that are shared between motor imagery and another paradigm (e.g. for the AIPS_IP1, 98.6% of the region recruited by
motor imagery is also recruited by working memory, while only 5.7% of the area recruited during motor imagery is also recruited during

movement execution).

analyses indicated that there was a greater overlap
between motor imagery and working memory than for
motor imagery and movement execution.

3.4. Mask analysis by brain area

This analysis makes it possible to determine whether cer-
tain areas of the brain are more common to motor imag-
ery and working memory, or whether they overlap more
with movement execution (see Table 3 and Fig. 4).

Results of this analysis indicate that the majority of
brain areas recruited during motor imagery were acti-
vated to a greater extent by working memory than by
movement execution. In particular, several associative
regions, including frontal (DLPFC, Area 45) and parietal
(Area 7) areas, were recruited uniquely by motor imagery
and working memory tasks. By contrast, relatively few
regions of the motor imagery network (S1/Area 2 and the
IPL_PFcm) demonstrated a greater recruitment by move-
ment execution than by working memory tasks.

The volume-matched analysis for this section revealed
a similar overall pattern of results with the full volume
analysis. With this control analysis, we see more overlap
between motor imagery and movement execution in sen-
sorimotor regions (S1, Area 2, PMv, Cerebellum) and
more overlap between motor imagery and working mem-
ory in associative regions (frontal areas).

10

4. DISCUSSION

The similarity between the brain networks involved in
movement execution and motor imagery has already been
the topic of numerous studies (Decety et al., 1994; Grézes
& Decety, 2001; Jeannerod, 2001; Lotze & Halsband,
2006). In particular, Jeannerod (2001) proposed “Motor
Simulation Theory” based on a qualitative assessment of
the similarity between the brain regions recruited during
movement execution and motor imagery. Later quantita-
tive syntheses of the literature have mapped their respec-
tive brain networks, identifying both notable similarities
and differences between movement execution and motor
imagery (Hardwick et al., 2018; Hétu et al., 2013). More
recently emerging theories have proposed a plausible
explanation for these differences, arguing that motor imag-
ery may place a greater emphasis on cognitive resources
that have previously been considered. Specifically, the
Motor-Cognitive Model proposes that motor imagery may
use central executive resources in a fashion similar to
working memory (Glover et al., 2020; Glover & Baran,
2017). The present study, therefore, conducted a series of
analyses to quantify the similarity in the volumes activated
during movement execution, motor imagery, and working
memory. Our results indicate that there is greater overlap
between the brain regions involved in working memory
and motor imagery than movement execution. While our
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Movement Execution ME 1 PMv

ME (1 MI 11 PMv

PMv Template Motor Imagery MI 1 PMv

MI 1 WM 1 PMv

Working Memory WM 1 PMV

Fig. 4. Example of mask analysis with ventral premotor cortex (PMv).

main analysis shows stronger recruitment of working 4.1. Key observations
memory-related network, the volume-matched analysis
reveals that the overall difference is relatively modest, with
a slight advantage for working memory over movement
execution. Taken together, these findings suggest that
motor imagery may place a greater reliance on central
executive resources than has previously been considered.

These results can be integrated with the recent neuro-
physiological evidence provided by Dekleva et al. (2024).

Jeannerod’s seminal paper describing the Motor Simula-
tion Theory (2001) involved qualitative comparisons identi-
fying similarities between the brain networks identified
during movement execution and motor imagery. In the
present manuscript, a series of conjunction analyses
revealed that motor imagery shares a significantly larger
proportion of its neural network with the network recruited
during working memory than with the network recruited
While our meta-analysis highlights that motor imagery  quring movement execution. Volume-matched analyses
overlaps more strongly with working memory than execu-  confirmed that this result is not simply due to differences in
tion, Dekleva et al. (2024) demonstrate that motor cortex  the overall sizes of the volumes for each network. Further
nevertheless retains the dynamical structure of executed  jnyestigation identified a series of frontal and parietal
movements during imagery, although reoriented into an  regions that showed a greater volume of recruitment
output-null subspace. Together, these findings suggest  during working memory than during movement execution.
that motor imagery sits at the interface of motor and cog-  This is in keeping with the view that motor imagery and
nitive systems: it preserves core motor dynamics, but working memory share underlying mechanisms involving
sustaining these covert representations requires addi- temporary storage, manipulation, and updating of infor-
tional recruitment of executive resources, consistent with  mation based on context, similar to working memory tasks
the Motor-Cognitive model. (A. Baddeley, 2012; A. D. Baddeley & Hitch, 1994).

