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Abstract 

There is longstanding interest in the relationship between motor imagery, action observation, and 

movement execution. Several models propose that these tasks recruit the same brain regions in a similar 

manner; however, there is no quantitative synthesis of the literature that compares their respective 

networks. Here we summarized data from neuroimaging experiments examining Motor Imagery (303 

experiments, 4,902 participants), Action Observation (595 experiments, 11,032 participants), and related 

control tasks involving Movement Execution (142 experiments, 2,302 participants). Motor Imagery 

recruited a network of premotor-parietal cortical regions, alongside the thalamus, putamen, and 

cerebellum. Action Observation involved a cortical premotor-parietal and occipital network, with no 

consistent subcortical contributions. Movement Execution engaged sensorimotor-premotor areas, and the 

thalamus, putamen, and cerebellum. Comparisons across these networks highlighted key differences in 

their recruitment of motor cortex and parietal cortex, and subcortical structures. Conjunction across all 

three tasks identified a consistent premotor-parietal and somatosensory network. These data amend 

previous models of the relationships between motor imagery, action observation, and movement 

execution, and quantify the relationships between their respective networks. 

 

Keywords: Action Simulation, Motor Simulation, Functional Equivalence, Mental Imagery, Action 

Observation System, Mirror Neurons  

 

Highlights: 

• We compared quantitative meta-analyses of movement imagery, observation, and execution  

• Subcortical structures were most commonly associated with imagery and execution 

• Conjunctions identified a consistent premotor-parietal-somatosensory network 

• These data can inform basic and translational work using imagery and observation 
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1 Introduction 

Recent developments have rekindled the longstanding scientific interest in the relationship between the 

simulation and physical execution of actions. Action simulation (i.e. the internal representation of motor 

programs without overt movement; Jeannerod, 2001) is typically examined through either motor imagery 

(i.e. imagining the execution of an action without physically performing it), or action observation (i.e. 

watching movements performed by others). In particular, motor imagery has received renewed interest 

following developments in brain computer interface and neurofeedback technology (Liew et al., 2016). 

This research is supported by decades of work examining the use of motor imagery in elite athletic 

performance (Calmels et al., 2006; Williams et al., 2015), skill acquisition (Lotze and Halsband, 2006; 

Pascual-Leone et al., 1995), and rehabilitation (Jackson et al., 2001; but see Ietswaart et al., 2011). 

Similarly, interest in action observation increased dramatically in the early 2000's following the discovery 

of 'mirror-neurons' in non-human primates (di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 

1996a). Mirror neurons respond both when an action is physically performed, and when the action is 

observed being performed by another actor. Subsequent research led to considerable investigation of the 

human action observation system (Grafton et al., 1996; Rizzolatti et al., 1996b). Action observation forms 

the basis of learning through imitation (Buccino et al., 2004), can induce the same changes in skills as 

seen in physical practice (Zhang et al., 2011), and is being increasingly examined as a tool for 

neurorehabilitation (Buccino, 2014; Ertelt et al., 2007). More recent studies have combined mental 

imagery and action observation (Vogt et al., 2013), allowing greater control over the content and 

vividness of action simulation (Holmes and Calmels, 2008). Improving our understanding of the brain 

networks involved in action simulation, and how they relate to the brain regions recruited during 

movement execution, is therefore of considerable interest to both basic scientific research and 

translational work across a diverse range of fields.  

Several prominent models propose that motor imagery and/or action observation share neural substrates 

with movement execution (Crammond, 1997; Grèzes and Decety, 2001; Jeannerod, 2001). While early 

summaries of the literature examined the 'functional equivalence' between motor imagery, action 

observation, and movement execution, they identified consistent activations across studies in a subjective 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 10, 2017. ; https://doi.org/10.1101/198432doi: bioRxiv preprint 

https://doi.org/10.1101/198432
http://creativecommons.org/licenses/by/4.0/


Page 4 of 50 
 

manner that did not include principled statistical tests (Grèzes and Decety, 2001; Jeannerod, 2001). Later 

meta-analyses have summarized the individual networks involved in motor imagery (Hétu et al., 2013) 

and action observation, (Caspers et al., 2010), respectively, but provided no quantitative comparison 

between their respective networks, or how they compare to the network for movement execution. 

Questions regarding which regions are consistently implicated in action simulation, and whether there is a 

consistent network spanning motor imagery, action observation, and movement execution, therefore 

remain unresolved. 

Coordinate-based meta-analysis allows the quantitative summary of the current neuroimaging literature. 

Pooling data increases statistical power, addressing the limited sample sizes in individual neuroimaging 

studies. Pooling data also reduces the likelihood of idiosyncratic effects resulting from task-specific 

activity. Activation Likelihood Estimation (ALE) is an established technique for quantitative voxelwise 

random effects meta-analysis (Eickhoff et al., 2012, 2009; Laird et al., 2005; Turkeltaub et al., 2012, 

2002). Consistently activated regions are determined based on spatial convergence of coordinates 

reported in previous studies. Statistical testing against a null distribution provides quantitative summary of 

previous results. 

Here we examined the neural correlates of motor imagery, action observation, and movement execution 

using ALE meta-analysis. We hypothesized that action simulation (i.e. motor imagery and action 

observation) tasks would recruit broadly similar networks of premotor and parietal brain regions, while 

movement execution would recruit more sensorimotor regions. Our results identify notable differences 

and highlight key similarities between these networks, including disparities in their recruitment of 

subcoritcal structures, and their common recruitment of premotor-parietal and somatosensory regions.  
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2 Methods 

2.1 Literature Searches 

Relevant neuroimaging papers were found through pubmed literature searches (as of June 2017). A 

search for papers on motor imagery was conducted using the search string "((fMRI) OR PET) AND motor 

imagery", and yielded 487 results. A similar search for papers on action observation was conducted using 

the search string "((fMRI) OR PET) AND (((action observation) OR mirror neurons) OR imitation)", 

providing 784 results. The term 'imitation' was included in order to identify contrasts in which participants 

observed actions prior to imitation. Papers identified in the literature searches were examined for control 

conditions involving movement execution, allowing us to identify a sample of movement execution tasks 

with properties similar to those used in the included motor imagery and action observation experiments. 

This approach reduced the likelihood that differences between the networks were due to inclusion of 

heterogeneous experimental tasks.  

 

2.2 Inclusion/Exclusion Criteria 

Following the literature searches, inspection of abstracts identified 205 papers on motor imagery and 417 

papers on action observation that were downloaded for further inspection. Experiments contained in 

these papers that used either motor imagery, action observation, or movement execution were assessed 

for eligibility to be included in the meta-analyses. Only experiments including coordinates from whole 

brain analyses in standard stereotaxic (MNI/Talairach) space were included in the analyses (to prevent 

biasing results based on the specific inclusion/exclusion of brain regions). Included experiments reported 

data from healthy adult participants (i.e. participants ≥18 years of age with no known neurological 

conditions). Data from healthy control groups in patient studies were included where provided. The meta-

analyses examined within-subject contrasts (to prevent comparisons with patient groups, or comparisons 

across groups of unequal size). Finally, brain activations following neuromodulatory interventions (i.e. 

measuring the effects of non-invasive brain stimulation or pharmacological agents) were not included, 

though pre-intervention conditions/control groups were included as appropriate.  
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2.3 Data Extraction and Classification 

Data extracted from each paper included the number of subjects participating in each experiment, and the 

coordinates of the reported activations in MNI or Talairach space. Coordinates reported in Talairach 

space were converted to MNI space using the Lancaster transform (Lancaster et al., 2007).  Each task 

was categorized as involving motor imagery, action observation, and/or movement execution. In order to 

assess somatotopic activations, we recorded the effector(s) involved in the action, classifying them 

according to the use of the leg (foot inclusive), arm (hand inclusive), or face (including mouth movements, 

speech, and facial expressions). Where actions involved multiple effectors they were categorized as 

using the limbs (both arms and legs, or when contrasts involving the arms and legs were combined), 

upper body (i.e. movements involving both the face and arm, or contrasts in which face and arm 

movement were combined), or the whole body (e.g. tasks such as weight lifting or dancing, and 

conditions in which contrasts involving the leg, arm, and face were combined). Locomotor tasks (including 

stepping, walking, and running) were categorized as tasks performed with the legs (as the leg acts as the 

predominant effector). The data included in each meta-analysis and subanalysis are presented in Table 

