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Neurophysiological studies showed that in macaques, graspelated visuomotor
transformations are supported by a circuit involving the aerior part of the intraparietal
sulcus, the ventral and the dorsal region of the premotor ae In humans, a similar
grasp-related circuit has been revealed by means of neuroiaging techniques. However,
the majority of “human” studies considered movements perfamed by right-handers
only, leaving open the question of whether the dynamics undéying motor control

during grasping is simply reversed in left-handers with rgmct to right-handers or not.

To address this question, a group of left-handed participats has been scanned with
functional magnetic resonance imaging while performing argcision grasping task with
the left or the right hand. Dynamic causal modeling was usecdtassess how brain regions
of the two hemispheres contribute to grasping execution andwhether the intra- and

inter-hemispheric connectivity is modulated by the choiceof the performing hand.

Results showed enhanced inter-hemispheric connectivity &ween anterior intraparietal
and dorsal premotor cortices during grasping execution wk the left dominant hand
(LDH) (e.g., right hemisphere) compared to the right (e.deft hemisphere). These ndings
suggest that that the left hand, although dominant and theagtically more skilled in left
handers, might need additional resources in terms of the vissmotor control and on-line

monitoring to accomplish a precision grasping movement. Té results are discussed
in light of theories on the modulation of parieto-frontal nevorks during the execution
of prehensile movements, providing novel evidence suppdrg the hypothesis of a
handedness-independent specialization of the left hemidpere in visuomotor control.

Keywords: reach-to-grasp, handedness, left-handers, funct
modeling

ional magnetic resonance imaging, dynamic causal

INTRODUCTION

The neural correlates of grasping in humans have been intehysiinvestigated by means
of neuroimaging and brain stimulation techniques (for rewis seeCastiello, 2005; Castiello
and Begliomini, 2008; Filimon, 20).0 These studies mainly rely on neurophysiological
ndings in the attempt to identify in humans a cortical netwiorsimilar to that described
in monkeys, in which the anterior intraparietal area (AlP)het ventral (F5), and the
dorsal (F2) premotor cortices play a key role for the execut@ngrasping movements
(Murata et al.,, 1997; Rizzolatti and Luppino, 2001; Raos et a4 2ee Castiello, 2005;
Castiello and Begliomini, 200for reviews). The majority of these studies highlightedttha
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grasping actions performed with one hand or the other aremonkeys Clower et al., 2005 E ective connectivity approach
usually mirrored by an asymmetric recruitment of the two (Dynamical Causal Modeling—DCM;riston et al., 2003was
hemispheres in functional terms (left hand/right hemisphese recently adopted to further test the idea that in right-harslére
right hand/left hemisphere)Krouwer et al., 2001; Johnson-Freycontribution of the two hemispheres to the execution of gragpin
etal., 2005; Basso et al., 2006; Pollok et al., 2006; Beuleial., movements might vary according to the performing hand
2008; Martin et al., 2011; Kourtis et al., 2DIHowever, in some (Begliomini et al., 2015 The results highlighted strengthened
cases ipsilateral activations within motor-related aremgehalso inter-hemispheric connections between dPMCs during gragpin
been reportedKim et al., 1993; Volkmann et al., 1998; Baraldiwith the left non-dominant hand and further emphasized the
et al., 1999; Kobayashi et al., 2003; Verstynen et al.) 2005 fundamental contribution of the dPMC in monitoring the nge'