11
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Our findings align with the Motor-Cognitive model
(Glover et al., 2020; Glover & Baran, 2017), which pro-
poses that motor imagery engages executive resources
similar to those involved in working memory. Supporting
this idea, studies have shown that motor imagery is more
affected by interfering tasks engaging executive func-
tions than movement execution, highlighting that motor
imagery relies on cognitive processes (Glover & Baran,
2017). Additionally, research using transcranial magnetic
stimulation has demonstrated that disrupting regions
involved in executive functions specifically slows down
motor imagery without affecting movement execution
(Martel & Glover, 2023), further emphasizing that motor
imagery is not only a sensory-motor simulation, but also
depends on broader cognitive mechanisms related to
information processing and management.

4.2. Network-level conjunction analyses

Conjunctions were performed to identify those regions
that are common to both motor imagery and movement
execution, as well as those that are common to both
motor imagery and working memory. By observing these
differences and similarities, it would seem that pre-SMA
and SMA are specific to the “movement” part of motor
imagery. Indeed, in his meta-analysis, Hétu et al. (2013)
linked the SMA to the processing of complex information

Frontal slices S

Transversal slice A

p H7'./n§"-d

associated with movement initiation, and visuo-spatial
transformations. However, the specific role of the SMA
during motor imagery could vary depending on the type
of motor imagery being performed.

In contrast, the ventral and dorsal premotor cortices
play a role in the planning, preparation, and execution of
movement (Hoshi & Taniji, 2007). Movement planning has
various components (Sensory integration, Goal selection,
Motor planning, Preparation for execution). During this
planning, it is essential to gather information about the
external environment, store it in memory, and then use it
wisely to prepare and then execute the movement. Work-
ing memory works in a very similar way. Indeed, working
memory tasks require individuals to maintain task-
relevant information in the short-term memory, ensuring it
is available for later recall or recognition. These tasks also
involve revising this information based on the task’s con-
text, often requiring manipulation of the data as part of
the process (A. Baddeley, 2012; A. D. Baddeley & Hitch,
1994).

Analyses then revealed that all three paradigms acti-
vated cerebellar lobule VI, whereas only motor imagery
and working memory recruited Lobule Vlla (Fig. 5). How-
ever, we note that just because several paradigms acti-
vate the same area of the brain, it does not necessarily
mean that they do so for the same function. Hardwick
et al. (2018) also highlighted in their meta-analysis a

. Movement Execution (ME)
. Motor Imagery (MI)

B Working Memory (WM)
[ ] MEn M

B MinwM

[] ME WM

[ MEnMIO WM

Fig. 5. Representation of the cerebellar activity for the three paradigms.
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shared activation of lobule VI during both movement exe-
cution and motor imagery; however, motor imagery
lacked the somatotopic activation identified during
movement execution, suggesting that these overlapping
activations may serve differing functions. Regarding its
activation during working memory, recent studies have
also shown that the cerebellum plays a role in higher cog-
nitive functions (McDougle et al., 2022). Research in peo-
ple with “cerebellar cognitive affective syndrome”,
caused by damage or dysfunction of the cerebellum, has
linked this region to deficits in executive function, partic-
ularly working memory (Beuriat et al., 2020; Hayter et al.,
2007; Ramnani, 2006). Notably, individuals with lesions in
lobule VI exhibit impairments in working memory, while
other executive functions remain unaffected (Beuriat
et al., 2020). This aligns with Rodriguez-Nieto et al.’s
(2022) meta-analytic study that has consistently associ-
ated cerebellar activation with tasks involving working
memory, but not with other aspects of executive function.
Importantly, recent work has emphasized that activations
in Crus | are more consistently associated with working
memory, in line with its connectivity to the fronto-parietal
control network (Buckner et al., 2011; Marek et al., 2018),
whereas lobule VI is often engaged across both motor
and cognitive domains and may participate in the inte-
grative somato-cognitive action network (Gordon et al.,
2023). This further reinforces the connection between
motor imagery and working memory. The distinct motor
and cognitive roles of the cerebellum may correspond to
different models of motor imagery: the “motor” interpre-
tation of cerebellar activity during motor imagery aligns
more closely with Motor Simulation Theory, while its
potential involvement in working memory supports the
Motor-Cognitive model.

