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a b s t r a c t 

The parieto-frontal circuit underlying grasping, which requires the serial involvement of the anterior intraparietal 

area (aIPs) and the ventral premotor cortex (PMv), has been recently extended enlightening the role of the dorsal 

premotor cortex (PMd). The supplementary motor area (SMA) has been also suggested to encode grip force for 

grasping actions; furthermore, both PMd and SMA are known to play a crucial role in motor imagery. Here, 

we aimed at assessing the dynamic couplings between left aIPs, PMv, PMd, SMA and primary motor cortex 

(M1) by comparing executed and imagined right-hand grasping, using Dynamic Causal Modelling (DCM) and 

Parametrical Empirical Bayes (PEB) analyses. 24 subjects underwent an fMRI exam (3T) during which they were 

asked to perform or imagine a grasping movement visually cued by photographs of commonly used objects. We 

tested whether the two conditions a) exert a modulatory effect on both forward and feedback couplings among 

our areas of interest, and b) differ in terms of strength and sign of these parameters. Results of the real condition 

confirmed the serial involvement of aIPs, PMv and M1. PMv also exerted a positive influence on PMd and SMA, but 

received an inhibitory feedback only from PMd. Our results suggest that a general motor program for grasping 

is planned by the aIPs-PMv circuit; then, PMd and SMA encode high-level features of the movement. During 

imagery, the connection strength from aIPs to PMv was weaker and the information flow stopped in PMv; thus, 

a less complex motor program was planned. Moreover, results suggest that SMA and PMd cooperate to prevent 

motor execution. In conclusion, the comparison between execution and imagery reveals that during grasping 

premotor areas dynamically interplay in different ways, depending on task demands. 
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. Introduction 

The neural mechanisms underlying planning and executing a grasp-

ng movement, according to the visual features of an object, are still

ebated. Pioneer studies ( Jeannerod et al., 1995 ; Fagg and Arbib, 1998 ;

izzolatti and Luppino, 2001 ; Arbib and Mundhenk, 2005 ) enlightened

he role of the “visuo-motor grasping circuit ”, which in macaques in-

ludes the anterior intraparietal area (AIP) and the ventral premotor

ortex that corresponds to the cytoarchitectonically and functionally

on-homogenous area F5 ( Belmalih et al., 2009 ; Gerbella et al., 2011 ;

harma et al., 2019 ; for a review, see Gerbella et al., 2017 ). Accord-

ng to these models, both areas seem to encode the goal of the ac-

ion ( Fogassi et al., 2001 ; Castiello and Begliomini, 2008 ) as well as

he grip component of grasping, leading to the correct shape of the

and. Indeed, AIP encodes a 3D representation of the object to grasp

nd its affordances, while F5 stores a “vocabulary ” where the action

oals and the postures for grasping are represented, in order to se-
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for reviews, see Castiello and Begliomini, 2008 ; Gerbella et al., 2017 ).

 collection of positron emission tomography (PET), functional mag-

etic resonance imaging (fMRI) and transcranial magnetic stimulation

TMS) studies has identified human homologues of these areas based

n their similar functional and anatomical arrangement ( Grafton et al.,

996 ; Faillenot et al., 1997 ; Binkofski et al., 1998 ; Culham et al.,

003 ; Culham 2004 ; Frey et al., 2005 ; Davare et al., 2006 , 2007 ;

egliomini et al., 2007b ; Dafotakis et al., 2008 ; for reviews, see also

avare et al., 2011 ; Gerbella et al., 2017 ). It has been proposed that

ome functional properties of these areas are shared across species. For

nstance, most neurons in AIP encode the object shape and, to a lesser

xtent, its size ( Schaffelhofer and Scherberger, 2016 ); also in humans

t has been proved that aIPs encodes intrinsic properties of the objects,

uch as their size, and not their extrinsic properties such as location

 Monaco et al., 2015 ). Similarly, inactivation of both F5 ( Fogassi et al.,

001 ) and PMv ( Davare et al., 2006 ) results in an alteration of the grip

ut not of the transport component of grasping. 
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Following studies have suggested an extension of the macaque AIP-

5 circuit, focusing on the role of the dorsal premotor cortex (F2), tra-

itionally known to be involved in reaching. Raos et al. (2004) demon-

trated that this area is not only involved in the transport component of

rasping, but also has a key role in keeping the motor representation of

he object in memory and in updating hand movements (especially the

onfiguration of fingers) as the hand approaches the object. Accordingly,

t has been shown that some neurons in F2 are only tuned to reaching,

thers only to grasping, and others to both ( Cao et al., 2013 ). More

ecently, a similar role of PMd during grasping has been found in hu-

ans by a wide range of studies using different techniques ( Davare et al.,

006 ; Begliomini et al., 2007a ; Nowak et al., 2009 ; Cavina-Pratesi et al.,

010 ; Gallivan et al., 2011b ; Fabbri et al., 2016 ; Turella et al., 2020 ). 

Castiello and Begliomini (2008) suggested that the areas of the grasp-

ng circuit are serially activated, since the information appears to flow

rom aIPs to PMv, then to PMd, and finally to M1 (F1 in macaques). The

rimary motor cortex is activated even prior to movement execution and

s likely responsible for the motor output through the corticospinal tracts

CST) ( Muakkassa & Strick 1979 ; Godschalk et al., 1984 ; Matelli et al.,

986 ; Dancause et al., 2006 ), besides contributing to the internal pre-

iction of the consequences of the movement ( Seki and Fetz, 2012 ;

un et al., 2015 ). A serial involvement of areas of the grasping circuit is

lso suggested by a series of human neurostimulation studies on preci-

ion grasping: whereas aIPs encodes for the visual representation of the

bject 270–220 ms before the fingers touch the object ( Davare et al.,

007 ), PMv activates about 50 ms later ( Davare et al., 2006 ). Finally,

Md activates around ~100 ms after the PMv ( Davare et al., 2006 ). 

Even if the supplementary motor area (SMA, F3 in macaques) was

raditionally considered to be involved in the generation of internally

riven complex movements ( Orgogozo and Larsen, 1979 ; Roland et al.,

980 ; Goldberg, 1985 ), more recent studies have demonstrated an in-

olvement of SMA in sequence planning (for a review, see Cona and

emenza, 2017 ) and visually guided movements such as reaching

 Picard and Strick, 2003 ). Although SMA is not included in the grasp-

ng circuit, there is evidence that it might be involved in encoding some

spects of grasping movements, such as grip force scaling ( Smith et al.,

981 ; Kuhtz-Buschbeck et al., 2001 ; Haller et al., 2009 ; White et al.,

013 ). Grip force is a crucial feature in grasping, since it must be mod-

lated to grasp the object firmly, but without damaging it or let it slip

 Johansson and Westling, 1984 , 1988 ). 

