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Mental Imagery is a topic of longstanding and widespread scientific interest. Individual studies have typically
focused on a single modality (e.g. Motor, Visual, Auditory) of Mental Imagery. Relatively little work has
considered directly comparing and contrasting the brain networks associated with these different modalities of
Imagery. The present study integrates data from 439 neuroimaging experiments to identify both modality-
specific and shared neural networks involved in Mental Imagery. Comparing the networks involved in Motor,
Visual, and Auditory Imagery identified a pattern whereby each form of Imagery preferentially recruited ‘higher
level’ associative brain regions involved in the associated ‘real’ experience. Results also indicate significant
overlap in a left-lateralized network including the pre-supplementary motor area, ventral premotor cortex and
inferior parietal lobule. This pattern of results supports the existence of a ‘core’ network that supports the
attentional, spatial, and decision-making demands of Mental Imagery. Together these results offer new insights
into the brain networks underlying human imagination.

1. Introduction

Mental Imagery is a concept that has been explored across a diverse
range of fields such as sport performance (Ladda et al., 2021), motor
skill learning (Lotze and Halsband, 2006; Williams and Gribble, 2012),
rehabilitation (Ietswaart et al., 2011; Jackson et al., 2001; Malouin and
Richards, 2010), music (Izadifar et al., 2022; Tanaka and Kirino, 2017;
Tsai et al., 2018), people with disabilities (e.g. blind, deaf; Lazard et al.,
2011; Nierhaus et al., 2023) and many other domains. It is a complex
cognitive ability that allows an individual to generate internal sensory
experiences, contributing to creativity, memory, planning, and other
aspects of cognition (Kosslyn et al., 2001). Imagery can generally be
defined as the mental faculty of creating sensory representations in the
mind, without these stimuli being present in the real environment. Im-
agery can encompass all five senses, and may emphasize different sen-
sory modalities, such as Auditory Imagery (imagining sounds or voices),
Olfactory Imagery (imagining scents), Gustatory Imagery (imagining
tastes), Tactile Imagery (imagining touch perceptions), Visual Imagery
(imagining visual scenes, pictures, objects, colours), and Kinesthetic

Imagery (imagining muscle tension and proprioception). There are also
types of imagery that can involve several imagery modalities; for
example, Motor Imagery (imagining performing movements) often fo-
cuses on combinations of Visual and Kinesthetic Imagery.

Previous research has established a close link between imagery and
actual perception or execution, suggesting that these processes share
similarities. For example, based on the long-established concept of
’Functional Equivalence’ (Finke, 1980), Motor Simulation Theory
(Jeannerod, 2001) proposes that Motor Imagery uses the same brain
networks and processes involved in the physical execution of move-
ments. Motor Simulation Theory therefore argues that motor network
plays a central role in Motor Imagery. Research exploring other mo-
dalities of imagery has identified similar relationships between imagery
and perception (Kosslyn et al., 1997; Kosslyn and Thompson, 2003;
Plailly et al., 2008; Small and Prescott, 2005; Zatorre and Halpern,
2005). Hétu et al. (2013) proposed that such similarities could result
from evolutionary processes resulting from the anatomical and compu-
tational efficiency of sharing circuitry between imagery and real-life
experiences. Extending this logic, it seems plausible that different
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modalities of imagery may themselves also share common neural cir-
cuitry. More specifically, Imagery may involve the recruitment of both
‘task-specific’ regions closely related to their associated physical expe-
riences, alongside regions representing a globally shared ‘core network’
that is more directly responsible for the process of generating Mental
Imagery itself.

To date, most previous studies have investigated different modalities
of imagery individually, making it difficult to understand what might be
unique or global to different modalities of imagery. For example, neu-
roimaging meta-analyses have generally focused on one modality of
Imagery (Hardwick et al., 2018; Hétu et al., 2013; Spagna et al., 2021;
Winlove et al., 2018). To the best of our knowledge, only Mcnorgan
(2012) has previously investigated multiple different modalities of im-
agery, examining Auditory, Tactile, Motor, Gustatory, Olfactory, and
different forms of Visual imagery. When combining data across all mo-
dalities into a single meta-analysis, the results identified a primarily
left-lateralized network, with bilateral parietal involvement. While
analysis of individual sensory modalities primarily identified
left-localized networks, unfortunately, these results may have been
affected by a relatively low sample size; a mean average of 10 experi-
ments were available for each individual modality, and subsequent work
has identified the minimum sample size to provide adequate power for
the meta-analysis technique used in this study is 17 experiments
(Eickhoff et al., 2016). Consequently, more detailed analyses, such as
performing conjunctions to identify which regions may have been
consistently recruited across different modalities of imagery, were not
possible. Given that more than a decade has elapsed since the last syn-
thesis, at the present time, there is an order of magnitude more papers
available for several of the modalities of imagery examined, making it
possible to examine both the different modalities of imagery, and the
relationship between them, in greater depth.

The present study therefore examined the neural networks activated
during different modalities of imagery, with the goal to examine both
the specific neural networks activated for different modalities of imag-
ery, and to identify regions that may be recruited more generally across
multiple modalities of imagery. Using the Activation Likelihood Esti-
mation (ALE) method, we obtained a quantitative summary of the
available neuroimaging data examining Mental Imagery. We hypoth-
esised that these individual networks may also share common activa-
tions, representing a ‘core’ network central to the process of generating
Mental Imagery itself.

2. Methods
2.1. Literature searches

Relevant neuroimaging papers were identified via literature searches
on PubMed, conducted up to June 2023. Specific search strings used are
provided in Table 1. In addition to the search strings, we also included
data identified in previous ALE meta-analyses where possible (e.g. data
for Motor Imagery by Hardwick et al. 2018, and from Mcnorgan 2012).

2.2. Inclusion/exclusion criteria

As is standard for ALE meta-analysis, the analyses included only
experiments that involved coordinates from whole-brain analyses,
excluding papers focusing only on specific regions of interest (ROI). The
ALE method examines the clustering of peak coordinates, and as such
only those studies reporting their results in the standardized Montreal
Neurological Institute (MNI) or Talairach and Tornaux (TAL) space were
included. The selected experiments had to report data from healthy in-
dividuals with normal or corrected-to-normal vision, and no history of
neurological disease. In instances where available, data from healthy
control groups from patient studies (but not data from the patient groups
themselves) were also included. The meta-analysis concentrated on
within-subject contrasts to avoid comparisons with patient groups/
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Table 1
PubMed search strings and associated papers.

Imagery
modality

Search string Number of Papers

Identified Included

Motor ((fMRI) OR (PET)) AND ((movement 808 282
imagery) OR (motor imagery) OR

(kinesthetic imagery))

((fMRI) OR (PET)) AND ((visual 730 88
imagery) OR (ocular imagery))

((fMRI) OR (PET)) AND ((auditory 226 48
imagery) OR (hearing imagery) OR

(acoustic imagery) OR (auditive

imagery) OR (audible imagery) OR

(sound imagery) OR (ear imagery))

((fMRI) OR (PET)) AND ((tactile 45 9
imagery) OR (palpable imagery) OR

(tangible imagery) OR (tactual imagery)

OR (touchable imagery))

((fMRI) OR (PET)) AND ((gustatory 11 6
imagery) OR (taste imagery))

((fMRI) OR (PET)) AND ((olfactory 19 7
imagery) OR (flavoursome imagery) OR

(olfactive imagery) OR (fragrant

imagery) OR (perfume imagery))

Total - 1839 440

Visual

Auditory

Tactile

Gustatory

Olfactory

across groups of unequal size. Also, only papers providing explicit forms
of imagery were included.

2.3. Data extraction and classification

Each paper was given a unique identifier based on the surname of the
first author and the year of publication (letters a, b, c etc. were appended
in cases where duplicates occurred). Data extracted from each paper
included the number of participants in each experiment and the co-
ordinates of the reported activations in MNI or Talairach space. Co-
ordinates reported in Talairach space were converted to MNI space using
the Lancaster transform (Lancaster et al., 2007). Each experiment was
categorized as involving Motor, Visual, Auditory, Tactile, Gustatory or
Olfactory Imagery. For ease of reference, we also identified the source of
the data within the paper (e.g. Table number), and the DOI. A summary
of the data included in each analysis is presented in Table 2. More
detailed information on the individual experiments included in each
analysis is presented in Supplementary Table S85.

2.4. Data analyses

2.4.1. General procedures

In a first step, separate meta-analyses identified the individual net-
works involved in each modality of imagery We note, however, that only
Motor, Visual, and Auditory imagery provided enough studies to allow
us to conduct suitably powered ALE analyses (according to Eickhoff
et al. 2016, a minimum of 17 studies are required). Consequently, only

Table 2

Data included in the meta-analyses.
Imagery Modalities Experiments Participants Foci
All 439 7366 6386
Motor 284 4882 4309
Visual 92 1337 1310
Auditory 48 793 611
*Tactile 9 126 111
*“Gustatory 7 102 53
“Olfactory 7 200 50

" Note that these imagery modalities did not have enough experiments (n<17)
for an adequately powered meta-analysis (Eickhoff et al., 2016). Exploratory
analyses examining these modalities of imagery are presented in the supple-
mentary materials associated with this paper.
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three of the original six modalities will be presented in detail in the main
manuscript (though note that exploratory analyses for Tactile, Gusta-
tory, and Olfactory imagery are presented in the supplementary mate-
rials — see (Supplementary Tables S5-S6)We then used pairwise
conjunction analyses to assess the convergence and divergence between
the individual modality networks and combined their results to identify
regions consistently recruited across all imagery modalities. Differences
between the individual modalities were examined using pairwise
contrast analyses. Finally, we conducted an ALE meta-analysis with all
data combined, in order to identify the general brain network involved
in the generation of Mental Imagery itself, regardless of the specific
modality of imagery used. All the results tables can be found in Sup-
plementary Materials, alongside a series of control analyses (e.g. con-
trasts that compared imagery vs rest conditions)

Given that the imagery modalities grouped together all the types of
tasks, it was possible to find divergences within these categories. To
analyse each modality of imagery in more detail, further sub-analyses
were carried out and the results are presented in the Supplementary
Tables S83-S84. For Visual Imagery, the separation into three sub-
categories (shapes, colour, movement) made by Mcnorgan (2012) was
followed. Visual shapes imagery refers to the imagination of objects,
shapes and landscapes. Visual motion imagery, on the other hand, is
about imagining objects or shapes in motion, excluding any imagery
involving the human body. Finally, Visual colour imagery is the imagi-
nation of colour. For Motor Imagery, no sub-analyses were performed
given the problem highlighted by Van Caenegem et al. (2022) regarding
the lack of information in the description of Motor Imagery modalities.
For Auditory Imagery, we did not split into categories because there
were not enough papers to establish categories.