1. More detailed information on the individual experiments included in each meta-analysis is presented in 

Supplementary Table 1.  
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Table 1: Data included in the meta-analyses 

Analysis Experiments Participants Foci 
Motor Imagery 303 4902 3235 
Somatotopy subanalyses:    
- Leg 65 916 801 
- Arm 179 3041 1928 
- Face* 6 111 57 
    
Action Observation 595 11032 6561 
Somatotopy Subanalyses:    
- Leg 34 453 297 
- Arm 339 6494 3831 
- Face 64 1103 761 
    
Movement Execution 142 2302 1842 
Somatotopy Subanalyses:    
- Leg 20 208 239 
- Arm 107 1858 1324 
- Face* 13 219 214 
* Analysis should be considered exploratory as it includes less than 20 experiments (Eickhoff et al., 2016) 

2.4 Data Analyses 

In a first step we conducted ALE meta-analyses to identify the individual task networks involved in motor 

imagery, action observation, and movement execution. Each task network was examined in greater detail 

using subanalyses including experiments using only the face, only the arm, and only the foot as an 

effector. We then assessed the convergence and divergence between the individual task networks. 

Networks were overlaid in a pairwise fashion, allowing us to identify the volume of each network that was 

specific to each individual task, and the volume that was activated across multiple tasks. We identified 

regions that were consistently engaged across different tasks by computing pairwise conjunction 

analyses, and in a final step a combined conjunction identified the regions consistently recruited across 

all three tasks.  

 

2.5 Analysis Procedure 

All analyses were conducted using the revised version of the activation likelihood estimation (ALE) 

algorithm (Eickhoff et al., 2009; Turkeltaub et al., 2002). The ALE approach empirically determines 
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whether converging activation coordinates (foci) across different experiments occurs at a level greater 

than expected by chance. Reported foci are modeled as the centers of 3D Gaussian probability 

distributions (Turkeltaub et al., 2002). The revised algorithm sets the width of these Gaussians using 

empirical between-subject and between-template comparisons, and models the increased spatial 

reliability of larger sample sizes by using smaller Gaussian distributions (Eickhoff et al., 2009). 

Comparisons between groups of different sizes are accounted for by computing a null-distribution using 

label-exchangeability (Eickhoff et al., 2012).  

Foci for each experiment were combined across voxels to produce a modeled activation map (Turkeltaub 

et al., 2012). Combining modeled activation maps across experiments produced ALE scores, which 

described the convergence of coordinates for each location. ALE scores were compared to a non-linear 

histogram integration based on the frequency of distinct modeled activation maps (Eickhoff et al., 2012), 

determining areas where convergence is greater than expected by chance. ALE values were computed 

only for voxels with a ≥10% probability of containing grey matter (Evans et al., 1994), as functional 

activations occur predominantly in grey matter areas. Results were thresholded at p<0.05 (cluster-level 

FWE, corrected for multiple comparisons, cluster-forming threshold at voxel level p<0.001) and provided 

at 2mm3 voxel resolution.  

Contrasts between the resultant meta-analyses were conducted using random effects ALE subtraction 

analysis (Eickhoff et al., 2012). In a first step, voxel-wise differences between ALE maps were calculated 

for each pool of experiments. Experiments were then randomly shuffled into two samples of equal size to 

the compared analyses, and voxelwise differences between their ALE scores were recorded. This 

shuffling procedure was repeated 10,000 times to produce an empirical null distribution of ALE score 

differences between the compared conditions. The map of differences based on 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 (cf. Chase et al., 2011; Rottschy et al., 2012) with a minimum 

cluster volume of 100mm3 (Beissner et al., 2013; Erickson et al., 2014; Turkeltaub et al., 2012). 

Volume comparisons were conducted by overlaying the networks and determining the number of voxels 

that were unique to each analysis, or co-recruited across analyses. As differences in the number of 
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studies included in the meta-analyses could influence the size of the volume identified in each case, we 

also conducted 'volume matched analyses'. Using a previously established procedure we iteratively 

increased the threshold for the larger network, reducing its size until the number of voxels it identified was 

approximately equivalent to that of the smaller network (Hardwick et al., 2015). This identified those 

regions most consistently implicated in a paradigm while controlling for differences in the number of 

studies included in each analysis.  

Conjunction analyses were conducted to summarize the overlap between networks. These analyses used 

the conjunction null hypothesis and were calculated using the minimum statistic (Nichols et al., 2005), 

with a minimum cluster volume of 100mm3 (Beissner et al., 2013; Erickson et al., 2014; Turkeltaub et al., 

2012). In a final step we conducted a conjunction across the analyses of motor imagery, action 

observation, and movement execution to identify neural substrates commonly recruited by all three tasks. 

 

2.6 Labeling  

Results were anatomically labeled according to their most probable macroanatomical and 

cytoarchitectonic/tractographically assessed locations using the SPM Anatomy Toolbox 2 extension 

(Eickhoff et al., 2007, 2006, 2005). Additional functional labels for motor and premotor cortical regions 

were identified using the human motor area template (HMAT) as defined by Mayka et al. (2006). 

Coordinates were reported based on peak maxima in MNI space. 
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3 Results 

3.1 Meta Analyses 

In a first step we conducted quantitative meta-analysis of motor imagery, movement execution, and 

movement execution (Figure 1). 

 

Figure 1: Quantitative meta-analyses of the three tasks. Note that no slices are shown for action 

observation as the meta-analysis did not identify clusters with maxima in subcortical areas.  
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3.1.1 Motor Imagery 

Table 2: Peak coordinates identified by the meta-analysis of motor imagery 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y z 

7445 8.57 L posterior-medial frontal cortex (SMA)  -4 0 60 
 8.41 L superior Frontal gyrus (PMd)  -26 -6 54 
 8.36 L IFG (p. opercularis) (PMv)  Area 44    -56 8 10 
 8.34 L precentral Gyrus (PMv)  -54 6 34 
 8.33 L precentral Gyrus (PMv)  -56 8 32 
 8.33 L posterior-medial frontal (pre-SMA)  0 12 48 
 8.32 L putamen  -24 2 2 
 5.11 L insula lobe  -32 18 6 
 4.41 L pallidum  -16 -2 2 
 3.78 L ,iddle frontal gyrus  -24 12 54 
 3.53 L midcingulate cortex  -6 26 36 
       
3474 8.39 L inferior parietal lobule   -38 -40 48 
 8.33 L superior parietal lobule   Area 7A (SPL) -18 -64 54 
 7.09 L inferior parietal lobule   Area PFcm (IPL) -54 -36 24 
 6.66 L inferior parietal lobule   Area PFt (IPL) -54 -32 38 
       
2803 8.36 R middle frontal gyrus (PMd)  32 -2 56 
 6.91 R precentral gyrus (PMd)  52 2 46 
 6.66 R putamen  22 6 4 
 6.19 R insula lobe  36 20 2 
 6.14 R IFG (p. opercularis) (PMv)  Area 44    56 12 12 
 5.96 R precentral gyrus (PMv)  54 8 34 
 5.90 R IFG (p. opercularis) (PMv)  Area 44    56 10 22 
       
908  7.69 R inferior parietal lobule   40 -38 46 
 4.39 R postcentral gyrus (S1)  46 -32 56 
       
567  7.93 R cerebellum (VI)  Lobule VI (Hem) 36 -56 -30 
       
474  5.20 R superior parietal lobule   Area 7A (SPL) 18 -60 64 
 4.39 R superior parietal lobule  14 -68 48 
 3.76 R superior parietal lobule    22 -60 50 
       