Dynamic Causal Modelling (DCM; Friston et al., 2003 ) is a frame-

ork for effective connectivity which allows testing hypotheses on the

ouplings among areas both in resting state ( Friston et al., 2014 ) and

uring the execution of a task. Previous studies have applied DCM to

MRI data acquired during the execution of grasping; for instance, it

as been proved that the dorsolateral (aIPs and PMv) and the dorsome-

ial (V6A and PMd) parieto-frontal circuits are differently modulated

y grasping small or large objects ( Grol et al., 2007 ). A DCM study by

egliomini et al. (2015) has shown that during a reach-to-grasp move-

ent there is an increase in effective connectivity from aIPs to PMv, and

rom PMv to PMd. However, these studies did not explore the contribu-

ion of SMA in grasping; furthermore, they did not use commonly used

bjects, but manipulanda or boxes instead. 

An attractive chance to disclose the underpinnings of motor pro-

esses is offered by the comparison between motor execution (ME) and

magery (MI). These two modalities recruit partially overlapping cir-

uits: on the one hand, both seem to rely on a similar processing of mo-

or temporal and spatial information, implemented by associative and

remotor brain areas; on the other hand, it is still debated whether they

hare activity in M1 (for meta-analytic reviews, see Hètu et al., 2013 ;

ardwick et al. 2018 ; Papitto et al., 2020 ). However, striking evidences

uggest that univariate fMRI analysis may not exhaustively account for

ventual similarities or differences between these two modalities. By

aking advantage of multivoxel pattern analysis (MVPA; Edelman et al.,

998 ; Haxby et al., 2001 ), it has been revealed that during motor

asks the main motor-related areas, included M1, encode the content
2 
f MI ( Pilgramm et al., 2016 ) and that the overall neural representa-

ion of MI is similar but still distinct relative to ME ( Zabicki et al.,

017 ; Monaco et al., 2020 ). By employing the multivariate Bayes (MVB)

ethod ( Friston et al., 2008 ), Park et al. (2015) found that movements

ere best predicted by M1 during ME, and by SMA during MI. An addi-

ional contribution potentially able to disentangle the neural substrates

f ME and MI comes from effective connectivity approaches. In this

ein, previous studies have clarified that during motor tasks the cou-

ling between SMA and M1 is differently modulated by ME and MI

 Solodkin et al., 2004 ; Kasess et al., 2008 ; Gao et al., 2011 , 2014 ), e.g.,

uring ME SMA exerted a positive influence on M1, whereas during MI

he modulation on M1 became suppressive. These findings, combined

ith the above-mentioned MVPA studies, point toward the view that a

imilar, though not equal, implementation of the motor program is re-

uired during ME and MI and that, crucially, additional processes may

ake place during imagery to prevent the actual execution of the move-

ent. However, the above-mentioned effective connectivity studies used

magery in low-demanding tasks (i.e., finger tapping). 

Here, we provide the first attempt to apply DCM to imagery of a

rasping movement by re-analysing previously collected fMRI data rel-

tive to execution and imagery of a pantomimed grasping of commonly

sed objects ( Sulpizio et al., 2020 ). Several studies have pointed to-

ard a neural similarity between pantomimed and actual movements

 Choi et al., 2001 ; Binkofski and Buxbaum, 2013 ). During grasping,

light differences in the activity of aIPs were found across pantomime

nd actual motor execution ( Hermsdörfer et al. 2007 ; Króliczak et al.,

007 ), presumably due to differences in the perceived goal of the ac-

ion rather than in the motor planning per se . Notice that here we used

antomimed grasping to focus on the motor dynamics that finely regu-

ate the planning and the execution of grasping, avoiding spurious con-

amination of the signal deriving from hand-object interactions. In the

riginal study, we found a wide network of frontoparietal regions, such

s aIPs, PMv, PMd and SMA, which are commonly activated by both

magery and execution of grasping coherently with the view of a sim-

lar recruitment of motor-related areas across modalities. In this vein,

n the present study we sought to disentangle the direct and the mod-

latory effects of two exogenous variables (i.e., executed and imagined

rasping) on a large motor network, including SMA. Accordingly, we

sed the computationally efficient Parametrical Empirical Bayes (PEB)

pproach recently introduced by Friston et al. (2015 , 2016 ) to test both

he feedback and the forward connections within our network of inter-

st; by doing so, we hypothesized that we could get new insights on the

nvolvement and the functional role of the key areas involved in grasp-

ng. Furthermore, we hypothesized that grasping execution and imagery

ould require a different involvement of premotor areas; thus, we ex-

ected the two conditions to differently modulate the effective connec-

ivity among the key areas involved in grasping, in terms of the sign

f the parameters (e.g., a connection would be positively modulated by

rasping execution, and negatively modulated by imagined grasping)

nd of the connection strengths (e.g., reduced values of parameters in

magery relative to motor execution). 

. Methods 

.1. Participants 

The present study is based on a reanalysis of BOLD data from a sam-

le of twenty-five healthy subjects (22 females, mean age 26.5, s.d. 3.4)

ho participated to a previous study from our lab ( Sulpizio et al., 2020 ).

ll participants were right-handed, as assessed by the Edinburgh Hand-

dness Inventory ( Oldfield, 1971 ), had normal or corrected-to-normal

ision, and gave their written informed consent to participate. The study

as approved by the local research ethics committee of the IRCCS Fon-

azione Santa Lucia in Rome, according to the Declaration of Helsinki. 
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.2. Procedure and experimental design 

The experimental design is fully described in Sulpizio et al. (2020) .

articipants underwent an fMRI exam during which they were asked to

xecute a pantomimed grasping ( “real ” condition) or imagine the same

ovement ( “imagined ” condition). In both conditions, subjects saw the

icture of an object, randomly chosen from a set of 36 black-and-white

hotographs of commonly used objects; in the “real ” condition, partic-

pants were instructed to move the fingers and the wrist of their right

and simulating the grasping of the object, as if it was located in the

roximity of their hand. In the “imagined ” condition, participants had

o imagine and plan the same pattern of movements without actually

erforming them. 

Before entering the scanner, subjects were instructed on the task to

erform, accounting for the trial timing and sequence; once in the scan-

er, they performed a short warm-up phase to familiarize with the set-

ing. During the fMRI exam, an experimenter checked whether during

he “real ” condition participants moved their hand with the correct tim-

ng and according to the instructions, whereas during the “imagined ”

ondition participants remained still. 

The experiment used a block design. Each block lasted 16 seconds

nd was introduced by a written instruction (1 sec) which specified the

ondition (real or imagined); then, 8 consecutive trials, each lasting

875 ms, were performed. Each trial started with the presentation in

entral vision of the graspable object photograph, followed by an inter-

rial-interval of 1575 ms during which the subject had to perform or

magine (according to the specified condition) a “whole hand ” or a “fin-

er ” grasping, depending on the visual stimulus (for more details, see

ulpizio et al., 2020 ). Graspable object photographs were presented for

 very short time (300 ms) to reduce the impact of visual information

n BOLD activation. Grasping movements were indeed performed with

espect to a “remembered ” object not present anymore on the screen.

wo runs were performed, each of them composed by 16 experimen-

al blocks (8 for the real pantomimed grasping and 8 for the imagined

rasping) plus 4 fixation blocks. Overall, the task consisted of 40 blocks

nd 256 experimental trials (128 for each condition). 