2.4.2. ALE analyses

The analyses were carried out using the revised version of the ALE
algorithm (Eickhoff et al., 2009; Turkeltaub et al., 2002, 2012). This ALE
approach determines whether the convergence of activation coordinates
(foci) across various experiments occurs at a level greater than what
would be expected by chance. The reported foci are represented as the
centres of 3D Gaussian probability distributions (Turkeltaub et al.,
2002). In the revised algorithm, the width of these Gaussians is deter-
mined through empirical comparisons between subjects and templates,
allowing the increased spatial reliability associated with larger sample
sizes to be modelled by employing smaller Gaussian distributions
(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 activation maps across experiments resulted in ALE
scores, representing the convergence of coordinates for each location.
These ALE scores were then compared to a non-linear histogram inte-
gration based on the frequency of distinct modelled activation maps
(Eickhoff et al., 2012). This comparison determined areas where the
convergence exceeded what would be expected by chance. ALE values
were calculated exclusively for voxels with a probability of >10 % of
containing grey matter (Evans et al., 1994), as functional activations are
primarily 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 mm?>. Results were reported with
a minimum cluster volume of 100 mm?® (i.e. >13 voxels, Beissner et al.,
2013; Erickson et al., 2014; Turkeltaub et al., 2012).

2.4.3. Conjunction analyses

Conjunction analyses were employed to synthesize the overlap be-
tween networks. These analyses adhered to the conjunction null hy-
pothesis and were computed utilizing the minimum statistic method
(Nichols et al., 2005), incorporating a minimum cluster volume of
100 mm?® (Beissner et al., 2013; Erickson et al., 2014; Turkeltaub et al.,
2012). In a final step we conducted a conjunction across each of the
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main analyses of different imagery modalities to identify neural sub-
strates commonly recruited by all of them.

2.4.4. Contrast analyses

To compare the resulting meta-analyses, random effects ALE sub-
traction analysis was employed (Eickhoff et al., 2012). In the initial step,
voxel-wise differences between ALE maps were computed for each pool
of experiments. Subsequently, experiments were randomly shuffled into
two samples of equal size for the compared analyses, and voxel-wise
differences between their ALE scores were recorded. This shuffling
process was iterated 10,000 times to generate an empirical null distri-
bution of ALE score differences between the conditions being compared.
The map of differences obtained from this procedure was thresholded at
a posterior probability for true differences of P > 0.95, and inclusively
masked by the respective main effect of the minuend (Chase et al., 2011;
Rottschy et al., 2012) with a minimum cluster volume of 100 mm?®
(Beissner et al., 2013; Erickson et al., 2014; Turkeltaub et al., 2012).

2.4.5. Labelling

The results were labelled anatomically based on their most likely
macro-anatomical and cytoarchitectonic/tractographically assessed lo-
cations using the SPM Anatomy Toolbox 2 extension (Eickhoff et al.,
2005, 2006, 2007). Furthermore, functional labels for motor regions
were assigned using the human motor area template (HMAT) as defined
by Mayka et al. (2006). Labels from Brodman area was added through a
MRIcron Anatomical Template. The reported coordinates were based on
peak maxima in MNI space.

3. Results

Our literature searches identified 439 experiments that could be
included in one of our meta-analyses (see Table 2; details of the studies
included are given in Supplementary Tables S85). Notably, of the six
categories of imagery present, only three provided enough studies to
allow us to conduct suitably powered ALE analyses (according to
Eickhoff et al. 2016, a minimum of 17 studies is required to carry out
analyses with enough power). We therefore focused our
modality-specific analyses on those fields with suitable statistical power,
i.e. Motor, Visual and Auditory Imagery. In order to provide a complete
overview of the data available, exploratory analyses of results for other
modalities of imagery (i.e. Tactile, Gustatory, and Olfactory) are pre-
sented in the supplementary materials.

3.1. Modality-specific analyses

3.1.1. Motor Imagery

The analysis of Motor Imagery included 284 experiments reporting
4309 foci recorded from a total of 4882 participants. Motor Imagery
identified the network with the greatest overall volume of the meta-
analyses (a comparison of the volumes across networks is presented in
Fig. 1). Motor Imagery mainly recruited bilateral premotor, parietal, and
cerebellar regions, with left-lateralized recruitment of the dorsolateral
prefrontal cortex (DLPFC). Two large clusters including bilateral ventral
and dorsal premotor cortex were identified; both bilateral clusters
extended to the supplementary motor area and the insula lobe, while the
right cluster also extended to the putamen. While regions of this cluster
extended into the primary motor cortex (M1), no peaks were identified
in this area, suggesting activity did not originate from this region. Two
bilateral parietal clusters spanned the inferior and superior parietal
lobules, with right lateralized activations in the superior parietal lobule
and the primary somatosensory cortex (S1). A left-lateralized activation
of the Temporal lobe was also observed in the same cluster. Further
bilateral clusters were identified in the cerebellum (lobule VI).

3.1.2. Visual Imagery
Visual Imagery included 92 experiments reporting 1310 foci
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Fig. 1. Quantitative meta-analyses of the three modalities.

recorded from a total of 1337 participants. Visual imagery recruited
multiple parietal and frontal clusters. We observed a left-lateralized
activation for the superior and inferior parietal lobule. Two small clus-
ters spanned the dorsal and ventral premotor cortices on the left, while a
third one included the right dorsal premotor cortex. A smaller cluster
also identified activation in the pre-SMA region. Finally, we also iden-
tified a bilateral activation of the inferior temporal gyrus.

3.1.3. Auditory Imagery

The analysis of Auditory Imagery involved 48 experiments reporting
611 foci recorded from a total of 793 participants. Auditory Imagery
identified the smallest overall volume of the three meta-analyses. The
largest cluster spanned the SMA and pre-SMA on both sides with
maximum peaks over the left side. A second large cluster encompassed
left-lateralized activation of the ventral premotor cortex, insula lobe,
temporal pole, and primary somatosensory cortex. Two smaller clusters
demonstrated bilateral activation of the dorsal premotor cortex. A final
cluster identified activation of the left inferior parietal lobule.

3.1.4. Volume comparison

We assessed the similarity and differences among each network by
measuring the number of voxels within each network that coincided
with other analyses, as well as the number of unique voxels in each
analysis (Fig. 2).
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15000

Voxels

10000

5000
3134 2514

5 [] ]

All Imagery types  Motor Imagery Visual Imagery  Auditory Imagery

Fig. 2. Volume Comparisons. Bar chart illustrates the number of voxels
contributing to the volume for each modality.

3.2. Conjunction analyses

Minimum-statistic conjunction analyses were conducted to identify
regions consistently recruited across the different imagery modalities
(Fig. 3; see also Supplementary Tables S8-519).
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Fig. 3. Conjunction analyses conducted across combinations of the imagery modalities.

3.2.1. Motor Imagery N Visual Imagery

A conjunction between Motor Imagery and Visual Imagery identified
a large cluster including the left superior and inferior parietal lobule.
Three smaller clusters were found in the premotor cortex (left ventral
and dorsal premotor cortex and right dorsal premotor cortex). A com-
mon activation of the pre-SMA was also demonstrated. Two relatively
small clusters that encompass the right supra-marginal gyrus and the
right cuneus were identified across both imagery conditions.

3.2.2. Motor Imagery N Auditory Imagery

A conjunction between Motor Imagery and Auditory Imagery iden-
tified a network including the premotor cortex, parietal lobule, and
temporal gyrus. In the premotor regions, one cluster included the left
pre-SMA and SMA proper and two smaller clusters included the left and
the right ventral premotor cortex. The second largest cluster encom-
passed left-lateralized regions such as the ventral premotor cortex, the
insula lobe, the temporal pole, and the primary somatosensory cortex.
Two further clusters were identified, one including the left inferior pa-
rietal lobule, while the second included the left superior temporal gyrus.

3.2.3. Visual Imagery N Auditory Imagery

Consistent activations across Visual Imagery and Auditory Imagery
were identified mainly in the premotor regions. Two small clusters
included the pre-SMA on the left side. Another small cluster included the
left ventral premotor cortex. The final cluster included the left inferior
parietal lobule.

3.2.4. Motor Imagery N Visual Imagery N Auditory Imagery
Finally, we computed a grand conjunction across Motor Imagery,

Visual Imagery and Auditory Imagery. This analysis identified four small
left-lateralized clusters. Separate premotor clusters spanned the pre-
SMA (one more posterior-medial and the other one more superior-
medial) and the ventral premotor cortex. In the parietal lobule, the
cluster included a small part of the inferior parietal lobe.

3.3. Contrast analyses

Contrast analyses revealed regions that showed more consistent
involvement with one modality compared to another (Fig. 4; see also
Supplementary Tables S20-S38).