398  7.09 L cerebellum (VI)  Lobule VI (Hem) -32 -56 -32 
       
223  5.03 L middle frontal gyrus (DLPFC)  -36 40 24 
 

Motor Imagery primarily recruited a network of bilateral premotor, rostral inferior and middle superior 

parietal, basal ganglia, and cerebellar regions. Two large bilateral premotor clusters spanned the SMA-

proper and pre-SMA, extending to the dorsal and ventral premotor cortices. The left premotor cluster also 

extended to encompass areas of the cingulate and putamen (notably, a separate smaller cluster also 

included the right putamen). Two bilateral parietal clusters spanned the inferior and superior parietal 
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lobules, with right lateralized activations in the inferior parietal sulcus. Further subcortical clusters were 

identified biltaterally in lobule VI of the cerebellum. There was also a relatively small cluster in the left 

middle frontal gyrus consistent with the dorsolateral prefrontal cortex (Al-Hakim et al., 2006). 
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3.1.2 Action Observation 

Table 3: Peak coordinates from the meta-analysis of action observation 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y z 

7381 8.86 L middle occipital gyrus  hOc5 [V5/MT] -48 -72 2 
 8.60 L superior parietal lobule   Area 7PC (SPL) -34 -46 56 
 8.42 L inferior parietal lobule  Area PFt (IPL) -56 -26 36 
 8.42 L inferior temporal gyrus  -42 -46 -18 
 8.42 L inferior parietal lobule  Area PFcm (IPL) -52 -38 24 
 8.42 L middle temporal gyrus  -52 -48 8 
 5.70 L superior occipital gyrus  hOC1 [V1]  -10 -100 6 
 5.61 L inferior occipital gyrus  hOc3v [V3v] -22 -90 -10 
 4.62 L middle occipital gyrus  hOc3d [V3d] -24 -96 10 
 4.13 L superior occipital gyrus  -24 -74 40 
       
7126 8.88 R middle temporal gyrus  hOc5 [V5/MT] 48 -66 0 
 8.51 R inferior parietal lobule    34 -42 54 
 8.48 R middle temporal gyrus  54 -42 8 
 8.46 R superior temporal gyrus   60 -36 18 
 8.42 R fusiform gyrus  42 -48 -18 
 5.68 R inferior occipital gyrus  38 -84 -4 
 5.49 R inferior parietal lobule   58 -22 40 
 5.07 R middle occipital gyrus  hOc3v [V3v] 28 -94 0 
 4.80 R lingual gyrus  hOc3v [V3v] 26 -90 -8 
 4.25 R fusiform gyrus  hOc4v [V4(v)] 28 -78 -10 
       
3575 8.68 L superior frontal gyrus (PMd)  -26 -6 54 
 8.50 L IFG (p. opercularis) (PMv)  Area 44    -48 10 24 
 8.47 L precentral gyrus (PMv)  -52 6 36 
 8.43 L precentral gyrus (PMd)  -48 -2 46 
 7.42 L insula lobe  -34 20 0 
 4.78 L IFG (p. triangularis)  Area 45    -50 32 10 
 4.71 L IFG (p. triangularis)  Area 44    -52 16 4 
 3.61 L IFG (p. orbitalis)  -44 28 -4 
 3.47 L IFG (p. triangularis)  -52 30 -2 
       
2959 8.50 R precentral gyrus  (PMv)  52 8 32 
 8.48 R precentral gyrus (PMd)  30 -6 56 
 8.43 R precentral gyrus (PMd)  46 2 48 
 5.76 R insula lobe  34 22 -2 
 5.12 R IFG (p. triangularis)  Area 45    54 30 0 
 3.91 R IFG (p. triangularis)  Area 45    48 30 16 
 3.71 R IFG (p. orbitalis)  46 24 -4 
       
893  8.39 L posterior-medial frontal (pre-SMA)  -2 12 52 
 5.14 L posterior-medial frontal  -2 6 62 
       
210  6.89 R superior occipital gyrus  26 -80 36 
 3.42 R middle occipital gyrus  30 -78 26 
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The action observation meta-analysis identified the network with the greatest overall volume of the three 

meta-analyses conducted. Similarly to the imagery network, action observation recruited a bilateral 

network of premotor and parietal regions; however, this network included large parietal-occipital volumes, 

and identified more bilateral clusters. Two large bilateral clusters spanned the dorsal and ventral premotor 

cortices, while a third smaller premotor cluster was identified in the bilateral pre-SMA. A smaller cluster 

included the right superior occipital gyrus.The two largest clusters identified by this analysis covered 

bilateral parietal-occipital regions, spanning from the superior parietal lobule down to the inferior parietal 

lobule, and portions of the occipital cortex. Notably, these parieto-occipital clusters included some minor 

bilateral excursions into the bilateral cerebellum that did not include peak maxima. It is thus notable that 

action observation did not lead to any consistent recruitment of subcortical regions. 
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3.1.3 Movement execution 

Table 4: Local maxima from the meta-analysis of movement execution 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y z 

3110 8.38 L precentral gyrus (M1)  Area 4a    -38 -22 56 
 7.10 L postcentral gyrus (S1)  Area 2     -50 -24 46 
 6.43 L rolandic operculum  Area OP 1  -46 -24 18 
 5.77 L inferior parietal lobule  -50 -26 28 
 5.16 L inferior parietal lobule  -60 -22 16 
 3.53 L inferior parietal lobule  Area PFt (IPL) -60 -32 32 
       
1775 8.39 L posterior-medial frontal (SMA)  -2 0 54 
 4.72 L midcingulate cortex  -4 8 40 
 4.68 L posterior-medial frontal cortex (SMA)  -6 -22 50 
       
1668 8.31 L rolandic operculum (PMv)  -48 2 6 
 7.59 L putamen  -26 -6 0 
 7.15 L precentral gyrus (PMv)  Area 44    -56 8 28 
 4.35 L precentral gyrus (PMv)  -54 0 40 
 3.84 L IFG (p. opercularis)  -50 16 20 
       
1441 8.31 R cerebellum (VI)  Lobule VI (Hem) 20 -54 -24 
 6.30 Cerebellar vermis (VI)  Lobule VI (Hem) 6 -64 -18 
 5.78 Cerebellar vermis (IV/V)  Lobule V (Hem) 2 -56 -4 
 5.23 R cerebelum (IV-V)  Lobule V (Hem) 16 -40 -24 
       
1347 6.50 R precentral gyrus (M1)  40 -18 60 
 5.62 R postcentral gyrus (S1)   42 -26 60 
 4.90 R postcentral Gyrus (S1)  Area 1     54 -20 44 
 4.55 R rolandic operculum  50 -24 20 
 4.32 R inferior parietal lobule  58 -30 44 
 4.26 R inferior parietal lobule  52 -24 34 
       
1115 8.04 R insula  48 6 4 
 6.45 R IFG (p. opercularis)  Area 44    58 10 28 
 5.93 R IFG (p. opercularis)  Area 44    60 12 12 
 4.95 R temporal pole  54 14 -6 
       
615  7.52 L cerebelum (VI)  Lobule VI (Hem) -24 -54 -24 
 3.16 L cerebelum (IV-V)  -6 -52 -18 
       
383  8.33 L thalamus  Thal: Prefrontal -14 -20 6 
       
249  5.23 R putamen  24 -4 8 
 4.42 R pallidum  22 -4 -6 
 4.35 R pallidum  24 -2 -4 
 4.19 R pallidum  26 -4 -2 
       
193  7.46 R thalamus  Thal: Premotor 14 -18 6 
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The network identified by the movement execution meta-analysis was the smallest in volume of the three 

meta-analyses. Cortical activations spanned the sensorimotor and premotor cortices, and included small 

regions of the inferior parietal lobule, while subcortical clusters were identified in the bilateral thalamus, 

putamen, and cerebellum. Though larger in the left hemisphere, two bilateral clusters spanned the 

primary motor and primary somatosensory cortex, with anterior regions reaching into the dorsal premotor 

cortex. Premotor convergence was identified in three clusters; a cluster spanning the bilateral SMA 

(extending down to the cingulate cortex), and two bilateral clusters across the ventral premotor cortex. 