To date, most of these neuroimaging studies have focusembn guration, suggesting that when the less skilled hanaksied,
on right-handed participants performing grasping movementsadditional control is required.
with their right hand, neglecting a basic feature of the huima  For the rst time here we explore the contribution of both
body and motor behavior: the presence of two functional handshemispheres to the execution of a precision grasping task,
physically symmetrical but functionally distinct. It hasdme performed by left-handers with the left or the right hand.
estimated that 90% of humans show the tendency to use theBpeci cally, we aim to observe (i) whether the execution of
right hand for interacting with objects and the environment a precise grasp involves the grasping network according to a
while the left hand plays a supporting role. However, thespecular schema, so that grasping with the left dominant hand
remaining 10% of the population shows the opposite functiona{LDH) mainly recruits the right hemisphere, whereas grasping
pattern with the left hand as a dominant onédrelle and with the right non-dominant hand (RNH) mainly recruits
Ehrman, 1991 Whether the mechanisms underlying the motor the left hemisphere; and (ii) whether left hand dominance
control of the left-handers simply mirror that of the right- in uences intra-hemispheric connectivity patterns amongas
handers has been the focus of behavioral studies. In generbklonging to the grasping circuit, as observed in a previous
these studies simply observe whether there is a tendency, $tudy in right handers Begliomini et al., 20105 Relying on
both right- and left-handers, to choose a particular hand tostructural and functional evidence obtained in both humans
perform a given motor task, such as graspitigp(izalez et al., and monkeys (sedable 1) (iii) we also investigated whether
2006, 2007; Gonzalez and Goodale, 2009; Stone et al., 20h&r-hemispheric e ective connectivity between homologous
Main and Carey, 2014; Stone and Gonzalez, POOverall, areas could be aected either by the use of the right hand,
these studies indicate the left hemisphere/right hand emdem which is non-dominant in left-handers, or rather by the use
as specialized for grasping, independently from handedneds, aof the left hand, which is supposed to be dominant, but
the right hemisphere/left hand ensemble as critical in haptipotentially less-skilled. We considered the four key regiohs
tasks Gtone et al., 2013; Stone and Gonzalez, ROMhat is  the “grasping network,” namely the AIP, the ventral premotor
less well understood is how the human brain controls graspingortex—vPMC, dPMC and the primary motor cortex—M1
movements with the right or the left hand, in both right- and (Castiello and Begliomini, 20)¢ypothesizing that connections
left-handers, as there are only a few imaging studies fagusn  between homologous areas of the two hemispheres would be
this issue. An unpublished report (Culham et al., unpublishedmodulated during precision grasping task, according to the
considered right-handers performing grasping movementé wit performing hand. In this respect, three possible scenariogwer
either the right or the left hand toward 3D targets while consideredFigure 1):
being scanned. These results indicated that grasping witlerei
hand recruits AIP bilaterally, with a signi cantly strongand
more extended recruitment of the hemisphere contralateratasLe 1| Studies demonstrating the existence of inter-hemisphericonnections
to the hand used. Similar evidence has been provided al$etween grasping areas considered in the present study.
by Martin et al. (2011)and very recently also byzourio-
Mazoyer et al. (2015)both studies show that while right-
handers are characterized by a clear asymmetric pattern of

Connection Non-human primate Human primate studies
studies

brain activity (left hemisphere/right hand; right hemispledeft  aiP—aip Culham and Valyear, 2006;
hand), left-handers show a bilateral recruitment of braggions Begliomini et al., 2008
involved in motor control, independently of the hand used. In Leetal., 2014
another study Begliomini et al., 2008right- and left-handers ;J:ékeetta?l";o%%a

were scanned while performing a precision grip task with the Davare et’ah 2007

right or the left hand. Results conrmed the crucial role of \ppc—_vpmc  Boussaoud, 1995:

the bilateral AIP: this region, together with the right dafs Dancause et al., 2007

premotor cortex (dPMC) and the right cerebellum appearediPMc—dPMC  Marconi et al., 2003 Begliomini et al., 2008, 2015
to be signi cantly modulated by hand and handedness, invi—wm1 Jenny, 1979; Davare et al., 2007

both right- and left-handers. The fact that both AlIPs and the Leichnetz, 1986

cerebellum showed a similar pattern of modulation accordimg t Rouiller et al., 1994

the hand and handEdne'SS prQVIdEd Support to the E‘XISter?.CG OfAﬁ’, Anterior IntraParietal; vPMC, ventral PreMotor Cortex; dPMC, dorsal Rvietor
cerebellum-AlIP connections in humans, as already desglifbe Cortex; M1, Primary Motor Cortex.
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FIGURE 1 | Models tested for the RFX Bayesian Model Selection (BMS). Mels #1—4 belong to the LDH family; models #5-8 refer to the RN family; model #9 (null
model) does not belong to any “family” and does not include apinter-hemispheric connection. Solid blue arrows indic& connections (both intra- and
inter-hemispheric) modulated by Precision Grip movementperformed with the RNH; solid black arrows indicate connedbns modulated by PG movements
performed with the LDH; dotted arrows indicate connectionsnot affected by modulation effects. AIP, Anterior Intrapartal; vPMC, Ventral Premotor Cortex; dPMC,
Dorsal Premotor Cortex; M1, Primary Motor Cortex; LH, Left Bmisphere; RH, Right Hemisphere; RNH, Right Non Dominant htal; LDH, Left Dominant Hand.