.2.1. Apparatus 

Functional images were acquired at the Neuroimaging Labora-

ory (Santa Lucia Foundation) using a 3T Siemens Allegra MR sys-

em (Siemens Medical systems, Erlangen, Germany) equipped for echo-

lanar imaging with a standard head coil. Visual stimuli were presented

y a control computer located outside the MR room, running in-house

oftware ( Galati et al., 2008 ) implemented in MATLAB (The MathWorks

nc., Natick, MA, USA). An LCD video projector with a customized lens

as used to project visual stimuli to a screen placed at the back of the MR

ube; participants watched visual stimuli through a mirror positioned

nside the head coil. The timing of presentation of each stimulus was

ontrolled and triggered by the acquisition of fMRI images. 

We used blood-oxygenation level-dependent imaging ( Kwong et al.,

992 ) to acquire echo-planar functional MR images (TR = 2 s, TE = 30 ms,

ip angle = 70°, 64 × 64 image matrix, 3 × 3 mm in-plane resolution,

0 slices, 2.5 mm slice thickness with no gap, ascending excitation or-

er) in the AC–PC plane. Images were acquired starting from the supe-

ior convexity and extended ventrally; thus, images included the whole

erebral cortex, but the ventral portion of inferior temporal and occip-

tal gyri. Also, a three-dimensional, high-resolution anatomical image

as acquired for each participant (Siemens MPRAGE sequence, TR = 2 s,

E = 4.38 ms, flip angle = 8°, 512 × 512 image matrix, 0.5 × 0.5 mm in-

lane resolution, 176 contiguous 1 mm thick sagittal slices). For each

can, we discarded the first four volumes to achieve steady-state, and

he experiment started at the beginning of the fifth volume. 

Each subject underwent a single acquisition session constituted by

wo functional scans, each lasting 5’28 ” (160 functional MR volumes),

nd one anatomical scan. In order to minimize movements during the
3 
cans, subjects’ head was stabilized with foam padding and with a chin

est mounted inside the head coil. 

.3. Data analyses 

.3.1. Preprocessing and surface reconstruction 

A detailed description of the preprocessing and surface reconstruc-

ion steps is provided in our previous paper on the same dataset

 Sulpizio et al., 2020 ). Briefly, we preprocessed and analysed images

sing SPM12 (Wellcome Department of Cognitive Neurology, London,

K) and FreeSurfer 5.1 ( http://surfer.nmr.mgh.harvard.edu/ ). 

We first analysed structural images following the “recon-all ”

ully automated processing pipeline implemented in FreeSurfer 5.1

 Dale et al., 1999 ; Fischl et al., 1999a , 1999b ; Desikan et al.,

006 ) in order to obtain a surface representation of each individ-

al cortical hemisphere in a standard space. The surface reconstruc-

ions were transformed to the symmetrical FS-LR space ( Van Es-

en et al., 2012 ) using tools in the Connectome Workbench soft-

are ( https://www.humanconnectome.org/software/get-connectome-

orkbench ), resulting in surface meshes with approximately 74K nodes

er hemisphere. 

Functional images were realigned within and across scans to cor-

ect for head movement and coregistered with structural MPRAGE scans

sing SPM12 (Wellcome Department of Cognitive Neurology, London,

K). Functional data were then resampled to the individual cortical sur-

ace using ribbon-constrained resampling as implemented in Connec-

ome Workbench ( Glasser et al., 2013 ), and finally smoothed along the

urface with an iterative procedure emulating a Gaussian kernel with a

 mm full width at half-maximum (FWHM). 

Then, we analysed functional images for each participant sepa-

ately on a vertex-by-vertex basis, according to the general linear model

GLM). Neural responses during “active ” blocks (the two experimen-

al conditions, “real ” and “imagined ”) were modeled as box-car func-

ions, convolved with a canonical hemodynamic response function and

sed as separate predictors in the GLM (one for each condition). Passive

locks (fixation) were not explicitly modelled as GLM regressors and

ere treated as part of the residual variance. As nuisance regressors,

e included the framewise displacement (FD), a subject-specific time-

eries index of the overall estimate of movement over time ( Power et al.,

012 ). We computed FD as the sum of the absolute temporal derivatives

f the six head-movement-related parameters (three for translations and

hree for rotations). 

As a final step, we obtained group-level statistical parametric maps

y implementing one-sample t tests, comparing signal in each condi-

ion relative to the baseline (i.e., real > fixation; imagined > fixation t-

ontrasts). Statistical maps were obtained with a cluster-forming thresh-

ld of p < 0.001; we also corrected for multiple comparisons at the clus-

er level ( p < 0.05) through a topological false discovery rate procedure

 Benjamini and Hochberg, 1995 ). 

.3.2. Regions of interest selection and time series extraction 

Here, we sought to extend our knowledge on the grasping network,

dding new light to previous human and monkey studies by provid-

ng an estimate of how brain areas interact during grasping move-

ents and their imagination. Although in the GLM analysis reported

n Sulpizio et al. (2020) (see also Fig. 1 ) we observed an extended net-

ork of fronto-parietal brain regions involved in both grasping execu-

ion and imagery, we focused on a subset of areas basing on theoret-

cal and methodological issues. Firstly, we included areas well known

o play a crucial role during grasping (i.e., aIPS, PMv, PMd and M1)

nd/or during motor imagery (i.e., SMA) according to previous findings

nd similarly to previous DCM studies on this topic ( Kasess et al., 2008 ;

ao et al., 2011 ; Begliomini et al., 2015 , 2018 ), also following the model

uggested by Castiello and Begliomini (2008) . At difference, other brain

reas (e.g., the cerebellum, prefrontal areas, V6A) are known to play a

http://surfer.nmr.mgh.harvard.edu/
https://www.humanconnectome.org/software/get-connectome-workbench
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Fig. 1. Whole-brain results. Superimposition of the group- 

activation map associated to the real > fixation t-contrast (in 

red) and to imagined > fixation t-contrast (in green); com- 

monly activated brain areas are displayed in yellow. The maps 

are overlaid into the flattened Conte69 atlas ( Van Essen et al., 

2012 ) of the left hemisphere. Main activations are labelled as 

follows: M1, primary motor cortex; aIPs, anterior intraparietal 

area; PMd, dorsal premotor cortex; PMv, ventral premotor cor- 

tex; SMA, supplementary motor area. 
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F  
ole during motor execution (e.g., broad visuomotor processes) or mo-

or imagery but do not peculiarly encode grasping movement properties

 Castiello and Begliomini, 2008 ; Gerbella et al., 2017 ). Moreover, given

hat at difference with previous DCM studies we included in the DCM

nalysis a large number of parameters by modelling reciprocal connec-

ions between ROIs (see 2.3.4), focusing on a larger set of ROIs would

ave further increased the computational load. Thus, we sought to make

he DCM analysis computationally more efficient by keeping the model

s simple as possible ( Stephan et al., 2010 ). One last issue worth men-

ioning was that the acquisition sequence prevented the inclusion of

ccipital and temporal areas, and of the cerebellum as well. 