Consistent with the bilateral but primarily left-lateralized clusters in the sensorimotor cortex, subcortical 

activity included bilateral (primarily left lateralized) clusters in the thalamus, and bilateral (primarily right-

lateralized) clusters in cerebellar lobule VI.  
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3.2 Subanalyses 

A series of subanalyses were conducted on experiments in which the tasks were performed 

predominantly with the leg, arm, or face (Figure 2). These analyses aimed to better characterize the 

volumes for each task, and to probe for somatotopic organization within the identified networks. 

 

Figure 2: Subanalyses for each task conducted according to the body part used.  
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3.2.1 Motor Imagery by Body Part 

Results for the subanalyses examining only imagery tasks performed with either the leg or arm were 

broadly consistent with those of the main analysis of motor imagery. The exploratory analysis of the six 

studies examining motor imagery with the face identified no converging activations. Notably, tasks 

performed with the leg recruited the right dorsolateral prefrontal cortex. Motor imagery with both the leg 

and arm recruited a similarly located volume in the right cerebellum; tasks performed with the leg also 

recruited clusters in the left cerebellum and cerebellar vermis, most likely due to the bilateral nature of the 

included tasks. While previous studies have reported that motor imagery recruits premotor and parietal 

regions in a somotatopic manner (Stippich et al., 2002), there was little evidence of such organization 

within the present results. 

 

3.2.2 Action Observation by Body Part 

Subanalyses of action observation tasks performed using the leg, arm, and face identified sub-networks 

consistent with the main analysis. This analysis identified limited evidence of somatotopic organization in 

the premotor and parietal lobes, with a greater likelihood of superior regions being recruited by observing 

the leg, and a greater likelihood for inferior regions being recruited when observing the face. The 

subanalyses also identified a region of the right extrastriate visual cortex responsive to actions performed 

with the leg, arm, or face. Notably, contrary to the main analysis, the subanalysis of action observation 

tasks involving the face identified consistent recruitment of the left thalamus and bilateral amygdala. 

 

3.2.3 Movement Execution by Body Part 

The subanalyses performed on movement execution tasks performed with the leg and arm, and the 

exploratory subanalysis of the 12 studies involving movements of the face, identified a network similar to 

that found in the main analysis. An interesting feature of these subanalyses was their somatotopic 

recruitment of cortical and subcortical areas. In the primary motor cortex, activity along the central sulcus 

was consistent with classic motor mappings (Penfield and Rasmussen, 1950), with a superior cluster 
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associated with leg activity, a relatively central cluster associated with arm activity (including the region of 

M1 associated with the hand; Yousry et al., 1997), and a more inferior cluster associated with the face. 

The right cerebellum was also recruited in a somatotopic manner; tasks performed with the leg, arm, or 

face corresponded to relatively anterior, central, and posterior regions, respectively (Figure 2, lower 

panel). 
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3.3 Contrast Analyses 

ALE contrast analyses identified regions more consistently implicated with one of the tasks when 

compared to another (Figure 3).  

 

Figure 3: Contrast analyses. Note that small regions of apparent 'overlap' present areas that are rendered 

on the cortical surface, but are present at different depths. No slices are shown for the comparison 

between action observation and movement execution as no subcortical clusters were identified in the 

analysis. 
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3.3.1 Motor Imagery vs Action Observation 

Motor imagery was more consistently associated with recruiting a majority of premotor regions, including 

bilateral SMA, PMd, and PMv. Imagery was also more consistently linked with parietal regions, recruiting 

bilateral areas of the inferior parietal lobe, and regions of the (mainly left) superior parietal lobe. The left 

DPMFC was also more likely to be recruited by imagery than action observation. At a subcortical level the 

bilateral putamen and cerebellum were both more consistently linked with motor imagery tasks in 

comparison to action observation.  

Relatively few clusters were identified as being more likely to be recruited during action observation when 

compared to motor imagery. These areas included  relatively small, bilateral regions of the inferior frontal 

gyrus and areas of the right inferior/superior parietal lobule (Notably, these regions correspond to the 

premotor and parietal regions in which mirror-neurons have been identified in non-human primates - see 

Fogassi et al., 2005; Gallese et al., 1996). 

 

3.3.2 Motor Imagery vs Movement Execution 

Motor imagery was, when compared to movement execution, more consistently associated with recruiting 

premotor regions, including the bilateral pre-SMA, PMd, and left PMv. A large area of the left parietal 

cortex, spanning the inferior and superior parietal lobule, was also more consistently associated with 

motor imagery than movement execution. No subcortical regions were more closely associated with 

motor imagery than movement execution. 

By contrast, movement execution was, in comparison to motor imagery, more consistently implicated with 

classic sensorimotor regions including the SMA-proper and cingulate motor areas, left primary motor and 

somatosensory cortex, and bialteral ventral premotor cortex. At a subcortical level movement execution 

was associated with recruitment of the left putamen and lobule VI of the right cerebellum. 
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3.3.3 Action Observation vs Movement Execution 

Action observation, in comparison to movement execution, recruited a mainly bilateral network of 

premotor, parietal, and occipital regions. This included the Pre-SMA, bilateral PMd and PMv, bilateral 

inferior and superior parietal lobe, and bilateral visual cortex. No subcortical regions were more closely 

associated with action observation when compared to movement execution. 

Regions more consistently associated with movement execution than action observation included a 

mainly bilateral cortical sensorimotor network. This included the SMA proper, left primary motor cortex, 

bilateral somatosensory cortex, and bilateral ventral premotor cortex. No subcortical regions were found 

to be more consistently implicated in movement execution than action observation. 
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3.4 Volume Comparisons 

In a series of volume comparisons, we quantified the extent to which each identified volume was unique, 

and to which it overlapped with other analyses (Figure 4). This analysis therefore quantified the similarity 

and disparity between each identified network. 

 

Figure 4: Volume Comparisons. Bar chart illustrates the number of voxels contributing to the volume for 

each task. Pie charts illustrate the percentage of each volume that is unique to one task, or overlaps with 

other tasks.  Note that the bar chart illustrates that the overall volume of each network differs; thus, the 

same absolute volume of overlap represents a different percentage of the corresponding individual 

networks. 
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3.4.1 Imagery and Observation 

There was considerable overlap between the volumes involved in action simulation. The majority (53%) of 

voxels identified as being involved in motor imagery were also identified as being involved in action 

observation. Motor imagery also recruited 39% of the volume identified by action observation. 

As the volume of the motor imagery network was smaller than that for action observation, we conducted a 

secondary volume matched analysis. We iteratively increased the threshold of the larger (observation) 

analysis until the volume of voxels approximately matched that of the imagery analysis. This resulted in a 

43% overlap between each network. 

 

3.4.2 Imagery and Execution 

The networks involved in motor imagery and movement execution were also relatively comparable. 29% 

of voxels identified in the analysis of motor imagery were also identified as being involved in movement 

execution. Imagery also recruited 40% of the voxels that were identified in the movement execution 

analysis. Matching these volumes to the smaller (movement execution) result indicated that 33% of 

voxels for each analysis were involved in both modalities. 

 

3.4.3 Observation and Execution 

The overlap between observation and execution (i.e. the analysis for potential 'mirror' areas) was smaller 

than those identified in the analyses above. For the volume involved in observation, only 13% of voxels 

were also involved in execution. In comparison, observation recruited 24% of voxels identified by the 

movement execution analysis. As the volume of the observation network was almost twice that of the 

execution network, more strict thresholding of the observation analysis such that it matched the execution 

analysis indentified that only 14% of the resulting volumes were active across both analyses. 
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3.4.4 Imagery, Observation, and Execution 

The majority of the volume identified by motor imagery was also recruited by at least one other task. 

While 32% of the volume was uniquely recruited during motor imagery, a larger proportion (39%) was 

recruited by motor imagery and action observation. Smaller proportions of the imagery volume were also 

active during movement execution (15%), or were active across all three tasks (14%). 