(1) The execution of precision grasping with the LDH Practice of Padova University Hospital. All participants gave
modulates contralateral intra-hemispheriand inter-  written informed consent in accordance with the Declaratimn
hemispheric connections between homologs areas (modettelsinki. The study has been supported by a grand awarded from
#1-4); the ltalian Ministry for Education, University and Research to

(2) The execution of precision grasping with the RNH Chiara Begliomini (CPDA117759/11).
modulates contralateral intra-hemispheri@and inter-
hemispheric connections between homologs areas (modeE . .

#5-8). xperimental Stimulus . .

(3) The execution of precision grasping with either the LDHThe stimulus was a spherical MR-compatible object of 3cm
or the RNH modulates contralateral intra-hemispheric butdiameter, presented at a distance allowing the comfortable
not inter-hemispheric connections between homologs area@X€cution of a grasping movement, and which was the same
(model #9). for both hands. A regular geometric shape was chosen to allow

for comparisons with previous neurophysiologica@ld|lese et al.,
1994; Umilta et al., 2007and neuroimaging (e.gBegliomini

METHODS et al., 2007pstudies. Stimulus dimension was selected in order
o to elicit a precision grip, that is the opposition of thumb and
Participants index nger. This kind of prehensile action has been well

Sixteen participants (11 females; age range: 21-32 years; meéascribed in humans at both neur&tiirsson et al., 2001; Frey
age: 26.1 years) participated in the experiment. All participantet al., 2005; Culham and Valyear, 2006; Begliomini et al.,[2007
had normal vision and had no history of neurological, psyttita 2014; Turella and Lingnau, 20)l4énd behavioral level (e.g.,
or motor disease. Left hand dominance was evaluated by meafsannerod, 1981, 1984; Castiello et al., 1993; Savelsheigh e
of the Edinburgh Handedness Inventorpid eld, 1971, and 1996; Cuijpers et al., 2008eeSmeets and Brenner, 1996r
only participants with a laterality score index ranging fron60 a review). In addition, neuroimaging studies have highiagh

to 1 (strongly left-handed) were included. Before undengoi how planning and execution of precision grip movements are
the fMRI session all participants underwent a safety screeningharacterized by a larger involvement of the fronto-pafieta
and received all relevant information about the experiméntanetwork with respect to other types of grasping (e.g., whole
procedure and data treatment. The study was carried ouband grasp -Begliomini et al., 2007&,lseeFilimon, 2010for a
according to the guidelines of the Ethics Committee for Glali review).
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Inter-stimulus interval (ISI) was randomized across trials,
varying from 3 to 8s according to a “long exponential”
probability distribution (Hagberg et al., 2001 The whole
experiment consisted of 120 trials (60 per hand), divided to
runs of 60 trials each.

Imaging Parameters

Images were acquired by means of a 1.5 Tesla scanner (Siemens

Avanto) with a standard 8-channels coil. Functional images

measuring the blood oxygenation level-dependent (BOLD)

contrast were acquired with a gradient-echo, echo-plan&i)E

u T2 -weighted sequence covering the whole brain volume (37
continuous axial slices, descending order, 564 voxels, 3mm

( \ 3mm 3.3mm resolution, FOVD 196 mm 224 mm,

L

ip angle D 90, TED 49ms). 114 volumes were acquired for
each of the two runs (5min and 42s for each run, for a total
acquisition time of 11 min and 24 s). A high-resolution sttuial

T1l-weighted image was acquired for each participant (3DMP-

FIGURE 2 | Experimental setup. The participant is lying in the MR scarem
bore and the platform allows the presentation of a stimulustza comfortable

distance. A pillow, slightly tilting the head, allows for aitect viewing of the RAGE, 176 axial slices, 1 mm isotropic voxel, no intersliqgg ga
stimulus. data matrix 256 256, TRD 1,900ms, TED 2.91ms, ip
angleD 15).
Experimental Setup Data Analysis