The five ROIs were defined on the cortical surface reconstruction of

ach individual hemisphere as the regions responding stronger to the

eal condition than the fixation one (real > fixation t-contrast). Each

ndividual ROI was selected from the resulting statistical map using a

hreshold-free mapping, by selecting single activation peaks and their

eighbourhood (for a maximum of 300 cortical nodes) through a water-

hed segmentation algorithm as applied to surface meshes ( Mangan and

hitaker, 1999) . We also used anatomical landmarks as references for

he selection of individual ROIs: thus, for instance, M1 was expected to

e located near the “hand knob ” in the precentral gyrus ( Yousry et al.,

997 ), SMA in the dorsal medial wall, within the interhemispheric fis-

ure, and aIPs at the junction between intraparietal sulcus and postcen-

ral sulcus. 

Although the choice of defining ROIs from the real > fixation map

ay seem biased toward motor execution at the expense of the imagined

ondition, our choice was motivated by theoretical and technical rea-

ons. First, our group GLM analysis clearly identified a common network

cross conditions, where almost all the activated areas were recruited

ore strongly during the real than during the imagined condition (see

lso Sulpizio et al., 2020 ). Thus, with the scope of selecting the vox-

ls more representative of the involvement of each region in a grasping

ask, we considered the real > fixation t-contrast as the most appropri-

te one, also given that the same criterion was previously adopted in

CM studies when comparing ME and MI (e.g., Kasess et al., 2008 ).

hile group-level results suggest that the statistical maps of the imag-

ned condition are to a lesser extent representative of the recruitment of

he areas of the grasping network, technical reasons led us to reject the

ossibility to use the conjunction map between execution and imagery.

ndeed, a conjunction map is computed as the voxel-by-voxel minimum

a  

4 
etween the statistical maps of different conditions, in our case the two

onditions relative to the fixation. Given that the activations in the im-

gery task were overall locally lower than the activations in the “real ”

ask, the conjunction map would have been nearly identical to the mo-

or imagery contrast map, thus yielding to an inappropriate selection of

he ROIs. A last worth mentioning technical consideration was that the

atershed algorithm we applied to segment the individual activation

aps uses the intrinsic spatial gradient of the contrast map, which is

artially disrupted by taking at each point the minimum of two maps

s happens when using conjunction maps. Not lastly, only during the

eal condition we found a reliable activation of M1, thus making other

ossible mapping criteria (i.e., imagined > fixation t-contrast; real >

xation & imagined > fixation conjunction analysis) unsuitable for the

rimary motor cortex. Consequently, only selecting ROIs from the real

 fixation t-contrast would have allowed us to map all the ROIs from

he same statistical map. 

For each subject and region, we extracted “adjusted ” time series from

ndividual surface ROIs, i.e., after regressing out effects of no interest.

o carry out the DCM analysis, a single representative timeseries was

omputed for each ROI retaining the first principal component (eigen-

ariate) of adjusted data. 

.3.3. Dynamic causal modelling 

To evaluate the modulation exerted by real and imagined grasping

n the effective connectivity between the selected ROIs, we used Dy-

amic Causal Modelling (DCM) ( Friston et al., 2003 ), implemented in

PM12 (r7771). We hypothesized that both conditions would exert a

odulation on all the connections of our model, but that the two con-

itions would differ in terms of strength and sign of the parameters rep-

esenting each modulated connection. For instance, we supposed that

he parameter representing a specific connection in the “real ” condition

ight have a higher value or a different sign respect to the parameter

f the “imagined ” condition for the same connection. Coherently with

revious effective connectivity studies on MI and ME ( Solodkin et al.,

004 ; Kasess et al., 2008 ; Gao et al., 2011 , 2014 ), we also expected to

nd imagery-specific negative modulations that may account for actual

ovement inhibition. 

Briefly, DCM uses an extended balloon model ( Buxton et al., 1998 ;

riston et al., 2000 ) that explains neuronal dynamics through bilinear

pproximations. The following equation expresses the neuronal model
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Fig. 2. Anatomical location of regions of interest (ROIs). The 

ventral premotor area (PMv) is shown in pale yellow, the dor- 

sal premotor area (PMd) in pale green, the primary motor cor- 

tex (M1) in blue, the anterior intraparietal area (aIPs) in pink, 

and the supplementary motor area (SMA) in purple. Probabilis- 

tic ROIs are overlapped onto an inflated Conte69 brain atlas 

(left hemisphere) in different views (dorsolateral and medial). 

The color scale represents the proportion of subjects whose 

ROI included that node: the lighter the color (i.e., close to 

white), the higher the probability that the node is common 

across the 25 individual ROIs. 
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hat allows evaluating the changes in neuronal states over time: 

̇  = 

( 

𝐴 + 

𝑀 ∑
𝑗=1 

𝑢 𝑗 𝐵 

𝑗 

) 

𝑧 + 𝐶𝑢 

here �̇� is the derivative of the hidden neural state for each region, and

 represents the experimental inputs ( Dijkstra et al., 2017 ). The A matrix

tands for the intrinsic coupling between nodes; the B matrix represents

he modulatory effect exerted by specific inputs on the connectivity be-

ween nodes; the C matrix encodes the direct effect of a driving input

n the hidden neural states. 

.3.4. Specification of the model: driving inputs and modulation of 

onnectivity 

DCM requires an a priori specification of a biologically and anatom-

cally plausible model which explains how regions of interest interact;

asing on this model, connectivity parameters are estimated. In the A

atrix, our model included endogenous connections which have been

eliably identified in anatomical studies in macaques (for a review, see

avare et al., 2011 ; for a detailed list of the considered monkey studies,

ee Supplementary Table 1). Note that, since anatomical studies have

ot proved the existence of reciprocal connections between aIPs and

1, PMd and SMA, these parameters were switched off (setting their

rior expectation to zero and their variance close to 0). Furthermore, we

id not centre the input; therefore, in our model the A matrix represents

he unmodelled baseline connectivity, in absence of external stimulation

 Zeidman et al., 2019a ). 

In our model, the B matrix consisted of all the possible modulatory

ffects of each condition on the exogenous connections modelled in the

 matrix, except for the feedback exerted by M1 to the other areas. In-

eed, differently from previous DCM studies ( Begliomini et al., 2015 ,

018 ), we decided to include in the B matrix not only forward connec-

ions, but also the feedback ones in order to have a more complete view

f how these areas interact during grasping. 

In our task, the execution and the imagination of grasping are driven

y a visual stimulus; however, since we were not interested in mod-

ling the visual processing of the stimulus, we modelled both inputs

grasping execution and imagination) to exert a direct effect only on

IPs. Indeed, according to the model described by Castiello and Beglio-

ini (2008) and to the DCM analysis performed by Begliomini et al.

2015 , 2018 ), the visuomotor analysis of the to-be-grasped object is sup-

osed to start from aIPs. Furthermore, TMS studies have supported this

ypothesis showing that aIPs is involved in grasping ~50-100 ms be-
5 
ore the premotor areas ( Davare et al., 2006 , 2007 ). The driven inputs

f imagined and real conditions on aIPs stand for the C matrix. 