3.3.1. Motor Imagery vs Visual Imagery

Motor Imagery, when compared to Visual Imagery was more strongly
associated with bilateral premotor regions such as pre-SMA, ventral and
dorsal premotor cortex, and M1. Motor Imagery also recruited more
parietal regions including the left inferior parietal lobule, the left
supramarginal gyrus and the left superior parietal lobe. The left DLPFC,
in the upper part of the frontal lobe, is also activated during Motor
Imagery. Subcortically, the bilateral putamen and cerebellum were both
more related to Motor Imagery.

Fewer voxels were more activated during Visual Imagery compared
to Motor Imagery. These areas included more bilateral temporal and
occipital regions, left pre-SMA and some smaller clusters around the left
and right dorsal premotor cortex, and left ventral premotor cortex.

3.3.2. Motor Imagery vs Auditory Imagery
Motor Imagery, compared to Auditory Imagery, was more consis-
tently associated with recruiting premotor regions, including bilateral
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Fig. 4. Contrast analyses.

dorsal and ventral premotor cortex and bilateral SMA. A large volume
spanning the left inferior and bilateral superior parietal cortex was also
more consistently associated with Motor Imagery. There is also more
activation in the primary somatosensory area and in the cerebellum
during Motor Imagery compared to Auditory Imagery. In the frontal
cortex, activation of the inferior frontal gyrus was noted.

By contrast, Auditory Imagery recruited more left lateralized pre-
SMA area and a little part of the left inferior parietal lobule. Auditory
Imagery also recruited more little parts of the bilateral dorsal premotor

All Imagery types combined

cortex and small temporal regions.

3.3.3. Visual Imagery vs Auditory Imagery

Finally, Auditory Imagery, in comparison to Visual Imagery revealed
a greater activation in several small clusters in premotor regions such as
left pre-SMA, left ventral premotor cortex, bilateral dorsal premotor
cortex, bilateral temporal regions and primary somatosensory area. In
the opposite, Visual Imagery, compared to Auditory Imagery revealed
no greater activation.

Fig. 5. Quantitative meta-analyses of the combination of all imagery modalities (including Motor, Visual, Auditory, Tactile, Gustatory, and Olfactory).
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3.4. General network for Mental Imagery

A final analysis considered the general brain network involved in
Imagery regardless of the specific modality. This analysis therefore
combined data from all available studies, combining data from Motor,
Visual, Auditory, Tactile, Gustatory, and Olfactory modalities (Fig. 5;
see also Supplementary Tables S1-S7). The analysis of all imagery mo-
dalities involved 439 experiments reporting 6386 foci recorded from a
total of 7366 participants. This analysis revealed bilateral activations in
the premotor cortex, parietal lobe, and temporal and occipital regions,
with left-lateralized recruitment of the prefrontal cortex. The largest
cluster recruited spanned several regions of the left hemisphere,
including the temporal pole, the insula lobe, and the dorsolateral pre-
frontal cortex. Another large cluster, still left-lateralized, encompassed
the inferior parietal lobule, the superior temporal pole, the supra-
marginal gyrus and the postcentral gyrus. In the right hemisphere, a
cluster included the premotor cortex including the right dorsal and
ventral premotor cortex extending to the right insula lobe, but also
subcortical regions such as the right putamen and the cerebellum (right
lobule VIIa and left lobule VI). A further cluster also included the right
superior and inferior parietal lobule. Contrary to what may have been
observed previously, a posterior left-lateralized activation was noted,
including the inferior occipital gyrus, the inferior temporal gyrus, and
the fusiform gyrus.

4. Discussion

Imagery has been the subject of numerous studies, often focussing on
a specific modality (e.g. Motor Imagery, Visual Imagery, Olfactory Im-
agery, etc). Most studies have proposed that imagery recruits similar
brain regions to those involved in actual real-life experiences for that
modality of imagery; relatively few studies have examined the possi-
bility that different modalities of imagery may recruit common brain
regions that are consistently involved in the generation of imagery itself.
The present study therefore reviewed the available literature in order to
consider imagery in the broadest sense of the term, across multiple
different modalities. This question was examined using large-scale meta-
analysis techniques, overcoming the limited sample sizes of previous
individual studies, and providing quantitative and statistically princi-
pled results. Firstly, the network specific to each imagery modality was
identified, compared, and contrasted. Examining these individual net-
works identified several important points, for example, showing that
imagery appears to primarily recruit regions involved in ‘higher-level’
associative processing, as opposed to ‘lower-level’ primary sensorimotor
brain functions, that recruitment of the prefrontal cortex was specific to
Motor Imagery, and that activity of the temporal cortex was more
related to Visual Imagery than other modalities. Conjunction analyses
across multiple modality networks identified consistent activation of the
pre-SMA, the ventral premotor cortex and the inferior parietal lobule
across Motor, Visual, and Auditory Imagery. These results suggest these
regions could represent a ‘core’ network that is consistently recruited
during multiple modalities of Mental Imagery. Finally, by pooling data
from all modalities of imagery available, a large neural network
contributing to Imagery as a whole was identified. This network includes
areas of the frontal, parietal and temporal cortex, as well as the
cerebellum.

Alongside the novel analyses presented in this manuscript, our re-
sults replicate, update, and extend previous meta-analyses of the indi-
vidual networks for Motor Imagery (Hardwick et al., 2018) and Visual
Imagery (Spagna et al., 2021; Winlove et al., 2018). Since the outcomes
of these individual analyses closely align with those of prior
meta-analyses, we direct readers to these previous papers for a detailed
examination of these individual networks. Our discussion will therefore
concentrate on the novel insights derived from considering multiple
different modalities of imagery.
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4.1. Key observations

4.1.1. Imagery preferentially recruits areas involved in higher-level
associative brain functions

The present results provide considerable evidence of clusters origi-
nating in ‘higher-order’ associative areas for each sensory modality
examined; for example, Motor Imagery recruited premotor and pre-
frontal regions implicated in motor planning, while Visual Imagery
recruited premotor and parietal areas consistent with those of the dorsal
and ventral visual systems (Goodale and Milner, 1992). By contrast, we
found relatively little recruitment of ‘low-level’ or principle sensori-
motor brain areas; more specifically, we found no clusters originating in
M1 during Motor Imagery, nor was there evidence of clusters originating
in the primary visual cortex (V1) during Visual Imagery. While our
analysis of Auditory Imagery presented a notable exception to this
finding by identifying clusters originating in the primary auditory cortex
(A1), we note that previous research has argued Al itself functions more
like a higher-order region when considered relative to other brain net-
works (King and Nelken, 2009). The present results therefore provide
evidence that imagery generally preferentially recruits regions involved
in higher-order associative processing, though further discussion of
these results is presented in the sections outlining the individual net-
works for each modality of imagery examined.

We note that this pattern of higher order associative recruitment
appears to be relatively consistent across studies using whole-brain
neuroimaging techniques such as fMRI and PET. For example, Hétu
et al. (2013) found that only 22 of 122 studies examined in their
meta-analysis of Motor Imagery reported recruitment of M1, and there
was no activation of M1 in their meta-analysis. By contrast, studies that
have delivered Transcranial Magnetic Stimulation (TMS) over M1
demonstrated modulation of corticospinal excitability during Motor
Imagery (Fadiga et al., 1999; Grospretre et al., 2016). However, as the
measurement technique used in such studies provides a general mea-
surement of corticospinal excitability, whether this facilitation repre-
sents a direct activation of M1, or is mediated by a parallel pathway (e.g.
premotor cortex to brainstem) remains an open question (for further
discussion see Fadiga et al. 2005 and Barhoun et al. 2022). Similarly,
studies examining Motor Imagery using electroencephalography typi-
cally focus on electrodes that are considered to correspond to the posi-
tion of M1 (although the exact location of these electrodes relative to
underlying brain structure can vary, e.g. Silva et al. 2020). As such, we
caution against using our present results to argue strongly against the
recruitment of ‘low order’ regions during imagery. It is, for example,
plausible that lower-level regions could be recruited in a manner that
traditional whole brain neuroimaging is not optimal to detect, and this
question may be best addressed using more advanced analyses (e.g.
multi-voxel pattern analysis (MVPA); see Albers et al., 2013), or tech-
niques that complement whole brain neuroimaging such as (magneto)
encephalogram and/or TMS studies. By contrast, the present results do
strongly emphasize a pattern whereby different modalities of imagery
consistently recruit higher-level associative brain regions involved in
associated ‘real’ sensory experiences.

4.1.2. Only Motor Imagery consistently recruited prefrontal regions
Mental Imagery has often been considered to be a complex cognitive
process. Given the key role of the prefrontal cortex in cognitive control
and executive function (Friedman and Robbins, 2022), and that recent
work has proposed similarities between Motor Imagery and executive
function (Glover et al., 2020; Glover and Baran, 2017; Martel and
Glover, 2023), it seemed plausible that imagery may generally recruit
prefrontal resources. However, we found that that consistent recruit-
ment of the prefrontal cortex was unique to Motor Imagery. We found no
evidence of prefrontal clusters in analyses examining other modalities of
Imagery, including a control analysis in which we pooled the data from
all studies except those using Motor Imagery in order to optimize sta-
tistical power (see Supplementary Materials Table S7). This lack of
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consistent prefrontal activation across analyses meant that the pre-
frontal cortex was also absent in conjunction analyses. Together these
data suggest that consistent recruitment of the prefrontal cortex is
unique to Motor Imagery (see also the specific section for further dis-
cussion of the possible roles of this structure during Motor Imagery).

4.2. Motor Imagery

Results of the present study are very similar to those observed in
previous meta-analyses of Motor Imagery by Hardwick et al. (2018) and
Hétu et al. (2013). Primary differences included larger overall volumes
in the dorsolateral prefrontal cortex (DLPFC) and the cerebellum.
Conjunction and contrast analyses highlighted that these two regions
were specifically associated with Motor Imagery when compared to the
other modalities of imagery examined, making them worthy of further
discussion.