The volume identified by action observation was generally unimodal; 59% of the voxels were recruited by 

action observation alone. There was greater overlap between action observation and motor imagery (29% 

than action observation and movement execution (3%). In total, 10% of the voxels involved in action 

observation was recruited by all three tasks. 

Most of the voxels recruited during movement execution were also unimodal, with 55% of the volume 

responding only during movement execution. There was a greater overlap between movement execution 

and motor imagery (21%) than movement execution and action observation (5%), though 19% of the 

volume recruited by movement execution was involved in all three tasks. 

These results changed little when the volume of the motor imagery and action observation networks were 

matched to the smaller volume of the movement execution analysis. For the motor imagery volume, 39% 

was unique to imagery, 29% overlapped with observation alone, 21% overlapped with execution, and 

12% overlapped across all three tasks. For action observation, 57% of the volume was unimodal, 29% 

overlapped only with motor imagery, 3% overlapped only with movement execution, and 12% overlapped 

across all three tasks. Finally, for movement execution, 65% of the volume was not active in other tasks, 

21% was activated only during both motor imagery and movement execution, 3% overlapped between 

action observation and movement execution, and 12% overlapped across all tasks.  
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3.5 Conjunction Analyses 

Models comparing motor imagery, action observation, and movement execution have proposed that they 

all recruit a shared network of brain regions. similar networks of brain regions. Here we tested this 

hypothesis by conducting a series of conjunction analyses using the minimum statistic to identify regions 

consistently recruited by more than one task (Figure 5).   

 

Figure 5: Conjunction analyses conducted across combinations of the tasks. Note that slices are only 

shown in cases where analyses identified subcortical clusters.  
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3.5.1 Motor Imagery ∩ Action Observation 

Table 5: Peak coordinates from the conjunction between motor imagery and action observation 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y Z 

2512 8.39 L inferior parietal lobule   -38 -40 48 
 7.09 L inferior parietal lobule  Area PFcm (IPL) -54 -36 24 
 6.48 L inferior parietal lobule   Area PFt (IPL) -54 -30 38 
 6.15 L superior parietal lobule   Area 7A (SPL) -22 -60 58 
 5.95 L superior parietal lobule   Area 7A (SPL) -24 -54 64 
       
2304 8.41 L superior frontal gyrus (PMd)  -26 -6 54 
 8.34 L precentral gyrus (PMv)  -54 6 34 
 8.32 L precentral gyrus (PMv)  Area 44    -56 8 28 
 8.04 L IFG (p. opercularis) (PMv)  Area 44    -54 10 14 
 7.29 L precentral gyrus (PMd)  -42 -2 52 
       
1584 8.36 R middle frontal gyrus (PMd)  32 -2 56 
 6.91 R precentral gyrus (PMd)  52 2 46 
 5.96 R precentral gyrus (PMv)  54 8 34 
 5.82 R IFG (p. opercularis) (PMv)  Area 44    54 10 22 
 5.24 R IFG (p. opercularis) (PMv)  Area 44    52 12 12 
       
805  7.99 L posterior-medial frontal (pre-SMA)  -2 10 52 
 5.14 L posterior-medial frontal (pre-SMA)  -2 6 62 
       
703  7.69 R intraparietal sulcus   Area hIP2 (IPS) 40 -38 46 
       
280  4.96 R superior parietal lobule   Area 7A (SPL) 18 -62 62 
 3.75 R superior parietal lobule   14 -66 52 
 3.66 R intraparietal sulcus   Area hIP3 (IPS) 20 -60 52 
 3.59 R superior parietal lobule    24 -60 50 
       
188  4.84 L insula  -32 20 4 
 3.81 L insula  -40 16 2 
       
119  5.13 R insula  34 20 0 
       
98 4.98 R cerebellum (VI)    40 -56 -24 
 

A conjunction between motor imagery and action observation identified areas consistently recruited 

during action simulation. This action simulation network included primarily bilateral premotor and rostral 

parietal regions, with greater cortical volumes being identified in the left hemisphere. A premotor cluster 

spanning the midline was identified within the pre-SMA, and further bilateral clusters spanned the dorsal 

and ventral premotor cortex for each hemisphere. Bilateral clusters were identified across the superior 

and inferior parietal lobules. Notably, a relatively small cluster was as having a peak maximum in the right 
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cerebellar hemisphere. However, further inspection identified that the region from the action observation 

meta analysis that contributed to this cluster primarily corresponded to the extra-striate visual area, and 

featured a small incursion into the cerebellum without peak maxim. This indicates that the cerebellar 

cluster identified in the conjunction analysis may not have been driven by shared Cerebellar recruitment 

per-se, but could instead be attributed to some coincidental overlap between adjacent clusters. 
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3.5.2 Motor Imagery ∩ Movement execution 

Table 6: Local maxima from the conjunction between motor imagery and movement execution  

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y z 

1308 8.39 L posterior-medial frontal  -2 0 54 
       
776  7.77 L Rolandic Operculum  -52 4 8 
 7.15 L Precentral Gyrus  Area 44    -56 8 28 
 4.35 L Precentral Gyrus  -54 0 40 
 3.65 L IFG (p. Opercularis)  -52 14 20 
       
698  6.00 L Postcentral Gyrus  Area 2     -42 -32 48 
 5.83 L Postcentral Gyrus  Area 2     -38 -34 50 
 5.65 L Postcentral Gyrus  Area 3b    -42 -36 58 
 5.35 L Inferior Parietal Lobule   -50 -28 44 
 4.99 L Inferior Parietal Lobule   -54 -26 40 
 4.98 L Superior Temporal Gyrus   -50 -36 22 
 3.53 L inferior Parietal Lobule  Area PFt (IPL) -60 -32 32 
       
526  5.62 R IFG (p. Opercularis)  54 10 30 
 5.59 R IFG (p. Opercularis)  Area 44    58 10 22 
 5.58 R IFG (p. Opercularis)  Area 44    58 12 12 
 5.28 R IFG (p. Opercularis)  Area 44    54 10 8 
       
360  7.25 L Putamen  -26 -2 4 
       
232  5.95 L Precentral Gyrus  -34 -10 60 
       
202  5.68 R Cerebellum (VI)  Lobule VI (Hem) 30 -58 -26 
       
176  5.43 L Cerebellum (VI)  Lobule VI (Hem) -28 -56 -28 
       
171  4.71 R Putamen  24 2 8 
 4.60 R Pallidum  24 -4 4 
 4.35 R Pallidum  24 -2 -4 
 4.19 R Pallidum  26 -4 -2 
       
151 4.39 R Postcentral Gyrus  Area 2     46 -32 56 
 3.85 R Inferior Parietal Lobule  Area PF (IPL) 56 -34 46 
 3.65 R Postcentral Gyrus  Area 2     48 -28 48 
       
146 5.18 R Superior Frontal Gyrus  34 -8 62 
 

A conjunction between motor imagery and movement execution identified a network including bilateral 

cortical sensorimotor and premotor clusters, with subcortical clusters of lesser volume in the putamen and 

cerebellum. In premotor regions, one cluster included the bilateral pre-SMA and SMA proper, and a 

further small cluster was identified in the right dorsal premotor cortex, while further bilateral clusters 
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included the ventral premotor cortex. Posterior to these premotor clusters were two bilateral clusters that 

each included the primary somatosensory cortex. Subcortically, the bilateral putamen and cerebellum 

(lobule VI) were also identified as consistent across both constituent analyses.  
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3.6 Action Observation ∩ Movement Execution 

Table 7: Results of the conjunction between action observation and movement execution 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractographic Label 

MNI Coordinates 
x y z 

957  7.05 L Postcentral Gyrus  Area 3b    -38 -32 50 
 5.96 L inferior Parietal Lobule   -54 -24 42 
 5.65 L Postcentral Gyrus  Area 3b    -42 -36 58 
 5.41 L Superior Temporal Gyrus   -50 -34 18 
 5.32 L inferior Parietal Lobule  Area PFt (IPL) -52 -26 30 
 5.26 L inferior Parietal Lobule  Area PFop (IPL) -50 -28 28 
 5.00 L inferior Parietal Lobule  -48 -30 26 
 4.07 L inferior Parietal Lobule   -58 -24 18 
 3.53 L inferior Parietal Lobule  Area PFt (IPL) -60 -32 32 
       