Finally, DLPFC was only activated during motor imag-
ery and working memory. It is also at the centre of discus-
sions about the Motor-Cognitive model (Martel & Glover,
2023). According to this model, the DLPFC may provide
central executive resources for motor imagery, function-
ing in a manner similar to its role in working memory. The
Motor Simulation Theory also acknowledges a possible
involvement of the DLPFC, but the possible function of
this region is only briefly described, with the suggestions
that the DLPFC may be involved in movement prepara-
tion and short-term information storage. In contrast, the
Motor-Cognitive model offers a more explicit and devel-
oped role for the DLPFC within motor imagery. The con-
cepts proposed by both models align with recent research
emphasizing the existence of “motor working memory”
(Bardakan et al., 2022; Hillman et al., 2024; McDougle &
Hillman, 2025). Indeed, these findings reflect distinctions
in representational formats observed in other domains,
suggesting that motor working memory shares a funda-
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mental computational structure with other working mem-
ory subsystems.

4.3. Analyses by brain region

Previous analyses have shown that there was indeed a
difference in overlap between the two conditions (full net-
work analysis and volume-matched analysis). However,
these analyses did not determine in which regions of the
brain these differences are found. Thanks to the analysis
by brain region, we were able to observe whether specific
sub-regions of the motor imagery network shared greater
co-activation with regions involved in movement execu-
tion or working memory. Notably, in both our main and
volume-matched analyses, the majority of sub-regions
within the motor imagery network had greater overlap
with regions involved in working memory than with move-
ment execution; here we limit our discussion to those
regions that were consistent across these two analyses.

4.3.1. Regions of the motor imagery network with
greater overlap with movement execution than
working memory

The regions showing greater overlap between motor
imagery and movement execution primarily encom-
passed a sensorimotor network, including the primary
somatosensory cortex (S1, Brodmann area 2 (BA2)) and
the dorsal (PMd) and ventral premotor cortices (PMv).

Within this network, S1/BA2 could contribute to the
reactivation of sensory consequences associated with
movement, such as tactile and proprioceptive feedback
(Naito et al., 2002; Porro et al., 1996). Even in the absence
of actual execution, these somatosensory areas recreate
the sensory state that would normally accompany the
movement, providing a foundation for the vividness and
realism of motor imagery (Jeannerod, 2001; Kilteni et al.,
2018). The engagement of these regions supports the
view that motor imagery relies not only on simulating
motor commands but also on reinstating their sensory
outcomes, maintaining coherence between the imagined
and executed states of action.

In close interaction with these sensory cortices, the
premotor areas (PMd and PMv) are central to generating
and structuring internal motor representations. The dor-
sal premotor cortex (PMd) is known for its role in planning
and selecting movements based on external sensory
cues (Cisek & Kalaska, 2010; Hoshi & Tanji, 2007). During
motor imagery, its recruitment indicates that the brain
engages similar preparatory mechanisms as in actual
motor planning (Gerardin et al., 2000; Hétu et al., 2013).
The ventral premotor cortex (PMv), by contrast, contrib-
utes to the understanding and representation of goal-
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directed actions. Homologous to the primate area F5,
which contains mirror neurons, PMv integrates sensory
information and motor commands to construct coherent
representations of actions, whether observed, executed,
or imagined (Fogassi et al., 2005; Rizzolatti & Craighero,
2004).

The functional interplay between these regions, with
S1 reactivating sensory feedback, PMd generating motor
plans, and PMv representing action goals, suggests that
motor imagery emerges from sensorimotor integration
across cortical levels.