.3.5. Estimation of DCM and parametrical empirical Bayes (PEB) 

To compare the changes in connectivity caused by the task, sepa-

ately in the real and in the imagined condition, we used a DCM-PEB ap-

roach. Parametrical Empirical Bayes (PEB) ( Friston et al., 2015 , 2016 )

s a hierarchical Bayesian model that uses both non-linear (at first level)

nd linear (at second level) analyses. The main advantage of using PEB

s to assess commonalities and differences among subjects in the ef-

ective connectivity domain at the group level and, thus, taking into

ccount the variability in individual connections strength, i.e., the un-

ertainty over parameters represented by their covariance matrix. By

oing so, this approach reduces the weight of subjects with noisy data

 Zeidman et al., 2019b ). In our study, we used the most recent PEB

pproach since we had specific hypotheses regarding the anatomical

onstraints of our model but not the direction and the strength of our

arameters, especially in the imagined condition. 

Time series extracted from individual ROIs were carried into DCM

nalysis for the first level, in which a fully connected model (with pre-

iously hypothesized constraints) was estimated for each subject. The

nversion (estimation) of the model uses the Variatonal Laplace estima-

ion scheme ( Friston et al., 2007 ), which allows finding the predicted

ime series that matches the observed time series as much as possible,

inimizing movement of the parameters from their prior values. By do-

ng so, the score of the quality of the model, i.e., the (negative) vari-

tional free energy, may be maximized finding the neural parameters

hich offer the best trade-off between model accuracy and complexity.

Before computing the analyses at the group level, we checked that for

ach subject the variance explained by the model was at least of 10%, as

n index of the success of model inversion ( Zeidman et al., 2019a ); one

ubject did not respect this constraint and was excluded from further

nalyses. Then, we collapsed DCMs from the remaining 24 subjects in

rder to perform PEB second level (between subjects) analysis over the

rst-level DCM parameter estimates. We chose to carry out separate PEB

nalyses, one for the A matrix and another one for B and C matrices.

ndeed, since our analysis involved a large number of parameters, we

anted to avoid dilution of evidence effect, reducing the search space

 Zeidman et al., 2019b ). Furthermore, since we were interested only in

he group means, we did not model other between-subjects effects. As a

onsequence, we used a between-subject design matrix X = [1…1] T . 

Having estimated the full model (with all connections of interest

witched on) for each subject, the PEB approach requires to perform
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Fig. 3. PEB results – A matrix. The left side of the figure shows the matrix of 

the effective connectivity of the unmodelled baseline; only suprathreshold pa- 

rameters (posterior probability > 0.95) are shown, whereas subthreshold pa- 

rameters are marked with “n.s. ” (i.e., non-suprathreshold), and non modelled 

connections, i.e, whose priors are set to 0, are displayed in white. Connection 

strengths are represented in a scale from yellow to dark red, if excitatory, and 

from turquoise to dark blue, if inhibitory. Values of connection strengths are 

also provided. The right side of the figure also shows a schematic representa- 

tion of the corresponding matrix, displaying only suprathreshold connections: 

line thickness reflects the strength of the respective connection; red lines denote 

excitatory connections, blue lines stand for inhibitory connections. 
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Table 1 

Mean peak coordinates and standard deviations of individual ROIs. 

Region 

MNI Coordinates 

x y z 

aIPs -37 ± 2,3 -40 ± 2,9 42 ± 3,2 

M1 -35 ± 3,3 -22 ± 4,2 57 ± 5,9 

SMA -5 ± 1,2 -5 ± 5,2 58 ± 3,2 

PMd -26 ± 3,8 -11 ± 2,2 54 ± 5,7 

PMv -50 ± 4,1 5 ± 2,4 31 ± 5,5 
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ayesian model reduction (BMR) and Bayesian model Average (BMA). 

Briefly, BMR is a particularly efficient form of Bayesian model selec-

ion (BMS) that, using a greedy search, automatically compares the full

odel with 256 models where one or more connections, which have the

east evidence, are pruned out and thus switched off, whereas the param-

ters with the most evidence are kept stable ( Friston and Penny, 2011 ;

riston et al., 2016 ; Pinotsis et al., 2016 ). Indeed, each reduced model

as a probability density over the possible values of parameters (con-

ection strengths) that maximizes the score for the quality of the model

 Zeidman et al., 2019a ). 

We performed BMA analysis to average the parameters across mod-

ls, weighted by the evidence of each model ( Hoeting et al., 1999 ;

enny et al., 2006 ; Rosa et al., 2012 ). 

Finally, we used a threshold based on free energy, taking into ac-

ount the covariance of parameters, to evaluate whether a parameter

ontributed to the model evidence. We selected parameters keeping only

hose with strong evidence, i.e., posterior probability > 0.95; this value

epresents the probability of the parameters of being present vs absent.

In order to compare the strength in effective coupling between the

wo conditions, we computed Bayesian contrasts ( Dijkstra et al., 2017 )
6 
ver the parameters of the B matrix that exceeded the threshold. After

aving computed the posterior mean ( m ), variance ( v ) and probability

f the contrast, we evaluated the posterior distribution over it. This pro-

edure allowed us to take into account the uncertainty of the estimated

arameters. 

. Results 

.1. Whole-brain analysis and ROIs selection 

A detailed description of the whole-brain GLM analysis is provided

n our previous study on the same dataset ( Sulpizio et al., 2020 ).

ig. 1 shows an overlap of the group activation maps, as resulting from

he two conditions, overlaid onto the flattened atlas Conte69. Since the

resent study focuses on the contralateral hemisphere to the moving

and, only results in the left hemisphere are shown. 

In both the real > fixation and the imagined > fixation t-contrast a

ide frontoparietal network emerged. Frontal activations encompassed

remotor areas (e.g., PMd, PMv) and, in the dorsal medial wall, an acti-

ation of SMA emerged. The parietal activations included the posterior

ntraparietal sulcus (pIPs), with the adjoining superior (SPL) and infe-

ior (IPL) parietal lobules, and the supramarginal gyri (sMg). In this

erritory, we found a strong focus of activation in aIPs. 

Notably, at difference with the imagined condition, during pan-

omimed grasping the frontal activation encompassed the hand territory

f the left primary motor and somatosensory areas (M1 and S1). 

To perform the following DCM analysis, we selected for each subject

he regions of interest from the individual cortical surface, inspecting the

eal > fixation statistical map. The activation plots of the ROIs across

he two conditions are provided in the Supplementary Figure 1. 

To provide a visual representation of the anatomical location of the

OIs, we combined them across subjects to create probabilistic maps.

ig. 2 shows the probabilistic ROIs overlaid onto the inflated Conte69

tlas surface ( Van Essen et al. 2012 ). Table 1 also shows mean coordi-

ates of individual ROIs, along with their standard deviations. The lo-

ation of the probabilistic ROIs resembled the location of the activated

oci across both conditions (except for M1). 

.2. DCM analysis 

The A matrix represents the baseline connectivity, i.e., the intrinsic

oupling between nodes. The leading diagonal of the A matrix ( Fig. 3 )

hows the values of self-connections, which are unitless log scaling pa-

ameters scaled up or down the default value of -0.5 Hz ( Zeidman et al.,

019a ). This means that a positive value stands for an increase in the

nhibition of the region, representing its reduced responsivity to the in-

uts from the network. Our results showed that all the self-connections

ad negative values, except for M1 and aIPs, even if this parameter did

ot reach the threshold (connection strength = 0.109, posterior proba-

ility = 0.92). 