In our present study, the DLPFC was consistently recruited during
Motor Imagery, but not during the other modalities of imagery exam-
ined. This is of note as the DLPFC plays an important role in executive
functions such as working memory (Rodriguez-Nieto et al., 2022), which
has been associated with the vividness of both Visual and Auditory
Imagery (Baddeley and Andrade, 2000). However, neuroimaging evi-
dence examining visual working memory and Visual Imagery indicates
they share representations in more perceptual areas (i.e. visual cortex;
Albers et al., 2013). This shared perceptual processing may therefore
render the need for higher-level (DLPFC) activation unnecessary. By
contrast, recruitment of the DLPFC during Motor Imagery is consistent
with existing models. Motor Simulation Theory (Jeannerod, 2001)
suggests that DLPFC is recruited for short-term storage of information
supporting the simulated action. Similarly, the Motor-Cognitive model
(Glover et al., 2020; Glover and Baran, 2017; Martel and Glover, 2023)
proposes that DLPFC may contribute to a pool of central executive re-
sources used during Motor Imagery in a similar fashion to working
memory. The proposals of both these models are therefore in line with
recent work highlighting the existence of ‘motor working memory’
(Hillman et al., 2024). While further work is required to identify the
neural correlates of motor working memory, the recruitment of DLPFC is
highly plausible in this context.

The cerebellum has classically been associated with motor control
(HOLMES, 1917), and plays a key role in error-based learning (Sokolov
etal., 2017). More specifically, the cerebellum is considered the primary
candidate site for ‘forward models’ used to predict the sensorimotor
consequences of actions (Miall et al., 1993; Wolpert et al., 1998). Prior
behavioural work indicates sensorimotor prediction also occurs during
Motor Imagery (Kilteni et al., 2018), providing a plausible role for the
cerebellum in Motor Imagery (Lebon, 2024; Miall, 2024; Rieger et al.,
2023). More recent work has also indicated that the cerebellum is active
in higher cognitive functions (McDougle et al., 2022). Studies in patients
with ‘cerebellar cognitive affective syndrome’, resulting from damage or
impairment of the cerebellum, link it with deficits in executive func-
tioning, and more specifically with working memory (Beuriat et al.,
2020; Hayter et al., 2007; Ramnani, 2006). In particular, patients with
lesions in lobule VI (the site of the peak cerebellar coordinate in the
present meta-analysis), have disorders of working memory, while other
executive functions are unaffected (Beuriat et al., 2020). This is
consistent with meta-analytic studies that have identified consistent
recruitment of the cerebellum for tasks involving working memory, but
not other domains of executive function (Rodriguez-Nieto et al., 2022).
This again re-iterates the association between Motor Imagery and
working memory as discussed above in relation to the DLPFC. These
differing motor and cognitive roles of the cerebellum could be linked to
the differing models of Motor Imagery; the ‘motoric’ account of cere-
bellar activity during Motor Imagery would be more in line with Motor
Simulation Theory, while the potential role of the cerebellum in working
memory would be more consistent with the account of the
Motor-Cognitive model.
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4.3. Visual Imagery

In contrast to Winlove et al. (2018) but in agreement with Spagna
et al. (2021), our meta-analysis of Visual Imagery did not reveal acti-
vation of V1. This non-activation is consistent with behavioural studies
of patients with lesions in visual areas. Moro et al. (2008) found that
Visual Imagery deficits were present in patients where V1 was intact,
complementing studies indicating that occipital damage is neither
necessary nor sufficient to produce deficits in visual imagery
(Bartolomeo, 2002). Rather, these studies propose that the temporal
lobe plays a crucial role in Visual Imagery. Indeed, a lesion in the left
temporal lobe can lead to Visual Imagery deficits, especially for the
mental generation of object form or colour, while Visual Imagery of
faces more often results of a bilateral damage (Bartolomeo, 2002).
Neuropsychological work has also highlighted the importance of the
temporal lobe in the perceptual identification of objects (Goodale and
Milner, 1992). These results are therefore consistent with the temporal
activation in the present meta-analysis.

A notable result was that during Visual Imagery, our analysis
revealed activation at the pre-SMA level which had not been shown in
the two previous meta-analyses (Spagna et al., 2021; Winlove et al.,
2018). Relatively few papers on Visual Imagery have considered the role
of the pre-SMA in Visual Imagery, though work by Kosslyn and
Thompson (2003) mention the region relating to the pre-SMA in the
areas of activation during a Visual Imagery task. Although this area of
the brain has often been associated with movement, its activation during
Visual Imagery is not surprising if we consider its potential functions.
For example, a study by Tanaka et al. (2005) showed that Brodman’s
area 6, which corresponds to pre-SMA, plays a critical role in spatial
representations, which is a possible aspect of Visual Imagery.

4.4. Auditory Imagery

The largest activation cluster observed in the meta-analysis of
Auditory Imagery was in supplementary motor cortex, spanning the pre-
SMA and SMA proper. This activation is not surprising given the studies
carried out by Lima et al. (2016) on the association between Auditory
Imagery and activation of the pre-SMA and SMA proper. This activation
is thought to be due to their role in generating and controlling the motor
programmes associated with auditory perception. These brain regions
are involved in the coordination of movements and actions, including
those linked to vocal production and the manipulation of musical in-
struments. During Auditory Imagery, SMA and pre-SMA are involved in
retrieving and exploiting sensory expectations based on potential motor
actions, thereby optimising perceptual processes, and generating a
subjective experience of ’listening’.

Similarly to the SMA, we observed activation of the ventral and
dorsal premotor cortices. In a study carried out in musicians (Schiirmann
et al., 2002), this activation was associated with the visualization of
notes before imagining the associated sound. Similar activation is also
observed in auditory verbal imagery studies (McGuire et al., 1996)
where voices/sounds are often associated with actions. Compared to
imagining your own voice, imagining someone else’s voice is proposed
to require more covert articulation, engagement of auditory attention,
and verbal control.

Recruitment of the left inferior parietal lobule during auditory im-
agery is consistent with previous reviews on Auditory Imagery
(Hubbard, 2010; Kosslyn et al., 2001). This area is activated in both
voluntary Auditory Imagery and when hearing auditory hallucinations
(Shergill et al., 2001). Although this area is not part of the auditory
cortex as such, it is as much activated when imagining sounds as when
actually perceiving them (Zatorre et al., 1996).

As noted previously, Auditory Imagery was unique in recruiting the
associated ‘primary’ cortex (i.e. while Auditory Imagery recruited Al,
Motor Imagery did not appear to directly recruit M1, nor did Visual
Imagery seem to directly recruit V1). We note, however, that the
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processing in Al could also be considered more associative than for
other equivalent regions. For example, King and Nelken (2009) note that
while neurons in V1 show a preferential response for highly specific
stimuli, to date no analogous response to stimuli has been found in A1,
which instead appear to respond to a varied range of stimuli. This broad
processing has led to the proposal that A1 may be functionally analogous
to higher areas of other sensory systems (King and Nelken, 2009). This
result is therefore broadly consistent with the general observation that
Mental Imagery appears to preferentially involve regions involved in
higher order, associative processing.

Notably, most of the studies used in the present meta-analysis used
fMRI scanning procedures. The MRI scanner could be considered a
challenging environment to study auditory processing due to the
inherent background noises associated with scanning sequences. While
the traditional contrast analysis approach should in theory minimize
activations related to background noise, it could be argued that subtle
differences in this background noise could result in activation of A1. We
note, however, that if this were the case, we might expect Al to be
recruited in all of the present meta-analyses, which was not the case.
Furthermore, work using PET (which uses a procedure comparable to
MRI, but without the associated environmental noise) has implicated the
involvement of A1, but not V1, in Auditory Imagery (for a review see
Zvyagintsev et al., 2013). We therefore conclude that the recruitment of
Al in the present study is unlikely to represent an artefact of the noise
associated with the scanner environment, and instead is more likely to
represent true consistent recruitment of Al during Auditory Imagery
itself.

4.5. Consistent sub-network for Motor, Visual and Auditory Imagery

A conjunction across Motor, Visual, and Auditory Imagery identified
a left-lateralized network of brain areas including the pre-SMA, ventral
premotor cortex, and inferior parietal lobule. A common feature of these
regions is their implication in broadly defined networks for attention,
spatial processing, and decision-making (Bouchard et al., 2023). The
pre-SMA is specifically recruited when participants focus their attention
on their intentions (Lau et al., 2004); the consistent recruitment of the
pre-SMA across multiple modalities of imagery could therefore arise
from focussing attention on the intentional generation of an imagined
experience. The IPL is implicated in attention related to spatial pro-
cessing, including spatial, visuospatial, and motor attention (Corbetta
etal., 2008; 2016) as well as lexical decisions (Numssen et al., 2021). By
comparison, PMv is also implicated in spatial perception (Rizzolatti
etal., 2002), while also playing a key role in decision making, processing
sensory information used to choose, decide, act, and evaluate the results
of previous decisions (Acuna et al., 2010). IPL and PMv may therefore
support the generation of the mental image in space relative to the in-
dividual (e.g. spatial kinematics of imagined movements, spatial aspects
of imagined visual scenes, spatial location of imagined sounds), with
PMv involved in a more executive role.

The existence of a neural network that is common to all three im-
agery modalities could potentially explain the results of recent work by
Dawes et al. (2024) on multisensory subtypes of aphantasia. This study
demonstrated a range of different types of aphantasia; some aphantasics
only had problems during visual imagery, others had problems with all
imagery modalities except one, while those with the most severe form of
aphantasia were unable to imagine all modalities of imagery. Differ-
ences in specific forms of imagery could be explained by deficits in the
specific brain networks identified for those modalities in the present
paper, with the possibility that multimodal imagery deficits are linked to
the ‘core’ network.