480  7.15 L Precentral Gyrus  Area 44    -56 8 28 
 6.17 L IFG (p. Opercularis)  Area 44    -54 6 12 
 4.35 L Precentral Gyrus  -54 0 40 
 3.85 L IFG (p. Opercularis)  -50 16 20 
       
440  6.57 L posterior-medial frontal  -2 8 54 
       
343  6.45 R IFG (p. Opercularis)  Area 44    58 10 28 
 4.65 R IFG (p. Opercularis)  Area 44    58 16 10 
       
229  4.49 R Postcentral Gyrus   56 -22 42 
 4.30 R Postcentral Gyrus  Area 2     44 -34 56 
 4.15 R Postcentral Gyrus  Area 3b    40 -32 56 
 4.01 R inferior Parietal Lobule  Area PFt (IPL) 52 -30 46 
       
169  5.79 L Precentral Gyrus  -34 -12 56 
       
117  4.85 R Superior Frontal Gyrus  36 -8 60 
       
60  4.39 R Cerebellum (VI)  Lobule VI (Hem) 38 -54 -24 
 

Consistent activations across action observation and movement execution were identified in a bilateral 

premotor, parietal, and sensorimotor and premotor network. Premotor regions included the bilateral pre-

SMA extending back into the left SMA-proper, separate clusters in the bilateral ventral premotor cortex, 

and a small cluster in the right dorsal premotor cortex. Parietal convergence spanned the inferior parietal 

lobule. A small cluster was identified in the right cerebellum; however, as in the conjunction of motor 

imagery and action observation, the further inspection of the action observation meta-analysis indicated 

that the contributing cluster originated in the visual cortex. Again, this is consistent with the cluster 

identified in the conjunction analysis not being a result of direct cerebellar recruitment in both constituent 

analyses; instead this may reflect coincidental overlap between adjacent clusters.  
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3.7 Motor Imagery ∩ Action Observation ∩ Movement Execution 

Table 8: Results of the conjunction across all three tasks (motor imagery, action observation, and 

movement execution). 

Cluster 
Voxels 

Z-score Macroanatomical 
Location 

Cytoarchitectonic/ 
Tractography Label 

MNI Coordinates 
x y z 

633  6.00 L Postcentral Gyrus  Area 2     -42 -32 48 
 5.83 L Postcentral Gyrus  Area 2     -38 -34 50 
 5.65 L Postcentral Gyrus  Area 3b    -42 -36 58 
 5.23 L Inferior Parietal Lobule   -52 -28 44 
 4.99 L Inferior Parietal Lobule   -54 -26 40 
 4.98 L Superior Temporal Gyrus  -50 -36 22 
 3.53 L inferior Parietal Lobule  Area PFt (IPL) -60 -32 32 
       
459  7.15 L Precentral Gyrus  Area 44    -56 8 28 
 6.17 L IFG (p. Opercularis)  Area 44    -54 6 12 
 4.35 L Precentral Gyrus  -54 0 40 
 3.65 L IFG (p. Opercularis)  -52 14 20 
       
440  6.57 L posterior-medial frontal  -2 8 54 
       
298  5.62 R IFG (p. Opercularis)  54 10 30 
 4.50 R IFG (p. Opercularis)  Area 44    56 14 10 
       
162  5.67 L Precentral Gyrus  -34 -10 58 
       
116  4.85 R Superior Frontal Gyrus  36 -8 60 
       
89  4.02 R Postcentral Gyrus  Area 2     44 -34 56 
 3.85 R Postcentral Gyrus  Area PFt (IPL) 50 -30 46 
 

A grand conjunction across motor imagery, action observation, and movement execution identified brain 

areas involved in both the simulation and performance of actions. This analysis identified a bilateral 

network of premotor, parietal, and sensory regions. Separate premotor clusters spanned the pre-SMA 

and left SMA-proper, and the bilateral dorsal and ventral premotor cortices. More posterior clusters 

included bilateral regions of parietal and sensorimotor cortex.   
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4 Discussion 

4.1 Task networks 

Here for the first time we quantified and compared the extent of the individual networks involved in motor 

imagery, action observation, and movement execution. This allowed us to assess the networks involved 

in action simulation tasks, and determine how they relate to the network involved in movement execution. 

As previous meta-analyses have examined the individual networks for motor imagery (Hétu et al., 2013) 

and action observation (Caspers et al., 2010), our discussion focuses on notable differences and 

similarities between these networks, and on their relation to the network for movement execution. 

 

4.1.1 Motor Imagery 

The meta-analysis of motor imagery identified a predominantly premotor-parietal network, with subcortical 

recruitment of the putamen and cerebellum. While our volume comparison analysis identified the greatest 

overlap between motor imagery and action observation, this was mainly limited to premotor and parietal 

regions. Later conjunction analyses identified a more diverse network of regions were both active during 

motor imagery and movement execution, including the midcingulate cortex, putamen, and cerebellum. 

Notably, the motor imagery meta-analysis was unique in identifying consistent recruitment of the 

dorsolateral prefrontal cortex (DLPFC), and corresponding regions of the frontal thalamus. This is in 

accord with the previously established role of the DLPFC in working memory, with a particular emphasis 

on spatial working memory (Barbey et al., 2013). The DLPFC is also implicated in frontal-executive 

functions related to action preparation (Mars and Grol, 2007), which is believed to have similar neural 

substrates to motor imagery. However, the DLPFC was not recruited during action observation or 

movement execution. DLPFC recruitment during motor imagery could therefore be mostly related to 

increased demands on working memory, as evidence indicates this can be separate to frontal-executive 

DLPFC functions recruited during more complex movement tasks (Rottschy et al., 2012; Wollenweber et 

al., 2014).  Alternatively, as the DLPFC plays a role in movement inhibition (Blasi et al., 2006; Nigel et al., 

2015), it may act to inhibit overt movement execution during motor imagery. 
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Both motor imagery and movement execution recruited areas of the midcingulate cortex. Motor imagery 

recruited a relatively anterior region proposed to play an important role in the more cognitive aspects of 

motor control (Hoffstaedter et al., 2013a). By contrast, movement execution recruited a relatively posterior 

region more directly associated with motor function (Picard and Strick, 1996; Procyk et al., 2014) 

Conjunction across the analyses identified a large cluster with peak maxima in the SMA that extended 

down into to the midcingulate cortex, but had no peak maxima within the cingulate itself. The majority of 

the overlap was in relatively posterior cingulate regions, consistent with a role in movement production.  

Motor imagery and movement execution both recruited bilateral areas of the putamen. A region of the 

basal ganglia that forms a critical node of the cortico-striatal sensorimotor circuit (Voon et al., 2015), the 

putamen is associated with automatic movement behaviors (Ashby and Crossley, 2012). Activity in the 

putamen correlates with the speed and extent of executed movements (Turner et al., 2003), consistent 

with evidence that the basal ganglia are involved in calculating the cost of movements (Shadmehr and 

Krakauer, 2008). This is notable as disorders of the basal ganglia related to Parkinson's disease lead 

patients to become slower to move (Dickson, 2017), and lead to increases in the duration of imagined 

movements (Helmich et al., 2007; Heremans et al., 2011). The putamen may therefore be involved in 

regulating the speed of self paced imagined or executed actions. This could also explain why the basal 

ganglia were not implicated in action observation; the viewer has no ability to regulate the speed of the 

observed action. 