For the other connections, the values resulting from the analysis rep-

esent the rate of change, in units of Hz, in the activity of one area ( “des-

ination ”), caused by the change of the activity in the “source ” area.

hus, positive values mean excitatory influences, whereas negative val-

es stand for inhibitory influences. Our results showed that M1 and SMA
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Fig. 4. PEB results – B and C matrices. The left side of the top panel shows the matrix of the direct effect exerted by the inputs (i.e., stimuli of the real and the 

imagined condition) on aIPs; instead, the right side of the top panel shows the matrices of the modulation effect exerted by the conditions on the effective connectivity 

between regions, separately for the real and the imagined condition. As for Fig. 2 , only suprathreshold parameters (posterior probability > 0.95) are shown, whereas 

subthreshold parameters are marked with “n.s. ” (i.e., non-suprathreshold), and non modelled connections, i.e., whose priors are set to 0, are displayed in white. 

Connection strengths are displayed from yellow to dark red (i.e., excitatory), and from turquoise to dark blue (i.e., inhibitory). Values of connection strengths are 

also provided. The lower panel of the figure also shows a schematic representation of the matrices, separately for the real (left) and the imagined (right) conditions. 

Only suprathreshold connections are displayed: line thickness reflects the strength of the respective connection; red lines denote excitatory connections, blue lines 

stand for inhibitory connections. 
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ad a reciprocal negative influence, whereas the connection from SMA

o PMv was excitatory. Connections from PMd were excitatory on M1

nd SMA, inhibitory on PMv. Finally, PMv had a positive influence on

1, a negative influence on aIPs and PMd. 

Fig. 4 shows the results of the B and C matrices. PEB results of the

 matrix showed that in the real condition the driven input on aIPs

xceeded the threshold of 0.95 and was excitatory, whereas the param-

ter representing the driven effect of imagery on aIPs did not exceed the

hreshold. 

In the B ( “modulatory ”) matrix, the values resulting from the anal-

sis represent the rate of change, in Hz, in the coupling from an area

 “source ”) to another one ( “destination ”) caused by the experimental

nput. In the real condition, the major positive modulatory effect of ex-

cuted grasping propagated from aIPs to PMv, followed by the strong

nhibitory feedback exerted by PMv to aIPs. PMv exerted a positive in-

uence on M1, PMd and, to a lesser extent, on SMA. In turn, only PMd

ad a negative influence on PMv. In the imagined condition, a positive

nfluence from aIPs to PMv and from SMA to PMd emerged; moreover,

here was an inhibition of PMv exerted by PMd. 

Results of Bayesian contrasts (real > imagined) performed over con-

ections that exceeded the threshold in both conditions are shown in

ig. 5 . There was a 100% posterior probability that in the real condition

a  

7 
he coupling between aIPs and PMv was higher than in the imagined

ondition; similarly, inhibition exerted from PMd to PMv was higher in

he real than in the imagined condition (posterior probability = 0.96). 

. Discussion 

The main aim of our study was to evaluate whether effective connec-

ivity adds some useful insight into the functioning of the visuo-motor

rasping circuit, by comparing dynamic couplings during grasping exe-

ution and imagery. Our results confirm and extend the knowledge on

he functional role of the areas serially involved in grasping. 

.1. Pantomimed grasping 

As the classic view of the grasping circuit suggests ( Jeannerod et al.,

995 ), our model confirms that during real grasping the first node in-

olved in the analysis of the stimulus is aIPs (driven input), which has

een shown to be activated even during object fixation ( Taira et al.,

990 ; Sakata et al., 1995 ; Murata et al., 2000 ). 

As emerged from the results of the modulatory matrices, during real

rasping all the forward connections among traditional grasping-related

reas (aIPs, PMv, PMd, M1) are excitatory (i.e., represented by positive



F. Bencivenga, V. Sulpizio, M.G. Tullo et al. NeuroImage 230 (2021) 117806 

Fig. 5. Bayesian contrast over parameter estimates (real > imagined). Plot of the 

probability density function of the contrast over parameter estimates that ex- 

ceeded the threshold (posterior probability > 0.95) in both conditions: connec- 

tion from aIPs to PMv (in purple) and connection from PMd to PMv (in blue). 

Both contrasts have a posterior probability higher than 0.95 (aIPs to PMv: 1; 

PMd to PMv: 0.96); thus, both connections are higher in the real than in the 

imagined condition. However, the direction of the contrast is different among 

the two connections: the posterior mean of the contrast of the forward connec- 

tion from aIPs to PMv is positive, i.e., this connection is more excitatory in the 

real than in the imagined condition; instead, the posterior mean of the contrast 

of the feedback connection from PMd to PMv is negative, meaning that this 

connection is more inhibitory in the real than in the imagined condition. 
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alues of posterior estimates); on the contrary, all the feedback cou-

lings are inhibitory. The functional meaning of this evidence might be

hat the representation stored in the previously activated area is up-

ated based on the new features of the object, processed by the follow-

ng activated nodes of the circuit. This hypothesis suggests that the role

f premotor areas does not run out when the information flows to the

ollowing activated areas. Otherwise, the inhibitory feedback couplings

ight be necessary to downscale the excitation of the previously acti-

ated areas. Anyway, both hypotheses support the serial involvement

f the areas in the grasping circuit, as suggested not only by the clas-

ic models of this circuit but also by human TMS studies ( Davare et al.,

006 , 2007 ). 

Accordingly, once the network is activated through aIPs, our results

how that the visuo-spatial representation of the object is conveyed to

Mv to select the motor program (e.g., hand posture) appropriate to the

bject and to encode the timing of the intrinsic hand muscle recruitment

 Olivier et al., 2007 ). As the next step of the information flow, our re-

ults underline the role of PMd and SMA, both receiving an excitatory

nfluence by PMv. Both areas may have a key role in integrating differ-

nt aspects of the grasping movement, processing low-level features of

he movement at high-level processing stages. 

Regarding PMd, Fabbri et al. (2016) showed that PMd encodes the

umber of digits as well as object visual properties. Accordingly, an fMRI

daptation study ( Monaco et al., 2015 ) has shown that while aIPs adapts

nly to object size, PMd adapts to both object size and location; thus,

his area integrates both extrinsic and intrinsic features of the object to

lan how to make contact with the object, correctly positioning the fin-

ers. Therefore, it is plausible that PMd updates information previously

rocessed by PMv. 

Differently from previous DCM studies, we chose to include SMA

n our model, since it seems to be involved in grip force scaling,

ven if there is no evidence that SMA processes the force per se

 White et al., 2013 ). It has been suggested that grip force relies on an in-

ernal representation of the object mechanical properties ( Flanagan and

ing, 1997 ) and that, once the most appropriate internal model of the

bject dynamics has been selected, its implementation might rely on

he activity of cerebellum and SMA ( Bursztyn et al., 2006 ; White et al.,
8 
013 ). Accordingly, our results suggest that the motor program se-

ected by PMv is conveyed to SMA, as this area may be responsible for

he integration of the force variation with other features of grasping

ovement (e.g., timing), at a high-level processing stage ( Haller et al.,

009 ). 