4.3.2. Regions of the motor imagery network
with greater overlap with working memory than
movement execution

Beyond the core sensorimotor system, motor imagery
also recruits a fronto-parietal associative network encom-
passing the dorsolateral prefrontal cortex (DLPFC), ante-
rior cingulate cortex (Brodmann area 32 (BA32)), inferior
frontal gyrus (Brodmann area 45 (BA45)), superior parietal
lobule (Brodmann area 7 (BA7)), and supramarginal gyrus
(Brodmann area 40 (BA40)). These regions overlap more
strongly with the working memory network than with
movement execution, indicating that motor imagery
engages high-level cognitive and executive mechanisms
necessary to maintain and manipulate internal represen-
tations of action.

The DLPFC has previously been the subject of
research linking working memory and motor imagery
(Martel & Glover, 2023). It is involved in frontal-executive
functions related to action preparation (Mars & Grol,
2007), which are thought to share neural substrates with
motor imagery. The recruitment of the DLPFC during
motor imagery may be attributed to working memory
demands, which are considered distinct from the frontal-
executive functions of the DLPFC that are engaged
during more complex movement tasks (Rottschy et al.,
2012). An alternative account is that the DLPFC sup-
ports movement inhibition, given its established role in
suppressing overt actions (Blasi et al., 2006; Coxon
et al., 2016). However, this interpretation contradicts the
specific predictions of simulation theory, which attri-
butes inhibition during motor imagery specifically to
orbitofrontal and cingulate prefrontal regions, but not to
the DLPFC (Jeannerod, 2001). From this perspective,
motor imagery could rely on the simulation model, but
include an inhibitory mechanism arising from the DLPFC
to prevent execution. While inhibition is undoubtedly
necessary when movements are internally simulated but
not carried out, it is unlikely to fully account for the
observed overlap between motor imagery and working
memory (Hampshire et al., 2010). Moreover, the anatom-
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ical boundaries of the DLPFC are not sharply defined
and often overlap with adjacent regions such as the infe-
rior frontal gyrus, which has also been implicated in
inhibitory control (Hampshire et al., 2010). From this per-
spective, the involvement of lateral prefrontal areas may
better reflect broader executive demands such as the
active maintenance and manipulation of motor represen-
tations (D’Esposito et al., 1995), rather than inhibition
alone. Thus, the overlap with the working memory net-
work may be more parsimoniously interpreted in terms
of shared executive resources, rather than as a mere
byproduct of suppressing overt movement.

The anterior cingulate cortex (BA32) complements the
DLPFC by linking cognitive and motor domains. This
region is anatomically positioned to integrate signals
from both the hippocampus and premotor areas (Rolls,
2019), enabling it to coordinate action monitoring, error
detection, and the retrieval of relevant episodic or seman-
tic information during imagery. Its dual involvement in
memory and motor control processes underscores the
hybrid nature of motor imagery, combining executive and
embodied components (Strotzer, 2009).

In the inferior frontal gyrus (BA45), a region tradition-
ally associated with Broca’s area, activity during motor
imagery supports the integration of semantic and senso-
rimotor representations. BA45 acts as a high-level inter-
face that connects cognitive understanding with motor
intention (Binkofski & Buccino, 2004), particularly for
goal-oriented or symbolic actions. Its role in non-spatial
working memory (D’Esposito et al., 1998) and mirror neu-
ron activation (Guillot et al., 2014; Rizzolatti et al., 1998)
suggests that it contributes to retrieving and evaluating
the meaning of internal representations within a given
context.

The parietal components of this network (BA7 and
BA40) are essential for linking perception and action
through spatial and sensorimotor integration. BA7, corre-
sponding to the superior parietal lobule and intraparietal
sulcus, supports visuo-perceptual coordination and the
transformation of sensory input into motor coordinates
(Strotzer, 2009). Meanwhile, BA40 (the supramarginal
gyrus) integrates sensory and motor information at the
parietal-temporal junction, supporting action planning,
imitation, and abstract reasoning (Mara, 2017; Oztop
et al., 2013). Both regions host mirror neurons that facili-
tate the anticipation and simulation of observed or imag-
ined actions, and their coactivation with frontal regions
reinforces the dynamic coupling between perceptual pre-
diction and executive monitoring.