4.6. Strengths and limitations

Individual neuroimaging studies typically include a small sample
size of 12-20 participants, resulting in limited statistical power. To
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address this issue, meta-analytic techniques aggregate data across
multiple studies, allowing for the examination of data from thousands of
participants. Unlike review papers, which offer subjective evaluations,
meta-analysis employs statistical methods to provide an objective
summary of research findings. Nonetheless, meta-analyses are con-
strained by the existing literature, which may limit their scope, and they
encounter various limitations such as age, sex, and task-related effects.
Also, only papers from the PubMed database were collected. Searches in
other databases could have provided more papers but only using
PubMed is a standard in ALE meta-analyses (for example see Hardwick
et al., 2018; Rodriguez-Nieto et al., 2022).

Our main objective was therefore to compare all modalities of Im-
agery. Given the insufficient number of studies in three (Tactile, Gus-
tatory, Olfactory) of the six modalities, we were unable to carry out the
desired analyses. We hope that these areas will be studied more in the
future to allow a more complete and detailed analysis of Imagery as a
whole. However, we can still observe a link between the three modalities
of Imagery (Auditory, Visual, Motor) that we were able to study, and
future work will verify whether this pattern is consistent across other
modalities of imagery.

Another limitation in the literature in general and that could explain
the divergence in the results is the methodological differences observed.
For example, in the field of Motor Imagery, it has already been pointed
out that there is a recurrent lack of information about the methods used
regarding the modality and the perspective of imagery (Van Caenegem
et al., 2022). To remedy this, guidelines have been created to stan-
dardise methods in this field and avoid any confusion in future studies
(Moreno-Verdu et al., 2024). This problem observed with Motor Imag-
ery may be the same for Auditory and Visual Imagery and would
therefore explain the divergence in the literature regarding the results
observed. Also, this lack of information in the methods prevented certain
sub-analyses that could have been carried out, such as Motor visual
Imagery with Visual Imagery itself.

In the present manuscript Motor Imagery is broadly considered a
combination of the use of visual-motor and kinesthetic-motor imagery.
While we had hoped to perform separate analyses of these sub-
modalities of Motor Imagery, unfortunately there were too few studies
that examined them separately for us to run meaningful analyses.
Extrapolating from the present results, we speculate that visual-motor
imagery may be more likely to recruit visual areas similar to those
identified in our present meta-analysis of Visual Imagery as well as re-
gions involved in visuomotor integration (e.g. parietal cortex), whereas
kinesthetic-motor imagery may be more closely linked to motor regions
(e.g. premotor cortex). On a similar note, Auditory Imagery included
studies where participants were asked to imagine hearing music. Pre-
vious work has suggested that hearing the sound of music can lead to the
activation of motor programs associated with playing musical in-
struments (Schiirmann et al., 2002). Again, unfortunately too few
studies were present in the current manuscript to perform meaningful
analyses of this sub-category of Auditory Imagery. Future work in this
field may consider using different imagery tasks (e.g. imagining hearing
a musical instrument compared to hearing sounds that are not directly
associated with performing movements) to examine this question
further.

In relation to this lack of homogeneity in the methods used for Motor
Imagery studies, another bias that could be taken into consideration is
the fact that the ability to imagine was assessed or not. In the analyses
carried out, assessing the ability to imagine was not an inclusion or
exclusion criterion. In the results provided, there may therefore be dis-
crepancies between the data where the ability to imagine was assessed
and those where it was not. Indeed, the ability of an individual to use
Motor Imagery can significantly affect their effectiveness in achieving
intended outcomes, highlighting the importance of assessing these
abilities before interventions (Cumming and Ramsey, 2008; Martin
et al., 1999).
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5. Conclusion

In conclusion, the present results identify notable similarities be-
tween the brain regions involved in different modality of Mental Im-
agery. Consistent with previous models, we found that Mental Imagery
generally recruited brain networks similar to those involved in the
associated real-life experiences, with the exception that Mental Imagery
appears to preferentially recruit ‘higher order’ associative brain regions
as opposed to more ‘lower-level’ direct sensorimotor areas. Conjunction
analyses also identified a common network including the pre-SMA, PMv,
and IPL. We propose this ‘core’ network is associated with attentional,
spatial, and decision-making aspects of Mental Imagery.

Funding

EVC is currently funded by a Fonds de la Recherche Scientifique
(FNRS) aspirant fellowship (FNRS 1.AB19.24). RH, MMV, SM, and BW
are supported by an FNRS ‘Scientific Impulse’ Award (FNRS F.4523.23).
RH and GH are supported by an FNRS ‘Research Credit’ Grant (FNRS
J.0084.21). BW is supported by funds from the UCLouvain FSR.

CRediT authorship contribution statement

Elise Van Caenegem: Conceptualization, Methodology, Validation,
Formal Analysis, Investigation, Resources, Data Curation, Writing —
original draft, Writing — reviewing & editing, Visualization, Supervision,
Project Administration, Funding Acquisition. Robert Hardwick:
Conceptualization, Methodology, Validation, Investigation, Resources,
Data Curation, Writing — reviewing & editing, Supervision, Project
Administration, Funding Acquisition. Marcos Moreno-Verdu: Investi-
gation, Writing - reviewing & editing. Baptiste Waltzing: Investigation,
Writing — reviewing & editing. Siobhan McAteer: Investigation.
Gautier Hamoline: Investigation. Lenart Frahm: Software, Validation.

Data Availability
Data will be made available on request.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.neubiorev.2024.105902.

References

Acuna, C., Pardo-Vazquez, J.L., Leboran, V., 2010. Decision-making, behavioral
supervision and learning: an executive role for the ventral premotor cortex?
Neurotox. Res. 18 (3), 416-427. https://doi.org/10.1007/512640-010-9194-y.

Albers, A.M., Kok, P., Toni, L., Dijkerman, H.C., de Lange, F.P., 2013. Shared
representations for working memory and mental imagery in early visual cortex. Curr.
Biol.: CB 23 (15), 1427-1431. https://doi.org/10.1016/j.cub.2013.05.065.

Baddeley, A.D., Andrade, J., 2000. Working memory and the vividness of imagery.

J. Exp. Psychol.: Gen. 129 (1), 126-145. https://doi.org/10.1037/0096-
3445.129.1.126.

Barhoun, P., Fuelscher, 1., Do, M., He, J.L., Cerins, A., Bekkali, S., Youssef, G.J., Corp, D.,
Major, B.P., Meaney, D., Enticott, P.G., Hyde, C., 2022. The role of the primary
motor cortex in motor imagery: a theta burst stimulation study. Psychophysiology 59
(10), e14077. https://doi.org/10.1111/psyp.14077.

Bartolomeo, P., 2002. The relationship between visual perception and visual mental
imagery: a reappraisal of the neuropsychological evidence. Cortex 38 (3), 357-378.
https://doi.org/10.1016/50010-9452(08)70665-8.

Beissner, F., Meissner, K., Bar, K.-J., Napadow, V., 2013. The autonomic brain: an
activation likelihood estimation meta-analysis for central processing of autonomic
function. J. Neurosci. 33 (25), 10503. https://doi.org/10.1523/JNEUROSCI.1103-
13.2013.

Beuriat, P.-A., Cohen-Zimerman, S., Smith, G.N.L., Krueger, F., Gordon, B., Grafman, J.,
2020. A new insight on the role of the cerebellum for executive functions and
emotion processing in adults. Front. Neurol. 11. (https://www.frontiersin.org/jo
urnals/neurology/articles/10.3389/fneur.2020.593490).

Bouchard, A.E., Dumas, E., Fecteau, S., 2023. Attention and decision making. In
Reference Module in Neuroscience and Biobehavioral Psychology. Elsevier. https://doi.
org/10.1016/B978-0-12-820480-1.00044-9.

10

Neuroscience and Biobehavioral Reviews 167 (2024) 105902

Chase, H.W., Eickhoff, S.B., Laird, A.R., Hogarth, L., 2011. The neural basis of drug
stimulus processing and craving: an activation likelihood estimation meta-analysis.
Biol. Psychiatry 70 (8), 785-793. https://doi.org/10.1016/j.biopsych.2011.05.025.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58 (3), 306-324. https://doi.org/
10.1016/j.neuron.2008.04.017.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven
attention in the brain. Nat. Rev. Neurosci. 3 (3), 201-215. https://doi.org/10.1038/
nrn755.

Cumming, J., Ramsey, R., 2008. Imagery interventions in sport. Advances in applied
sport psychology. Routledge, pp. 15-46.

Dawes, A.J., Keogh, R., Pearson, J., 2024. Multisensory subtypes of aphantasia: mental
imagery as supramodal perception in reverse. Neurosci. Res. 201, 50-59. https://doi.
org/10.1016/j.neures.2023.11.009.

Eickhoff, S.B., Bzdok, D., Laird, A.R., Kurth, F., Fox, P.T., 2012. Activation likelihood
estimation meta-analysis revisited. Neurolmage 59 (3), 2349-2361. https://doi.org/
10.1016/j.neuroimage.2011.09.017.

Eickhoff, S.B., Heim, S., Zilles, K., Amunts, K., 2006. Testing anatomically specified
hypotheses in functional imaging using cytoarchitectonic maps. Neurolmage 32 (2),
570-582. https://doi.org/10.1016/j.neuroimage.2006.04.204.

Eickhoff, S.B., Laird, A.R., Grefkes, C., Wang, L.E., Zilles, K., Fox, P.T., 2009. Coordinate-
based activation likelihood estimation meta-analysis of neuroimaging data: a
random-effects approach based on empirical estimates of spatial uncertainty. Hum.
Brain Mapp. 30 (9), 2907-2926. https://doi.org/10.1002/hbm.20718.

Eickhoff, S.B., Nichols, T.E., Laird, A.R., Hoffstaedter, F., Amunts, K., Fox, P.T.,

Bzdok, D., Eickhoff, C.R., 2016. Behavior, sensitivity, and power of activation
likelihood estimation characterized by massive empirical simulation. Neurolmage
137, 70-85. https://doi.org/10.1016/j.neuroimage.2016.04.072.