The last step of the grasping movement requires the execution of the

otor program, which is supposed to be conveyed to the primary mo-

or cortex, responsible for the motor output through the cortico-spinal

racts. Raos et al. (2004) suggested that the connection from F2 to M1

ight be responsible for the control of forelimb actions. Thus, contrary

o the traditional view which supposes that PMv activates directly M1,

astiello and Begliomini (2008) hypothesized that the connection from

Md to M1 might be the last step of the grasping circuit. However,

hen these authors tested this network hypothesis with a DCM study

 Begliomini et al., 2015 ), they did not find a significant modulation of

rasping on the connection from PMd to M1, while the other connec-

ions were significantly modulated by the task (from aIPs to PMv and

rom PMv to PMd). On the same line, our results showed that M1 re-

eives an excitatory influence only from PMv, and not from PMd; thus,

ur model supports the classic theories of the visuo-motor grasping cir-

uit ( Jeannerod et al., 1995 ; Fagg and Arbib, 1998 ; Rizzolatti and Lup-

ino, 2001 ; Arbib and Mundhenk, 2005 ). 

To sum up, our results support the view of a hierarchical organiza-

ion of the cortex postulated by Rizzolati et al. (1998) , where action

epresentation spans from the abstract encoding of the goals to the con-

rete representation of motor features ( Turella et al., 2020 ). Indeed,

 collection of studies performed with MVPA ( Gallivan et al., 2011a ,

011b ; Gallivan et al., 2013 ; Turella et al., 2020 ) has revealed that goal-

elated features of actions are encoded by aIPs and PMv, coherently with

acaque findings ( Fogassi et al., 2001 ; Castiello and Begliomini, 2008 ),

hereas other areas, as PMd, are responsible for lower-level motor fea-

ures. Similarly, our findings suggest that planning a grasping movement

equires the encoding, in PMv, of a “general ” motor program, which is

hen updated processing low-level motor features of the object (e.g., grip

orce, wrist orientation, configuration of fingers) that allow grasping it

ppropriately. These additional features, encoded by SMA and PMd, are

ot necessary to grasp the object, but allow carrying out a more careful

nd precise movement. 

Since we did not find a direct connection of SMA and PMd to M1,

imilarly to the finding of Begliomini et al. (2015) , it is still unclear

ow these areas update the motor execution encoding for low-level mo-

or features. Moreover, our results show that, differently from PMd,

MA does not exert a negative feedback on PMv. It has been reported

hat all premotor areas project to the spinal cord, but in different ways

 Dum and Strick, 2005 ). Indeed, PMv has limited access to motoneu-

ons ( Martino and Strick, 1987 ; He et al., 1993 ; Shimazu et al., 2004 )

ompared with SMA and PMd. Furthermore, even if PMd projects to the

pinal cord, this area does not seem to play a direct role in movement ex-

cution, being more involved in action selection ( Halsband et al., 1993 ;

ushworth et al., 1998 ). Accordingly, our results suggest that PMd sends

ack an updated motor program to PMv, which in turn conveys it to M1,

efining motor execution. Differently, since SMA directly projects to the

and motoneurons ( Dum and Strick, 1996 ; Maier et al., 2002 ), it may

nfluence the motor execution without conveying the updated motor

rogram to the primary motor cortex through PMv. 

.2. Imagined vs Pantomimed grasping 

The PEB results of the C matrix did not confirm that imagery exerts a

irect effect on aIPs. This result is consistent with studies that have sug-

ested that the activation of aIPs depends on the perceived goal of the ac-

ion ( Fogassi et al., 2001 ; Hamilton and Grafton, 2006 ; Króliczak et al.,

007 ; Tunik et al., 2007 ). Accordingly, it might be supposed that im-

gery activates aIPs less than ME in the univariate analysis, and does

ot exert a direct effect on aIPs in the effective connectivity one, be-

ause imagined actions are perceived as less purposeful than executed
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b  
antomimed actions. Furthermore, as stated above, we chose to model

he input to have a direct effect only on aIPs, even if both conditions

rise from a visual cue; indeed, we were not interested in analysing the

isual processing of the stimulus, and the acquisition sequence itself ex-

luded the possibility of modelling occipital areas. However, it has been

hown that during imagery there is a major contribution of visual cor-

ices ( Guillot et al., 2009 ; Jiang et al., 2015 ); therefore, it is unsurprising

hat during imagery aIPs is not the first involved node in our model. 

In the present study, we also aimed at testing the hypothesis that

eal and imagined grasping would require a different involvement of

remotor areas, exploring the difference in couplings between our re-

ions of interest across the two conditions. As expected, our results sug-

est that during the imagined condition a different connectivity pattern

merges. aIPs exerts a positive influence on PMv, but to a lesser extent

han during real grasping; PMv does not exert feedback inhibition on

IPs. A potential explanation of the latter finding may be that during MI

he absence of the concrete implementation of the movement prevents

he online update of the information stored in aIPs. Indeed, aIPs jointly

epresents abstract and concrete action properties ( Turella et al., 2020 )

nd is known to be involved in online monitoring ( Davare et al. 2007 ;

unik et al., 2007 ; Dafotakis et al., 2008 ), a process that likely takes

lace thanks to cortico-cortical and cortico-cerebellar loops. This col-

ection of evidence confirms the flexible organization of aIPs that

ubserves the ability to react to unexpected environmental demands

 Turella et al., 2020 ). 

Alongside the aIPs-PMv circuit, the PEB results of the imagined con-

ition show that the motor program appropriate to the object, encoded

y PMv, is not conveyed to M1, which is not activated even in our group

nalysis ( Sulpizio et al., 2020 ), nor to SMA and PMd. Thus, the motor

rogram seems not to be updated by higher-level processing stages en-

oded by PMd and SMA, suggesting that during imagery a less complex

otor program is planned. Despite that, both SMA and PMd seem to play

 role during imagery, since SMA activates PMd, which in turn inhibits

Mv. It has been proved that both areas are involved during imagery,

nd that PMd receives inputs from visual areas ( Marconi et al., 2001 ;

imon et al., 2002 ), even if we did not model these connections. Also,

Md is involved in the selection of the kind of action to be performed

 Hoshi and Tanji, 2007 ). Accordingly, our results suggest that SMA and

Md may cooperate to prevent that the action would be performed,

ince a crucial input to PMd seems to derive from SMA at difference

ith executed grasping; this evidence possibly confirms the existence

f imagery-specific processes that prevent the execution of the motor

lan. 

Differently from previous DCM studies on motor imagery during low-

emanding tasks such as finger tapping ( Kasess et al., 2008 ; Gao et al.,

014 ), our model did not show a suppressive influence of SMA on M1.

he lower complexity of the movements to be performed, as well as the

xclusion of PMd in the above-mentioned DCM studies, may account for

he dissimilarity between previous and present DCM results. The study

rom Park et al. (2015) also points toward this interpretation, since it

howed that the predictive role of SMA during imagery differed across

asks (namely, hand grasping and rotation). Moreover, since our results

how that M1 is not activated by PMv, and that PMv is inhibited by

Md, one may speculate that during imagined grasping there is no need

or SMA to inhibit the primary motor cortex. 