The stimulus was presented on a small circular MR compatiblg)gtg Preprocessing

table Figure 2). Participants’ upper arms were kept still and Fynctional data underwent spatial pre-processing and arslysi
tight to the body with an elastic band as to minimize possiblgyith the SPM (Statistical Parametric Mapping, www. l.ionLuc
head motion induced by arm movements. In order to ensure gc yk/spm), version 12. The rst four scans of each functiona
consistent starting position for both hands and comparable fo, were excluded from data analysis to allow for T1 equilibr
both hands, all participants wore a plastic belt with a pad in thejtate. For each participant, the time series were temporally
middle (e.g., on the body midline). They were instructed €@k  realigned to the middle slice and were corrected for headionot
both hands placed on the pad in a relaxed position with the pa'm&ranslations/rotations), taking the rst volume of the rées
facing down between trials. The participants' head was supgorteys 5 reference. The structural image was then co-registered
by a foam pillow, in order to have a30 tilted position, to allow {5 the mean of all functional images previously corrected
for a direct view of the stimuli without mirrorsulham et al., oy signal intensity inhomogeneities. Functional imagesrav

2003; Cavina-Pratesi et al., 2007 then normalized according to the MNI152 template (Montreal
Neurological Institute, http://www.mni.mcgill.ca) implented
Task Procedures in the software SPM12, and were nally smoothed using a 6

The participants were instructed to perform a graspings 6.6 mm FWHM 3D Gaussian kernel (twice the native voxel
movement toward the stimulus at a natural speed, without any;jze).

time restraint, using a precision grip with either the LDH or

the RNH hand according to a sound delivered by means oGeneral Linear Model

pneumatic MR-compatible headphones (right hand: low pitchAt the rst level, for each participant, movements performed

- duration: 200 ms; frequency: 1,7 kHz; left hand: high pitch either with the LDH or the RNH were modeled as single
duration: 200 ms; frequency: 210 Hz). Although the stimwlias  events with an assumed duration of about 1.5s on the basis of
constantly visible, participants were instructed not to Inetfie  behavioral observations preceding the experimental segsiin
movement until after hearing the sound. An operator monitdre was done to allow the participants become familiar with the
the entire experiment from the control room, checking thatexperimental setup). Trials timing was de ned on the basis of
the task was performed correctly. Participants were explicitlyhe onset of the cueing sound indicating the hand to be used to

instructed to look at the object throughout action executio perform the grasping action. Movements performed with either
) ) the LDH or the RNH were modeled as separate regressors, and
Experimental Design were convolved with a canonical, synthetic HRF (haemodygami

The experiment adopted a mixed event-related design, withesponse function) to produce individual modetsgnson, 200)L
performing hand (LDH, RNH) manipulated as within-subjects A General Linear ModelHolmes et al., 1994vas run for each
factor (within runs). Trials involving the same hand weresingle subject, including the two regressors of interestHtL.D
gathered in sequences varying from four to eight element®NH) plus additional regressors of no interests (head motion
as to minimize task-switching related brain activity, irmhd parameters created during the realignment stage; triale/fach

by frequent changes of the e ectorC(glham et al.,, 2003 the participants did not react/did not perform the movement
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correctly). The functional time series were concatenatezt the  performing a precision grasp is supposed to spread through
two sessions, and two additional regressors of no interesew ipsilateral connections from AIP to vPMC, and from vPMC to

added to the model to account for possible session e ects. dPMC. The following connection is supposed to link dPMC with
M1, which is assumed to be the last step of the considered models
DCM Models (seeFigure 1). Models #1-4 were considered as belonging to

The aim of DCM (riston et al., 2003; Stephan et al., 2087 the “LDH” family, given their assumption of inter-hemispheri

to identifying possible causal relationship among brainisag interactions between homologous grasping areas as modulated
through the comparison of several di erent causality hypottes by precision grip movements performed with the LDH (model
(e.g., models) involving a given pool of a priori identi ed #1: right AIP$ left AIP; model #2: right vPMG  left vPMC;
brain regions. In the present study, this approach was adoptestodel #3: right dAPMG$ left dPMC; model #4: right M% left

to characterize how the two hemispheres of a group of leftM1). Models #5-8 hypothesize the same architecture, but assume
handed participants contribute to the execution of a precisiorthat inter-hemispherical connections between homologoesar
grasping movement performed with the LDH or the RNH. are in uenced by precision grip movements performed with the
E ective connectivity between areas belonging to the gragpinRNH (“RNH” family; model #5: left AIR right AIP; model #6:
circuit in humans was explored, hypothesizing nine di erentleft vPMC$ right vPMC; model #7: left dAPM& right dPMC;
scenarios Kigure 1). The considered regions are: AIP, vPMC,model #8: left M1$ right M1). The “null” model hypothesized
dPMC, and M1 Castiello, 2005; Castiello and Begliomini, 2008no inter-hemispheric connection between the two hemispheres
Filimon, 2010. Here the basic idea eas that the performing(#9), to test the possibility that the hemispheres do not intera
hand (LDH or RNH) could modulate causal connections betweenvith each other while performing grasping movements with
homologous areas of the two hemispheres (e.g., right M1-leéither the LDH or the RNH.