Eickhoff, S.B., Paus, T., Caspers, S., Grosbras, M.-H., Evans, A.C., Zilles, K., Amunts, K.,
2007. Assignment of functional activations to probabilistic cytoarchitectonic areas
revisited. Neurolmage 36 (3), 511-521. https://doi.org/10.1016/j.
neuroimage.2007.03.060.

Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R., Amunts, K., Zilles, K.,
2005. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and
functional imaging data. Neurolmage 25 (4), 1325-1335. https://doi.org/10.1016/j.
neuroimage.2004.12.034.

Erickson, L.C., Heeg, E., Rauschecker, J.P., Turkeltaub, P.E., 2014. An ALE meta-analysis
on the audiovisual integration of speech signals. Hum. Brain Mapp. 35 (11),
5587-5605. https://doi.org/10.1002/hbm.22572.

Evans, A.C., Kamber, M., Collins, D.L., MacDonald, D., 1994. An MRI-Based Probabilistic
Atlas of Neuroanatomy. In: Shorvon, S.D., Fish, D.R., Andermann, F., Bydder, G.M.,
Stefan, H. (Eds.), Magnetic Resonance Scanning and Epilepsy. Springer US,

Pp. 263-274. https://doi.org/10.1007/978-1-4615-2546-2_48.

Fadiga, L., Buccino, G., Craighero, L., Fogassi, L., Gallese, V., Pavesi, G., 1999.
Corticospinal excitability is specifically modulated by motor imagery: a magnetic
stimulation study. Neuropsychologia 37 (2), 147-158. https://doi.org/10.1016/
50028-3932(98)00089-x.

Fadiga, L., Craighero, L., Olivier, E., 2005. Human motor cortex excitability during the
perception of others’ action. Curr. Opin. Neurobiol. 15 (2), 213-218. https://doi.
org/10.1016/j.conb.2005.03.013.

Finke, R.A., 1980. Levels of equivalence in imagery and perception. Psychol. Rev. 87 (2),
113-132.

Friedman, N.P., Robbins, T.W., 2022. The role of prefrontal cortex in cognitive control
and executive function. Neuropsychopharmacology 47 (1), 72-89. https://doi.org/
10.1038/541386-021-01132-0.

Glover, S., Baran, M., 2017. The motor-cognitive model of motor imagery: Evidence from
timing errors in simulated reaching and grasping. J. Exp. Psychol. Hum. Percept.
Perform. 43 (7), 1359-1375. https://doi.org/10.1037/xhp0000389.

Glover, S., Bibby, E., Tuomi, E., 2020. Executive functions in motor imagery: support for
the motor-cognitive model over the functional equivalence model. Exp. Brain Res.
238 (4), 931-944. https://doi.org/10.1007/500221-020-05756-4.

Goodale, M.A., Milner, A.D., 1992. Separate visual pathways for perception and action.
Trends Neurosci. 15 (1), 20-25. https://doi.org/10.1016/0166-2236(92)90344-8.

Grosprétre, S., Ruffino, C., Lebon, F., 2016. Motor imagery and cortico-spinal
excitability: a review. Eur. J. Sport Sci. 16 (3), 317-324. https://doi.org/10.1080/
17461391.2015.1024756.

Hardwick, R.M., Caspers, S., Eickhoff, S.B., Swinnen, S.P., 2018. Neural correlates of
action: comparing meta-analyses of imagery, observation, and execution. Neurosci.
Biobehav. Rev. 94, 31-44. https://doi.org/10.1016/j.neubiorev.2018.08.003.

Hayter, A.L., Langdon, D.W., Ramnani, N., 2007. Cerebellar contributions to working
memory. Neurolmage 36 (3), 943-954. https://doi.org/10.1016/j.
neuroimage.2007.03.011.

Hétu, S., Grégoire, M., Saimpont, A., Coll, M.-P., Eugene, F., Michon, P.-E., Jackson, P.L.,
2013. The neural network of motor imagery: an ALE meta-analysis. Neurosci.
Biobehav. Rev. 37 (5), 930-949. https://doi.org/10.1016/j.neubiorev.2013.03.017.

Hillman, H., Botthof, T., Forrence, A.D., McDougle, S.D., 2024. Dissociable codes in
motor working memory. Psychol. Sci. 35 (2), 150-161. https://doi.org/10.1177/
09567976231221756.

Holmes, G., 1917. The symptoms of acute cerebellar injuries due to gunshot injuries.
Brain 40 (4), 461-535. https://doi.org/10.1093/brain/40.4.461.

Hubbard, T.L., 2010. Auditory imagery: empirical findings (PubMed). Psychol. Bull. 136
(2), 302-329. https://doi.org/10.1037/a0018436.

Ietswaart, M., Johnston, M., Dijkerman, H.C., Joice, S., Scott, C.L., MacWalter, R.S.,
Hamilton, S.J.C., 2011. Mental practice with motor imagery in stroke recovery:
Randomized controlled trial of efficacy. Brain: A J. Neurol. 134 (Pt 5), 1373-1386.
https://doi.org/10.1093/brain/awr077.


https://doi.org/10.1016/j.neubiorev.2024.105902
https://doi.org/10.1007/s12640-010-9194-y
https://doi.org/10.1016/j.cub.2013.05.065
https://doi.org/10.1037/0096-3445.129.1.126
https://doi.org/10.1037/0096-3445.129.1.126
https://doi.org/10.1111/psyp.14077
https://doi.org/10.1016/S0010-9452(08)70665-8
https://doi.org/10.1523/JNEUROSCI.1103-13.2013
https://doi.org/10.1523/JNEUROSCI.1103-13.2013
https://www.frontiersin.org/journals/neurology/articles/10.3389/fneur.2020.593490
https://www.frontiersin.org/journals/neurology/articles/10.3389/fneur.2020.593490
https://doi.org/10.1016/B978-0-12-820480-1.00044-9
https://doi.org/10.1016/B978-0-12-820480-1.00044-9
https://doi.org/10.1016/j.biopsych.2011.05.025
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
http://refhub.elsevier.com/S0149-7634(24)00371-3/sbref12
http://refhub.elsevier.com/S0149-7634(24)00371-3/sbref12
https://doi.org/10.1016/j.neures.2023.11.009
https://doi.org/10.1016/j.neures.2023.11.009
https://doi.org/10.1016/j.neuroimage.2011.09.017
https://doi.org/10.1016/j.neuroimage.2011.09.017
https://doi.org/10.1016/j.neuroimage.2006.04.204
https://doi.org/10.1002/hbm.20718
https://doi.org/10.1016/j.neuroimage.2016.04.072
https://doi.org/10.1016/j.neuroimage.2007.03.060
https://doi.org/10.1016/j.neuroimage.2007.03.060
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1002/hbm.22572
https://doi.org/10.1007/978-1-4615-2546-2_48
https://doi.org/10.1016/s0028-3932(98)00089-x
https://doi.org/10.1016/s0028-3932(98)00089-x
https://doi.org/10.1016/j.conb.2005.03.013
https://doi.org/10.1016/j.conb.2005.03.013
http://refhub.elsevier.com/S0149-7634(24)00371-3/sbref24
http://refhub.elsevier.com/S0149-7634(24)00371-3/sbref24
https://doi.org/10.1038/s41386-021-01132-0
https://doi.org/10.1038/s41386-021-01132-0
https://doi.org/10.1037/xhp0000389
https://doi.org/10.1007/s00221-020-05756-4
https://doi.org/10.1016/0166-2236(92)90344-8
https://doi.org/10.1080/17461391.2015.1024756
https://doi.org/10.1080/17461391.2015.1024756
https://doi.org/10.1016/j.neubiorev.2018.08.003
https://doi.org/10.1016/j.neuroimage.2007.03.011
https://doi.org/10.1016/j.neuroimage.2007.03.011
https://doi.org/10.1016/j.neubiorev.2013.03.017
https://doi.org/10.1177/09567976231221756
https://doi.org/10.1177/09567976231221756
https://doi.org/10.1093/brain/40.4.461
https://doi.org/10.1037/a0018436
https://doi.org/10.1093/brain/awr077

E.E. Van Caenegem et al.

Izadifar, M., Yang, T., Paolini, M., Formuli, A., Bao, Y., 2022. Composing in the scanner:
a functional magnetic resonance imaging single case study on visual and auditory
imagery. PsyCh. J. 11 (5), 684-690. https://doi.org/10.1002/pchj.522.

Jackson, P.L., Lafleur, M.F., Malouin, F., Richards, C., Doyon, J., 2001. Potential role of
mental practice using motor imagery in neurologic rehabilitation. Arch. Phys. Med.
Rehabil. 82 (8), 1133-1141. https://doi.org/10.1053/apmr.2001.24286.

Jeannerod, M., 2001. Neural simulation of action: a unifying mechanism for motor
cognition. NeuroIlmage 14 (1), $103-5109. https://doi.org/10.1006/
nimg.2001.0832.

Kilteni, K., Andersson, B.J., Houborg, C., Ehrsson, H.H., 2018. Motor imagery involves
predicting the sensory consequences of the imagined movement. Nat. Commun. 9
(1), 1617. https://doi.org/10.1038/541467-018-03989-0.

King, A.J., Nelken, 1., 2009. Unraveling the principles of auditory cortical processing: can
we learn from the visual system? Nat. Neurosci. 12 (6), 698-701. https://doi.org/
10.1038/nn.2308.

Kosslyn, S.M., Ganis, G., Thompson, W.L., 2001. Neural foundations of imagery. Nat.
Rev. Neurosci. 2 (9), 635-642. https://doi.org/10.1038/35090055.