The cerebellum was recruited during both motor imagery and movement execution; in particular, the right 

cerebellar lobule VI was consistently involved in both tasks as identified by a conjunction analysis. The 

highly consistent nature of the right cerebellar cluster is in accordance with previous observations of 

cerebellar-thalamo-motor connectivity (Buckner et al., 2011; Daskalakis et al., 2004). The cerebellum 

contains multiple representations of the body, and results from the meta-analysis of movement execution 

showed somatotopic effects in line with previous work (Buckner et al., 2011; Debaere et al., 2001) 

.Cerebellar lobule VI contains body representations that are most prominent during movement execution 

(Schlerf et al., 2010). However, our subanalysis of motor imagery identified little evidence of somatotopic 
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recruitment of the cerebellum. This may suggest that the function for which the cerebellum was recruited 

differed between motor imagery and movement execution (discussed further below).  

 

4.1.2 Action Observation 

The action observation meta-analysis identified a cortical network of mainly premotor-parietal and 

occipital regions. Occipital regions were uniquely associated with action observation, which was 

unsurprising given the use of visual stimuli in the included contrasts. Notably, a subanalysis examining 

action observation studies according to the limb being observed identified three notable features of the 

network. First, we identified a right hemisphere extrastriate visual region that responded to the 

presentation of actions performed across the leg, arm, or face. This is consistent with previously 

described sensitivity of this extrastriate region to the observation of movement and parts of the body 

(Born and Bradley, 2005; Downing et al., 2001; Ferri et al., 2013; Urgesi et al., 2007); for a review see 

Lingnau and Downing, 2015). Second, the subanalysis identified bilateral recruitment of the amygdala in 

response to observing faces, consistent with the emotional content of the facial stimuli presented in many 

of the included experiments (Carr et al., 2003; Grosbras and Paus, 2005; Lenzi et al., 2009; van der Gaag 

et al., 2007). This is in line with work indicating that action observation can include empathic components 

(Avenanti et al., 2005). Finally, this subanalysis also provided limited evidence of somatotopic 

organization within the premotor and parietal cortex, in line with previous work (Buccino et al., 2001; 

Jastorff et al., 2010; Lorey et al., 2013). 

In a contrast analysis, motor imagery was more consistently associated with recruiting a wide range of 

premotor and parietal regions than action observation. There were, however, notable exceptions to this, 

with small clusters in the inferior frontal gyrus (ventral premotor cortex) and inferior/superior parietal 

cortex being more closely associated with action observation than motor imagery. This is notable as the 

regions identified are highly consistent with the areas in which mirror neurons have been identified in 

nonhuman primates (di Pellegrino et al., 1992; Fogassi et al., 2005; Rizzolatti et al., 1996a). 
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A notable result was that the main analysis of action observation did not identify consistent recruitment of 

subcortical areas. While a cluster spanning parietal and extrastriate visual areas did include a relatively 

small area of the cerebellum, no peak maxima were identified within the cerebellum itself. This result is 

consistent with a previous meta-analysis of action observation that found no evidence of consistent 

recruitment of the cerebellum (Caspers et al., 2010).  

 

4.1.3 Movement Execution 

Movement execution recruited a cortical sensorimotor and premotor network, with further subcortical 

clusters in the putamen, thalamus, and cerebellum. While this analysis included relatively few studies, it 

was highly consistent with several previously identified hallmarks of the motor system. Specifically, 

subanalyses identified somatotopic recruitment of the primary motor cortex and cerebellum, consistent 

with established motor maps within these structures (Buckner et al., 2011; Penfield and Rasmussen, 

1950; Schlerf et al., 2010). The finding that this network also recruited the thalamus is consistent with the 

well established role of this structure as a cortico-subcortical relay (Sommer, 2003). Finally, we note that 

the network for movement execution identified here recruited a similar volume to that identified in our 

previous meta-analysis of motor learning (Hardwick et al., 2013). Notably, only the movement execution 

network was found to consistently recruit the primary motor cortex (see below for further discussion).  

 

4.2 Consistent sub-network for Motor Imagery, Action Observation, and Movement Execution 

A conjunction across motor imagery, action observation, and movement execution identified a network of 

premotor, rostral parietal, and somatosensory regions.  

 

4.2.1 Premotor Cortex 

The bilateral ventral premotor cortex, dorsal premotor cortex, and pre-SMA were all consistently 

implicated in motor imagery, action observation, and movement execution. These regions of premotor 

cortex are typically associated with action preparation (Hoshi and Tanji, 2007), and with linking arbitrary 
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stimuli or conditions to actions (Nachev et al., 2008; Wise and Murray, 2000). The ventral premotor cortex 

interacts with the primary motor cortex to shape the hand during grasping actions (Davare et al., 2009; 

Rizzolatti et al., 1988), suggesting PMv plays an important role in fine motor coordination. Work in 

primates indicates that the macaque homologue of PMv contains 'mirror neurons', sensitive to both the 

observation and execution of actions (di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 

1996a).  Similar to PMv, PMd has reciprocal connections with M1 and the spinal cord, but has limited 

ability to directly contribute to movement execution (Boudrias et al., 2010; Dum and Strick, 2005). PMd is 

therefore believed to play more of a role in action selection than execution (Halsband et al., 1993; 

Rushworth et al., 1998). A particularly notable property of PMd neurons is that their firing patterns change 

as primates learn arbitrary associations between stimuli and actions (Wise and Murray, 2000). The 

visuomotor associative properties of premotor cortex have been examined in studies that have 

established 'mirror' and 'counter-mirror' responses in ventral and dorsal premotor areas through training 

(Catmur et al., 2011, 2008). Similarly, SMA is associated with linking conditional rules to actions (Nachev 

et al., 2008), and is important to self-initiated actions (Deecke and Kornhuber, 1978; Hoffstaedter et al., 

2013b). The more anterior pre-SMA regions identified in the grand conjunction analysis are consistently 

associated with both motor tasks, and with non-motor cognitive processes (Leek and Johnston, 2009; 

Tanaka et al., 2005), consistent with the demands required during motor imagery tasks. The multimodal 

properties of these premotor regions are therefore consistent with their activation across motor imagery, 

action observation, and motor execution tasks.   

 

4.2.2 Parietal Cortex 

The bilateral inferior parietal lobule region PFt was consistently activated across all analyses. The parietal 

cortex is typically involved in processing multisensory information (Block et al., 2013), and PFt is involved 

in the performance of motor behaviors and the processing of tactile information (Klann et al., 2015), with a 

special role in tool use (Orban, 2016). Human area PFt has been proposed as the homologue of primate 

area PF (Caspers et al., 2010), which contains mirror neurons (Fogassi et al., 2005). The consistent co-

activity of the parietal and premotor cortices identified by the conjunction analyses is consistent with their 
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interactions during visuomotor control of actions (Wise et al., 1997). Patients with damage to the parietal 

lobule also have impairments in using mental imagery to accurately predict the time required to perform 

motor tasks (Sirigu et al., 1996).  

While large portions of the parietal cortex were involved in the networks for motor imagery and action 

observation, it was involved to a much lesser extent in movement execution. Notably, the movement 

execution tasks in the present sample were relatively simple, and evidence from lesion studies indicates 

that parietal damage has more pronounced effects on complex actions (De Renzi et al., 1983; Weiss et 

al., 2008). Therefore, the relative simplicity of the actions performed in the movement execution 

conditions may contribute to this effect.  