M1) according to the models describedfigure 1 First,intra-

hemisphericonnections among the grasping key regions (AIPVOI De nition

vPMC, dPMC, and M1) were considered, according to the resultSor each region included in the nine models the relevant time
obtained by single cell recordings performed on macaques (sseries was obtained from the fMRI data of each individual
Table J) and relying on the model described liyastiello and participant from the General Linear Model performed at the rst
Begliomini (2008) This rst step was performed to conrm level. The selection of VOIs was performed on both anatomical
the involvement of the right hemisphere in coding for graspingand functional bases: (i) for all participants, the averagece e
performed with the LDH and the left hemisphere in coding for of the experimental manipulation (precision grip movements
grasping performed with the RNH as a starting point. Secondperformed with LDHC precision grip movements performed
inter-hemisphericonnections between homologous areas in thevith RNH; p< 0.001, uncorrected for multiple comparisons) was
two hemispheres were explored. Concerning this step, it has tested by means of a t-contrast, in order to detect brainvatgti

be emphasized that previous neurophysiological data repredentunderlying both movements; (ii) a Small Volume Correction
the main reference point for connections between dPMC, vPMQWorsley et al., 1996wvas conducted on the resulting activation
and M1. For AIP we mainly relied on the neuroimagingulham by considering the cytoarchitectonic probabilistic maps jded

et al., 2006; Begliomini et al., 2008, 2pahd neurostimulation by the toolbox Anatomyfickho etal., 200) as searching areas.
results Tunik et al., 2005; Rice et al., 2006; Le et al., p014rhe following maps were considered: AIRHoi et al., 2006;
previously reported in humans. Overall these studies agmeath Scheperjans et al., 200&PMC (Amunts et al., 1999 dPMC
bilateral recruitment of the AIP is crucial for grasping emon.  (Genon etal., 2016, 20).&nd M1 Geyer et al., 1996Then, the
For all participants nine dierent models were considered, rstset of coordinates observed for each area (AIP left, Adft,
assuming nine di erent connectivity hypotheses ($8gure 1). vPMC left, vPMC right, dPMC left, dPMC right, M1 left, and
Anatomicalcontext-independemhodels (DCM-A matrix) were M1 right) was selected for the creation of the VOI. Concerning
formulated on the basis of the abovementioned literatureMl, the “hand knob” {fousry et al., 1997Avas adopted as the
and the performing hand was adopted as@ntext-dependent anatomical landmark to identify the set of coordinates fbet
modulatory agent on the forward connections (LDH; RNH—creation of the VOI. For all participants, a spherical VOI of
DCM-B matrix). AIP was included as a driving input (matrix 5mm radius was considered, built around the most signi cant
C) for both hemispheres since the visuomotor analysis of theet of coordinates detected through the SVC. This procedae w
object target of the action represents an essential req@intm performed for each of the 8 regions included in the analysis.
for the successful accomplishment of a grasping action. Iithe time series extraction considered the “e ects of intérest
this sense, both neurophysiological and neuroimaging suppoft-contrast) adjusted for a F-contrast testing for the “ete®f

the consideration of AIP as a crucial regioBijkofski et al., interest” and excluding any other regressor of no interesttjon
1998, 1999; Castiello, 2005; Frey et al., 2005; Rice et @, 2(parameters, errors, missed trials). The percentage of vaianc
2007; Begliomini et al., 2007b; Castiello and Begliomid@82  observed for each region was above 80% in all cases, andlall VO
for this reason. Any possible hypothesis related to stimulusincluded at least 10 voxels.