Kosslyn, S.M., Thompson, W.L., 2003. When is early visual cortex activated during visual
mental imagery? Psychol. Bull. 129 (5), 723-746. https://doi.org/10.1037/0033-
2909.129.5.723.

Kosslyn, S.M., Thompson, W.L., Alpert, N.M., 1997. Neural systems shared by visual
imagery and visual perception: a positron emission tomography study. Neurolmage
6 (4), 320-334. https://doi.org/10.1006/nimg.1997.0295.

Kraeutner, S.N., Keeler, L.T., Boe, S.G., 2016. Motor imagery-based skill acquisition
disrupted following rTMS of the inferior parietal lobule. Exp. Brain Res. 234 (2),
397-407. https://doi.org/10.1007/500221-015-4472-9.

Ladda, A.M., Lebon, F., Lotze, M., 2021. Using motor imagery practice for improving
motor performance — a review. Brain Cogn. 150, 105705. https://doi.org/10.1016/j.
bandc.2021.105705.

Lancaster, J.L., Tordesillas-Gutiérrez, D., Martinez, M., Salinas, F., Evans, A., Zilles, K.,
Mazziotta, J.C., Fox, P.T., 2007. Bias between MNI and Talairach coordinates
analyzed using the ICBM-152 brain template. Hum. Brain Mapp. 28 (11),
1194-1205. https://doi.org/10.1002/hbm.20345.

Lau, H.C., Rogers, R.D., Haggard, P., Passingham, R.E., 2004. Attention to intention.
Science 303 (5661), 1208-1210. https://doi.org/10.1126/science.1090973.

Lazard, D.S., Giraud, A.L., Truy, E., Lee, H.J., 2011. Evolution of non-speech sound
memory in postlingual deafness: implications for cochlear implant rehabilitation.
Neuropsychologia 49 (9), 2475-2482. https://doi.org/10.1016/j.
neuropsychologia.2011.04.025.

Lebon, F., 2024. A theoretical perspective on action consequences in action imagery:
Internal prediction as an essential mechanism to detect errors: A commentary on
Rieger et al. 2023. Psychol. Res. https://doi.org/10.1007/500426-023-01918-5.

Lima, C.F., Krishnan, S., Scott, S.K., 2016. Roles of supplementary motor areas in
auditory processing and auditory imagery. Trends Neurosci. 39 (8), 527-542.
https://doi.org/10.1016/j.tins.2016.06.003.

Lotze, M., Halsband, U., 2006. Motor imagery. J. Physiol., Paris 99 (4-6), 386-395.
https://doi.org/10.1016/j.jphysparis.2006.03.012.

Malouin, F., Richards, C.L., 2010. Mental practice for relearning locomotor skills. Phys.
Ther. 90 (2), 240-251. https://doi.org/10.2522/ptj.20090029.

Martel, M., Glover, S., 2023. TMS over dorsolateral prefrontal cortex affects the timing of
motor imagery but not overt action: further support for the motor-cognitive model.
Behav. Brain Res. 437, 114125. https://doi.org/10.1016/j.bbr.2022.114125.

Martin, K.A., Moritz, S.E., Hall, C.R., 1999. Imagery use in sport: a literature review and
applied model. Sport Psychol. 13 (3), 245-268. https://doi.org/10.1123/
tsp.13.3.245.

Mayka, M.A., Corcos, D.M., Leurgans, S.E., Vaillancourt, D.E., 2006. Three-dimensional
locations and boundaries of motor and premotor cortices as defined by functional
brain imaging: A meta-analysis. Neurolmage 31 (4), 1453-1474. https://doi.org/
10.1016/j.neuroimage.2006.02.004.

McDougle, S.D., Tsay, J.S., Pitt, B., King, M., Saban, W., Taylor, J.A., Ivry, R.B., 2022.
Continuous manipulation of mental representations is compromised in cerebellar
degeneration. Brain: A J. Neurol. 145 (12), 4246-4263. https://doi.org/10.1093/
brain/awac072.

McGuire, P.K., Silbersweig, D.A., Murray, R.M., David, A.S., Frackowiak, R.S., Frith, C.D.,
1996. Functional anatomy of inner speech and auditory verbal imagery. Psychol.
Med. 26 (1), 29-38. https://doi.org/10.1017/s0033291700033699.

Mcnorgan, C., 2012. A meta-analytic review of multisensory imagery identifies the
neural correlates of modality-specific and modality-general imagery. Front. Hum.
Neurosci. 6. https://doi.org/10.3389/fnhum.2012.00285.

Miall, R.C., 2024. Motor imagery, forward models and the cerebellum: a commentary on
Rieger et al., 2023. Psychol. Res. https://doi.org/10.1007/500426-023-01916-7.

Miall, R.C., Weir, D.J., Wolpert, D.M., Stein, J.F., 1993. Is the cerebellum a smith
predictor? J. Mot. Behav. 25 (3), 203-216. https://doi.org/10.1080/
00222895.1993.9942050.

Moreno-Verdd, M., Hamoline, G., Van Caenegem, E.E., Waltzing, B.M., Forest, S.,
Valappil, A.C., Khan, A.H., Chye, S., Esselaar, M., Campbell, M.J., McAllister, C.J.,
Kraeutner, S.N., Poliakoff, E., Frank, C., Eaves, D.L., Wakefield, C., Boe, S.G.,
Holmes, P.S., Bruton, A.M., Hardwick, R.M., 2024. Guidelines for reporting action
simulation studies (GRASS): Proposals to improve reporting of research in motor
imagery and action observation. Neuropsychologia 192, 108733. https://doi.org/
10.1016/j.neuropsychologia.2023.108733.

Moro, V., Berlucchi, G., Lerch, J., Tomaiuolo, F., Aglioti, S.M., 2008. Selective deficit of
mental visual imagery with intact primary visual cortex and visual perception.
Cortex; a J. Devoted Study Nerv. Syst. Behav. 44 (2), 109-118. https://doi.org/
10.1016/j.cortex.2006.06.004.

11

Neuroscience and Biobehavioral Reviews 167 (2024) 105902

Nichols, T., Brett, M., Andersson, J., Wager, T., Poline, J.-B., 2005. Valid conjunction
inference with the minimum statistic. Neurolmage 25 (3), 653-660. https://doi.org/
10.1016/j.neuroimage.2004.12.005.

Nierhaus, T., Wesolek, S., Pach, D., Witt, C.M., Blankenburg, F., Schmidt, T.T., 2023.
Content representation of tactile mental imagery in primary somatosensory cortex.
ENEURO.0408-22.2023 ENeuro 10 (6). https://doi.org/10.1523/ENEURO.0408-
22.2023.

Numssen, O., Bzdok, D., Hartwigsen, G., 2021. Functional specialization within the
inferior parietal lobes across cognitive domains. ELife 10, e63591. https://doi.org/
10.7554/eLife.63591.

Plailly, J., Howard, J.D., Gitelman, D.R., Gottfried, J.A., 2008. Attention to odor
modulates thalamocortical connectivity in the human brain. J. Neurosci.: Off. J. Soc.
Neurosci. 28 (20), 5257-5267. https://doi.org/10.1523/JNEUROSCL.5607-07.2008.

Ramnani, N., 2006. The primate cortico-cerebellar system: anatomy and function. Nat.
Rev. Neurosci. 7 (7), 511-522. https://doi.org/10.1038/nrn1953.

Rieger, M., Boe, S.G., Ingram, T.G.J., Bart, V.K.E., Dahm, S.F., 2023. A theoretical
perspective on action consequences in action imagery: internal prediction as an
essential mechanism to detect errors. Psychol. Res. https://doi.org/10.1007/500426-
023-01812-0.

Rizzolatti, G., Fogassi, L., Gallese, V., 2002. Motor and cognitive functions of the ventral
premotor cortex. Curr. Opin. Neurobiol. 12 (2), 149-154. https://doi.org/10.1016/
S0959-4388(02)00308-2.

Rodriguez-Nieto, G., Seer, C., Sidlauskaite, J., Vleugels, L., Roy, A.V., Hardwick, R.,
Swinnen, S., 2022. Inhibition, Shifting and Updating: inter and intra-domain
commonalities and differences from an executive functions activation likelihood
estimation meta-analysis. Neurolmage 264, 119665. https://doi.org/10.1016/].
neuroimage.2022.119665.

Rottschy, C., Langner, R., Dogan, 1., Reetz, K., Laird, A.R., Schulz, J.B., Fox, P.T.,
Eickhoff, S.B., 2012. Modelling neural correlates of working memory: a coordinate-
based meta-analysis. Neurolmage 60 (1), 830-846. https://doi.org/10.1016/j.
neuroimage.2011.11.050.

Tanaka, Satoshi, Honda, Manabu, Sadato, Norihiro, 2005. Modality-specific cognitive
function of medial and lateral human brodmann area 6. J. Neurosci. 25 (2), 496.
https://doi.org/10.1523/JNEUROSCI.4324-04.2005.

Schiirmann, M., Raij, T., Fujiki, N., Hari, R., 2002. Mind’s ear in a musician: where and
when in the brain. NeuroIlmage 16 (2), 434-440. https://doi.org/10.1006/
nimg.2002.1098.

Shergill, S.S., Bullmore, E.T., Brammer, M.J., Williams, S.C., Murray, R.M., McGuire, P.
K., 2001. A functional study of auditory verbal imagery. Psychol. Med. 31 (2),
241-253. https://doi.org/10.1017/s003329170100335x.

Silva, S., Borges, L.R., Santiago, L., Lucena, L., Lindquist, A.R., Ribeiro, T., 2020. Motor
imagery for gait rehabilitation after stroke (PubMed). Cochrane Database Syst. Rev.
9, CD013019. https://doi.org/10.1002/14651858.cd013019.pub2.

Small, D.M., Prescott, J., 2005. Odor/taste integration and the perception of flavor. Exp.
Brain Res. 166 (3-4), 345-357. https://doi.org/10.1007/5s00221-005-2376-9.