Taken together, the DLPFC, anterior cingulate cortex,
inferior frontal gyrus, and parietal cortices form a distrib-
uted fronto-parietal control network. This network sup-
ports the generation, maintenance, and manipulation of
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internal motor representations while preventing overt
movement. It ensures that motor imagery remains coher-
ent, goal oriented, and contextually appropriate, reflect-
ing a continuous interaction between cognitive control
and embodied simulation.

4.4. Strengths and limitations

Although our meta-analysis provides new insights into
the relationship between motor imagery, movement exe-
cution, and working memory, some limitations must be
acknowledged. First, the data included are from pre-
existing meta-analyses (Hardwick et al.,, 2018;
Rodriguez-Nieto et al., 2022), and as the collection of
articles stopped in June 2017 and December 2019 for
these papers, respectively, articles from more recent liter-
ature were not included. We note, however, that we have
no reason to expect they would significantly alter the
results presented here. Similarly, as our analyses were
based on meta-analytic approaches, our results rely on
the availability and quality of the primary studies com-
piled in these works. Therefore, as is the case for all
meta-analyses, publication bias and methodological dif-
ferences between the original MRI/PET studies contribut-
ing to these works may influence the results.

Secondly, although the use of ALE (Activation Likeli-
hood Estimation) makes it possible to identify common
activations between the paradigms studied, this method
does not reflect individual variations or the temporal
dynamics of neuronal activity. In addition, activation
coordinates are often reported at group level, which may
mask significant inter-individual differences. This is par-
ticularly notable given that there is estimated to be con-
siderable variability in the ability that individuals have to
perform imagery (Wright et al., 2024), which may affect
the associated brain networks activated. However, meta-
analytical approaches such as ALE provide a pragmatic
solution to the limitations of individual neuroimaging
studies, which are typically underpowered (Szucs &
loannidis, 2020). Moreover, as ALE focuses on peak
coordinates, which represent the strongest activations in
individual studies, this provides confidence that our
results are representative of the “core” networks involved
in each associated behaviour. However, a limitation of the
volume-matched analysis is that while it controls for
network-size bias, it does so by applying un-equal
thresholds across networks. We followed this approach
because it provides a pragmatic approach to allow
volume-based comparisons across networks of different
sizes, as in previous ALE studies (Hardwick et al., 2015,
2018). Nonetheless, by using a more conservative thresh-
old for motor imagery and working memory, the analyses
should still be highly representative of regions that are
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unambiguously associated with the respective task para-
digms. Furthermore, the classification of paradigms into
three distinct categories (motor imagery, movement exe-
cution, and working memory) simplifies a more nuanced
reality. There are variations within each category, particu-
larly between the different types of motor imagery and
working memory tasks, which have not been fully
explored in this analysis. While analyses of relevant sub-
categories would have been of interest, unfortunately, the
availability of relevant information in the primary literature
places limitations on this. For example, previous research
showed that 60% of motor imagery studies did not pro-
vide enough information to allow clear identification of
the modalities and perspectives of imagery being used
(Van Caenegem et al., 2022). Creating sub-categories in
the present study would, therefore, have been limited,
given that the majority of papers do not provide enough
information to allow detailed inspection of these points.
We hope that efforts to improve the quality of study
reporting (e.g. Moreno-Verdu et al., 2024) will allow the
inclusion of such detailed sub-analyses in future work.

Finally, our analyses do not allow us to establish causal
relationships between the neural networks involved in
these three processes. Further experimental studies, in
particular using non-invasive brain stimulation or real-
time neuroimaging protocols, would be necessary to
investigate these relationships further.

5. CONCLUSION

Our results indicate that the brain network recruited
during motor imagery shares a greater volume with work-
ing memory than with movement execution. These find-
ings suggest that executive resources may play a greater
role in motor imagery than has previously been appreci-
ated. Activation of frontal and parietal regions involved in
working memory during motor imagery suggests similar-
ities between these two processes; future studies could
further explore these links and their applications during
experimental studies.
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