The comparison between imagined and real grasping further sup-

orts the abstract-to-concrete action representation in the cerebral cor-

ex previously discussed. Indeed, the abstract representation of motor

lan during grasping was found to be shared across ME and MI in

igh-level areas as aIPs ( Monaco et al., 2020 ), and this might explain

he cross-condition involvement of the aIPs-PMv circuit in our PEB re-

ults. Moreover, PMd was found to represent actions in both ME and

I, irrespective of the complexity of the motor tasks; more intrigu-

ngly, this area lacks of generalization across ME and MI during grasp-

ng ( Monaco et al., 2020 ), whereas it shows a more similar representa-
9 
ion across modalities during low-demanding motor tasks ( Zabicki et al.,

017 ). The above-described and the present findings yield to the sug-

estion that different, and presumably task-dependent, neural mecha-

isms take place in PMd. Accordingly, the crucial role of PMd in de-

iding the kind of action to be performed ( Hoshi and Tanji, 2007 ) may

ccount for differences between MI and ME, and this property may be

mphasized when dealing with complex motor movements and their

nhibition. 

Also the distinct roles of M1 during MI and ME deserve further con-

iderations. The contribution of the primary motor cortex during im-

gery is controversial, since different techniques and approaches have

esulted in contradictory findings. Indeed, some studies have suggested

hat M1 encodes high-level motor properties such as the goal of the ac-

ion both in ME and MI ( Alexander and Crutcher 1990 ; Ashe et al., 1993 ;

allivan et al., 2011a ; Georgopoulos and Grillner, 1989 ; Kalaska and

rammond, 1992 ; Pilgramm et al., 2016 ; Turella et al., 2020 ), whereas

everal fMRI activation studies have failed in revealing a consistent

ontribution of M1 during MI. However, methodological limits (such

s the lack of spatial specificity of canonical, volumetric fMRI analy-

es) may account for eventual null findings; different fMRI techniques,

uch as MVPA, have indeed suggested that M1 decodes the content of

I ( Pilgramm et al., 2016 ). Of utmost relevance is the usage of high-

esolution fMRI (7T) to disentangle the contribution of different layers

f the primary motor cortex during MI, compared to ME ( Trampel et al.,

019 ; Persichetti et al., 2020 ). Monkey ( Weiler et al., 2008 ; Mao et al.,

011 ) and human ( Huber et al., 2017 ) studies have indeed revealed

ayer-specific connections of M1, where the superficial layers orches-

rate the cortico-cortical connections, whereas the deeper ones are re-

ponsible for the generation of cortico-spinal outputs. Accordingly, the

sage of the vascular space occupancy (VASO) method that increases

he spatial specificity removing the vasculature bias ( Turner, 2016 ;

uber et al., 2018 ), combined with high-resolution fMRI (7T), revealed

hat the superficial layers of M1 are recruited during both MI and ME;

onversely, the motor outputs are generated in the deeper layers of M1

 but only during ME ( Persichetti et al., 2020 ). Thus, M1 presumably

olds, albeit for short periods, high-level motor properties processed by

remotor regions. Despite our attempt to increase spatial accuracy by

sing a surface-based ROIs selection, our analysis may have not reached

uch degree of specificity. 

.3. Limitations 

One limitation of the present study is that we used pantomimed in-

tead of actual grasping. This choice is quite common among fMRI stud-

es due to the difficulty of performing real grasping in the MR environ-

ent ( Bozzacchi et al., 2012 ; Johnson-Frey et al., 2005 ; Makuuchi et al.,

012 ; Shikata et al., 2003 ; Simon et al., 2002 ), especially if the objects to

rasp are commonly used objects and not boxes or manipulanda. More-

ver, in order to test our hypothesis on motor dynamics during grasp-

ng, pantomime allowed us to avoid that hand-object interactions (i.e.,

ouching the object) would result in the activation of sensorial areas,

hich might superimpose the activation of the motor ones. However, it

ight be useful to test whether our model is reliable also during actual

rasping, despite the tactile stimulation caused by the interaction with

he object. 

We are aware that grasping execution involves a broader range

f areas, for instance prefrontal areas (e.g., dorsolateral and ventro-

ateral prefrontal cortex) or pre-SMA (F6 in macaques), which inter-

ct with motor areas and may play a crucial role in motor dynamics

 Gerbella et al., 2017 ). Similarly, imagery involves also visual

 Jiang et al., 2015 ) and frontal areas such as the dorsolateral prefrontal

ortex ( Hardwick et al., 2018 ). Beyond the exclusion of some areas

e.g., cerebellum, occipital and temporal areas) due to the acquisition

equence, we chose not to include other areas in our model to focus on

rain regions known to peculiarly encode grasping movement proper-
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ies; furthermore, this allowed us to keep the DCM model as simple as

ossible, reducing the number of possible parameters of interest. 

. Conclusions 

The present study provides the first attempt to study execution and

magery of a grasping movement with a DCM-PEB approach, focusing

n premotor dynamics. 

On balance, we succeeded in enlightening the role of areas recently

ound to be involved in grasping; moreover, our model provides new

vidence on the functioning of the whole grasping circuit, clarifying the

mbiguous last steps of the circuit that involve PMd, PMv, and M1. This

s the first attempt to analyse connectivity in the grasping network by

sing the DCM-PEB approach and with a surface-based ROI definition.

urthermore, differently from previous DCM studies, the evaluation of

eedback connections allowed us to make inferences also on the serial

ctivation of these areas, an information otherwise impossible to detect

y using canonical fMRI analysis. Finally, the comparison between real

nd imagined grasping reveals that premotor areas dynamically inter-

lay in different ways, depending on task demands. 

Overall, our study suggests that disengaging from an activation per-

pective, where a similar recruitment of motor-related areas has been

ound in ME and MI, effective connectivity may provide an explana-

ion of the substantial similarities and differences between imagined

nd executed grasping. Indeed, the task-dependent interactions revealed

y DCM can be only partially explained by the slighter recruitment of

he areas within the grasping network during MI we detected in the

hole-brain activation maps ( Sulpizio et al., 2020 ). If so, we would

ave found that the same connections were modulated by both con-

itions, but to a lesser extent during imagery. Our results suggested

hat this is true only for a few connections. Such findings could be

seful when using MI in rehabilitation protocols of post-stroke pa-

ients ( Page et al., 2007 ) and applied to brain computer interface (BCI)

 Green and Kalaska, 2011 ), as well as when evaluating the effectiveness

f such procedure ( Doyon et al., 2003 ; Nyberg et al., 2006 ; Bajaj et al.,

015 ). 

Further studies might extend the circuit of interest as previous func-

ional connectivity studies ( Hutchison and Gallivan, 2018 ) to under-

tand whether other brain areas, excluded from our model, may account

or differences in connectivity during imagined and executed grasping.

t would be also useful focusing on the visual processing of the stim-

lus, especially for the imagined condition, or evaluating how intra-

emispheric couplings are modulated by the interhemispheric connec-

ions. 
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