Sokolov, A.A., Miall, R.C., Ivry, R.B., 2017. The cerebellum: adaptive prediction for
movement and cognition. Trends Cogn. Sci. 21 (5), 313-332. https://doi.org/
10.1016/j.tics.2017.02.005.

Spagna, A., Hajhajate, D., Liu, J., Bartolomeo, P., 2021. Visual mental imagery engages
the left fusiform gyrus, but not the early visual cortex: a meta-analysis of
neuroimaging evidence. Neurosci. Biobehav. Rev. 122, 201-217. https://doi.org/
10.1016/j.neubiorev.2020.12.029.

Tanaka, S., Kirino, E., 2017. Dynamic reconfiguration of the supplementary motor area
network during imagined music performance. Front. Hum. Neurosci. 11, 606.
https://doi.org/10.3389/fnhum.2017.00606.

Tsai, C.-G., Chou, T.-L., Li, C.-W., 2018. Roles of posterior parietal and dorsal premotor
cortices in relative pitch processing: comparing musical intervals to lexical tones.
Neuropsychologia 119, 118-127. https://doi.org/10.1016/j.
neuropsychologia.2018.07.028.

Turkeltaub, P.E., Eden, G.F., Jones, K.M., Zeffiro, T.A., 2002. Meta-analysis of the
functional neuroanatomy of single-word reading: method and validation.
NeuroImage 16 (3 Pt 1), 765-780. https://doi.org/10.1006/nimg.2002.1131.

Turkeltaub, P.E., Eickhoff, S.B., Laird, A.R., Fox, M., Wiener, M., Fox, P., 2012.
Minimizing within-experiment and within-group effects in activation likelihood
estimation meta-analyses. Hum. Brain Mapp. 33 (1), 1-13. https://doi.org/10.1002/
hbm.21186.

Van Caenegem, E.E., Hamoline, G., Waltzing, B.M., Hardwick, R.M., 2022. Consistent
under-reporting of task details in motor imagery research. Neuropsychologia 177,
108425. https://doi.org/10.1016/j.neuropsychologia.2022.108425.

Williams, A., Gribble, P.L., 2012. Observed effector-independent motor learning by
observing. J. Neurophysiol. 107 (6), 1564-1570. https://doi.org/10.1152/
jn.00748.2011.

Winlove, C.I.P., Milton, F., Ranson, J., Fulford, J., MacKisack, M., Macpherson, F.,
Zeman, A., 2018. The neural correlates of visual imagery: a co-ordinate-based meta-
analysis. Cortex; a J. Devoted Study Nerv. Syst. Behav. 105, 4-25. https://doi.org/
10.1016/j.cortex.2017.12.014.

Wolpert, D.M., Miall, R.C., Kawato, M., 1998. Internal models in the cerebellum. Trends
Cogn. Sci. 2 (9), 338-347. https://doi.org/10.1016/51364-6613(98)01221-2.

Zatorre, R.J., Halpern, A.R., 2005. Mental concerts: musical imagery and auditory cortex.
Neuron 47 (1), 9-12. https://doi.org/10.1016/j.neuron.2005.06.013.

Zatorre, R.J., Halpern, A.R., Perry, D.W., Meyer, E., Evans, A.C., 1996. Hearing in the
mind’s ear: a PET investigation of musical imagery and perception. J. Cogn.
Neurosci. 8 (1), 29-46. https://doi.org/10.1162/jocn.1996.8.1.29.

Zvyagintsev, M., Clemens, B., Chechko, N., Mathiak, K.A., Sack, A.T., Mathiak, K., 2013.
Brain networks underlying mental imagery of auditory and visual information. Eur.
J. Neurosci. 37 (9), 1421-1434. https://doi.org/10.1111/ejn.12140.


https://doi.org/10.1002/pchj.522
https://doi.org/10.1053/apmr.2001.24286
https://doi.org/10.1006/nimg.2001.0832
https://doi.org/10.1006/nimg.2001.0832
https://doi.org/10.1038/s41467-018-03989-0
https://doi.org/10.1038/nn.2308
https://doi.org/10.1038/nn.2308
https://doi.org/10.1038/35090055
https://doi.org/10.1037/0033-2909.129.5.723
https://doi.org/10.1037/0033-2909.129.5.723
https://doi.org/10.1006/nimg.1997.0295
https://doi.org/10.1007/s00221-015-4472-9
https://doi.org/10.1016/j.bandc.2021.105705
https://doi.org/10.1016/j.bandc.2021.105705
https://doi.org/10.1002/hbm.20345
https://doi.org/10.1126/science.1090973
https://doi.org/10.1016/j.neuropsychologia.2011.04.025
https://doi.org/10.1016/j.neuropsychologia.2011.04.025
https://doi.org/10.1007/s00426-023-01918-5
https://doi.org/10.1016/j.tins.2016.06.003
https://doi.org/10.1016/j.jphysparis.2006.03.012
https://doi.org/10.2522/ptj.20090029
https://doi.org/10.1016/j.bbr.2022.114125
https://doi.org/10.1123/tsp.13.3.245
https://doi.org/10.1123/tsp.13.3.245
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1093/brain/awac072
https://doi.org/10.1093/brain/awac072
https://doi.org/10.1017/s0033291700033699
https://doi.org/10.3389/fnhum.2012.00285
https://doi.org/10.1007/s00426-023-01916-7
https://doi.org/10.1080/00222895.1993.9942050
https://doi.org/10.1080/00222895.1993.9942050
https://doi.org/10.1016/j.neuropsychologia.2023.108733
https://doi.org/10.1016/j.neuropsychologia.2023.108733
https://doi.org/10.1016/j.cortex.2006.06.004
https://doi.org/10.1016/j.cortex.2006.06.004
https://doi.org/10.1016/j.neuroimage.2004.12.005
https://doi.org/10.1016/j.neuroimage.2004.12.005
https://doi.org/10.1523/ENEURO.0408-22.2023
https://doi.org/10.1523/ENEURO.0408-22.2023
https://doi.org/10.7554/eLife.63591
https://doi.org/10.7554/eLife.63591
https://doi.org/10.1523/JNEUROSCI.5607-07.2008
https://doi.org/10.1038/nrn1953
https://doi.org/10.1007/s00426-023-01812-0
https://doi.org/10.1007/s00426-023-01812-0
https://doi.org/10.1016/S0959-4388(02)00308-2
https://doi.org/10.1016/S0959-4388(02)00308-2
https://doi.org/10.1016/j.neuroimage.2022.119665
https://doi.org/10.1016/j.neuroimage.2022.119665
https://doi.org/10.1016/j.neuroimage.2011.11.050
https://doi.org/10.1016/j.neuroimage.2011.11.050
https://doi.org/10.1523/JNEUROSCI.4324-04.2005
https://doi.org/10.1006/nimg.2002.1098
https://doi.org/10.1006/nimg.2002.1098
https://doi.org/10.1017/s003329170100335x
https://doi.org/10.1002/14651858.cd013019.pub2
https://doi.org/10.1007/s00221-005-2376-9
https://doi.org/10.1016/j.tics.2017.02.005
https://doi.org/10.1016/j.tics.2017.02.005
https://doi.org/10.1016/j.neubiorev.2020.12.029
https://doi.org/10.1016/j.neubiorev.2020.12.029
https://doi.org/10.3389/fnhum.2017.00606
https://doi.org/10.1016/j.neuropsychologia.2018.07.028
https://doi.org/10.1016/j.neuropsychologia.2018.07.028
https://doi.org/10.1006/nimg.2002.1131
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1002/hbm.21186
https://doi.org/10.1016/j.neuropsychologia.2022.108425
https://doi.org/10.1152/jn.00748.2011
https://doi.org/10.1152/jn.00748.2011
https://doi.org/10.1016/j.cortex.2017.12.014
https://doi.org/10.1016/j.cortex.2017.12.014
https://doi.org/10.1016/S1364-6613(98)01221-2
https://doi.org/10.1016/j.neuron.2005.06.013
https://doi.org/10.1162/jocn.1996.8.1.29
https://doi.org/10.1111/ejn.12140

	Multisensory approach in Mental Imagery: ALE meta-analyses comparing Motor, Visual and Auditory Imagery
	1 Introduction
	2 Methods
	2.1 Literature searches
	2.2 Inclusion/exclusion criteria
	2.3 Data extraction and classification
	2.4 Data analyses
	2.4.1 General procedures
	2.4.2 ALE analyses
	2.4.3 Conjunction analyses
	2.4.4 Contrast analyses
	2.4.5 Labelling


	3 Results
	3.1 Modality-specific analyses
	3.1.1 Motor Imagery
	3.1.2 Visual Imagery
	3.1.3 Auditory Imagery
	3.1.4 Volume comparison

	3.2 Conjunction analyses
	3.2.1 Motor Imagery ∩ Visual Imagery
	3.2.2 Motor Imagery ∩ Auditory Imagery
	3.2.3 Visual Imagery ∩ Auditory Imagery
	3.2.4 Motor Imagery ∩ Visual Imagery ∩ Auditory Imagery

	3.3 Contrast analyses
	3.3.1 Motor Imagery vs Visual Imagery
	3.3.2 Motor Imagery vs Auditory Imagery
	3.3.3 Visual Imagery vs Auditory Imagery

	3.4 General network for Mental Imagery

	4 Discussion
	4.1 Key observations
	4.1.1 Imagery preferentially recruits areas involved in higher-level associative brain functions
	4.1.2 Only Motor Imagery consistently recruited prefrontal regions

	4.2 Motor Imagery
	4.3 Visual Imagery
	4.4 Auditory Imagery
	4.5 Consistent sub-network for Motor, Visual and Auditory Imagery
	4.6 Strengths and limitations

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Data Availability
	Appendix A Supporting information
	References