 

4.2.3 Somatosensory Cortex 

The recruitment of somatosensory regions during motor imagery is consistent with the kinesthetic aspects 

of motor imagery (i.e. imagining the sensations associated with performing actions). Models of action 

observation have also proposed that 'mirror' properties extend beyond the motor system to those involved 

in movement execution (Keysers and Gazzola, 2009). The prominent 'threshold theory' of mirror-touch 

synesthesia (a condition in which observing another person being touched evokes the sensation of being 

touched) proposes that somatosensory mirror activity occurs in all individuals, only becoming mirror-touch 

synesthesia once it passes the threshold for active perception (Ward and Banissy, 2015). In movement 

execution, sensory information provides critical feedback for the accuracy of movements, allowing 

comparison of the actual and predicted sensory consequences of actions (Hardwick et al., 2012; Muckli 

and Petro, 2017). This finding is also consistent with models proposing that motor imagery, and 

potentially action observation, lead to sensory efference in a similar manner as movement execution 

(Crammond, 1997). 
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4.3 Comparisons with previous models 

Jeannerod's (2001) simulation theory proposed the same network of brain regions are recruited during 

motor imagery, action observation, and movement execution. The proposed simulation network included 

the primary motor cortex, corticospinal pathway, basal ganglia, cerebellum, premotor cortex, parietal 

cortex, and prefrontal cortex. The majority of these areas were found to be active across at least two of 

the tasks identified in our analyses; however, we found only truly consistent recruitment of the premotor 

and rostral parietal cortices across all tasks, and in addition identified converging activity in the primary 

somatosensory cortex. The premotor and parietal network identified here is therefore broadly consistent 

with previous models proposing that motor imagery, action observation, and movement execution recruit 

the same neural structures (Crammond, 1997; Grèzes and Decety, 2001; Jeannerod, 2001).  

The involvement of the primary motor cortex in action simulation has long been a subject of debate. 

Jeannerod (2001) argued that fMRI results show clear involvement of M1 in action simulation. In contrast, 

Grèzes and Decety (2001) proposed that the recruitment of M1 during action simulation was ambiguous; 

they noted that PET studies generally showed no involvement of M1, while fMRI studies did report 

recruitment of sensorimotor cortex. However, meta-analyses of neuroimaging data provide evidence 

against the recruitment of M1 during action simulation. Caspers et al., (2010) found evidence that M1 may 

only be recruited during action observation when participants view actions with the intention to imitate 

them. Similarly, Hétu et al., (2013) found no evidence of consistent recruitment of M1 during motor 

imagery. The results of the present study are consistent with the view that M1 is only recruited during 

movement execution. However, we note early reviews reported that increases in M1 activity reported 

during action simulation tasks were less than those seen during movement execution (Grèzes and 

Decety, 2001; Jeannerod, 2001), and that it has been proposed that M1 may be active at a level lower 

than to induce peak maxima (Lotze and Halsband, 2006). 

Studies using TMS to show increases in corticospinal excitability during motor imagery and action 

observation have also been cited as evidence that M1 is recruited during action simulation (for a review 

see Loporto et al., 2011). Similarly, later studies of action observation in non-human primates have 

provided evidence of mirror neurons in M1 (Dushanova and Donoghue, 2010; Tkach et al., 2007; 
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Vigneswaran et al., 2013). However, these data provide conflicting results; while early TMS studies 

indicated increases in M1 excitability, recordings from the primate corticospinal tract indicate that neurons 

in M1 show a suppression of their firing rates in response to observing actions (Vigneswaran et al., 2013). 

This discrepancy indicates that these TMS results are unlikely to result from direct increases in M1 

excitability, but could result from the premotor cortex acting to increase MEP amplitudes through cortico-

cortical or cortico-subcortical pathways (Fadiga et al., 2005).  

Conjunctions across the networks identified relatively little consistent recruitment of subcortical structures. 

Action observation did not consistently recruit the subcortical structures, and, contrary to proposed 

models, did not appear to directly recruit the cerebellum (Miall, 2003). Notably, motor imagery and 

movement execution did both recruit regions of the thalamus, putamen, and cerebellum. This runs 

counter to earlier reports that proposed the basal ganglia were not recruited during motor imagery (for 

review see Jackson et al., 2001). This difference may be due to earlier studies not providing whole-brain 

coverage due to a-priori hypotheses and technical limitations. The consistent recruitment of subcortical 

structures associated with movement execution during motor imagery, but not during action observation, 

may have important implications for translational research (see below).  

 

4.3.1 Is Co-activation Across Tasks Evidence of Functional Equivalence? 

Previous studies have proposed that overlapping activations during motor imagery, action observation, 

and movement execution provide evidence of 'functional equivalence' within these regions; that the same 

regions perform the same computations across the three different tasks. This stems from an intuitive 

assumption that it would be inefficient to develop distinct networks for these similar tasks (Hétu et al., 

2013), and could explain the majority of the overlap between the networks identified in our analyses.  

It is, however, difficult to infer the exact role a region plays in a task on the basis of neuroimaging data 

(Poldrack, 2006). Furthermore, activation across multiple tasks is not necessarily consistent with 

functional equivalence. For example, our subanalysis of motor imagery indicated that the same region of 

the cerebellum was recruited regardless of whether the task was performed with the leg, arm, or foot, 
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whereas our subanalysis of movement execution identified clear somatotopic recruitment of the 

cerebellum. Thus, while a conjunction across tasks identified a region of the cerebellum that was 

consistently implicated in both motor imagery and action observation, it does not necessarily indicate that 

the cerebellum functions in the same manner across both tasks. Furthermore, the traditional BOLD 

contrast used in fMRI studies, and the haemodynamic response as measured in PET studies, provide 

only indirect evidence of functional equivalence. As each voxel contains many thousands of neurons, it is 

possible that co-activation across tasks could be due to the responses of separate sub-populations. This 

limitation is partially addressed through the use of fMRI repetition suppression - this approach assumes 

that the firing response of neurons will attenuate if they are consistently presented with a stimulus to 

which they are sensitive. A number of studies attempting to identify mirror neurons in the human brain 

have probed for 'cross-modal' repetition suppression between action observation and movement 

execution with mixed results (for a review see Kilner and Lemon, 2013). Unfortunately, many of these 

studies used a limited search volume restricted to premotor regions, and were therefore not suitable to be 

included in the present meta-analyses. We therefore conclude that the co-activation across motor 

imagery, action observation, and movement execution observed in the present analyses is consistent with 

the theory of functional equivalence. However, further research using approaches more sensitive to the 

activity of individual neurons, and/or multivariate approaches that allow more sensitive assessments of 

the action representations involved in motor imagery, action observation, and movement execution (e.g. 

Zabicki et al., 2017) is still required to confirm this hypothesis. 

 

4.3.2 Implications for translational research  

Results of the present meta-analyses indicate that while motor imagery and action observation recruit a 

consistent network of premotor and parietal areas, motor imagery recruited more regions that were also 

involved in movement execution. This suggests that translational research with the aim of recruiting 

circuits involved in movement execution may be best supported by interventions using motor imagery, as 

action observation recruited less of the motor network. However, for clinical settings, there is evidence 

that imagined actions can be limited by the same impairments that affect movement execution (Helmich 
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et al., 2007; Heremans et al., 2011). Such limitations could be overcome by combining motor imagery and 

action observation. This combined approach could engage circuits implicated in movement execution, 

while concurrently allowing accurate control of the content of imagined actions (Holmes and Calmels, 

2008). Such a combination could therefore be of particular interest in clinical settings (Eaves et al., 2014; 

Vogt et al., 2013). 

While there is considerable interest in using action simulation in rehabilitation settings, it has thus far 

provided mixed results. Small scale studies in stroke provide promising preliminary data (Ertelt et al., 

2007), however, larger clinical trials indicate no effects (Ietswaart et al., 2011). Considering that even 

extensive physical training has limited impact on motor abilities in the chronic phase of recovery 

(Hardwick et al., 2017; Kitago and Krakauer, 2013), it would be expected that interventions using action 

simulation would have minimal effects. Notably, the majority of recovery in stroke occurs not during the 

chronic phase, but in the acute period within the first three months after stroke (Xu et al., 2017). Work in 

animal models suggests physical training early after stroke may improve overall recovery (Zeiler et al., 

2015; Zeiler and Krakauer, 2013). As patients are not cleared for physical activity in the early acute 

phase, action simulation may therefore provide an alternate approach to promote early motor recovery. 

5 Conclusions 

Previous comparisons between motor imagery, action observation, and movement execution have relied 

on the results of individual neuroimaging studies, or qualitative comparisons of their respective networks. 

Here for the first time we provide a quantitative comparison of the brain networks involved in these similar 

tasks. Our results provide an empirical answer to the longstanding debate over whether these tasks 

recruit similar brain regions by identifying a consistent premotor, parietal, and somatosensory network. 
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