response coupling mechanism (souhd performing hand)

was not taken into account, since the present study wallodel Estimation and Selection

focused on grasping execution, rather than previous stagegs suBayesian Inferencé’gnny et al., 2004vas performed to verify
as planning. According to the model (envisaged ®ystiello hypotheses concerning the “origin” of the hypothesized
and Begliomini, 2008 the modulation induced by the act of recruitment of ipsilateral regions during precision grip
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movements performed with the RNH and the LDH. We Family-Wise Results

rst veri ed whether and how (e.g., by means of LDH or RNH) BMS was adopted to evaluate which family model (LDH or
the act of performing a precision grasping movement engageBNH) better explained the data. The results indicated that the
contra- and more importantly ipsilateral grasping regions.“LDH” family (e.g., movements performed with the LDH—
Bayesian Model Selection (BMS) was performed by means ofodels #1-4) was distinguished by the highest exceedance
random e ects analysis (RF)XStephan et al., 2009; Penny et al. probability value (0.9732), while the “RNH” family (models 8%—
2010 accounting for the possibility that individual variance was consequently associated with a much lower value (0-6268
can be best described by di erent models. Model comparisoseeFigure 4A). The winning family, LDH, is made up of 4
was performed following a two-steps approach: (i) inferencenodels sharing the hypothesis of inter-hemispheric connestio
at a “family” level (i.e., subsets of models sharing speci between homologs areas (AIP, vPMC, dPMC, and M1) as driven
peculiarities). In this study, two di erent families were ltuion by precision grasping executed with the LDH. These models
the basis of the origin of the modulation of inter-hemispheri assume this modulation as originating in the right hemisphere
connections (e.g., LDH-driven models; RNH-driven models)and spreading to the left hemisphere through one or more of the
Then, (ii) Bayesian comparison was performed within theconsidered inter-hemispheric connections.

“winning” family, in order to reveal the model/s best tting

the data. Also the “null” model was included at this stage ofodel-Wise Results

the analysis, as to better explore dynamic causality hypethesas 3 second step, e ective connectivity patterns were explored
involving the two hemispheres. within the “LDH” family, in order to assess which model/s teet

ts the data. Results showF{gure 4B) that the “dPMC” model

is associated with the highest exceedance probability 10)56
RESULTS followed by the “AIP” model (0.4113), the “M1” model (0.0123),
GLM Group Analysis Results the “vPMC” model (0.016), and the “null” model (0.0065).

A RFX analysis was conducted € 0.05, FWE-corrected for 'I;]heseh resurl]ts _|r_1d|cs_t§ the_‘t’ almonghthe_ c%ns!dered_ models,
multiple comparisons, k 10) as to verify the involvement of those hypothesizing bidirectional inter-hemispheric maations

the considered brain regions (AIP, vPMC, dPMC, and M1) inoccurring either at the AIP (model #1) or at the dPMC (modgl
our task. A t-contrast testing for selective e ects of preaisyrip #3) levels seem to better tthe data. The absence of modati
movements performed with the LDH or with the RNH was run between hem|spheres (model_#g) appears to be the most unlikely
within a mask involving the considered brain regions beliog hypothesis among the considered ones. In order to further
to the grasping circuit. The contrast identi ed activatiomall of characterize the results, parameter estimates of intraigmeric

these regions, in both hemispheres (Sable 2andFigure 3). connec_tions (DCM-A matrix) resulting from Bayes_ian Model
Averaging (BMA) were extracted and tested against O (one-

samplet-test,p < 0.05). This procedure was used to characterize
DCM Results both intra- and inter-hemispheric connection strengths\een
E ective connectivity patterns occurring among the consitér brain regions involved during the execution of PG movements
brain regions were explored by means of DCM12, providedvith the RNH (left hemisphere) or the LDH (right hemisphere).
by the SPM12 toolbox (Wellcome Department of ImagingThe results are reported ifable 3 and depicted inFigure 5.
Neuroscience, London, UK), running in Matlab environment The statistical analysis showed that grasping with LDH and RNH
(R2017b, The MathWorks, Natick, MA, USA). signi cantly in uences the selected input regions: the |&fP

TABLE 2 | Results of the RFX analysig(< 0.05, FWE-corrected for multiple comparisonsk  10).

CLUSTER level PEAK level MNI
p(FWE) k p(unc) p(FDR) T Z-score p(unc) X Y z SIDE REGION BA
<0.0001 229 <0.0001 <0.0001 10.39 6.72 <0.0001 38 16 65 RIGHT PRECG 4
<0.0001 8.36 5.96 <0.0001 52 -10 35 RIGHT PRECG 4
<0.0001 6.66 5.18 <0.0001 35 -49 49 RIGHT IPL 40
<0.0001 6.65 5.12 <0.0001 42 6 59 RIGHT MFG 6
<0.0001 55 <0.0001 <0.0001 7.78 571 <0.0001 38 16 62 LEFT PRECG 4
<0.0001 7.26 5.47 <0.0001 =31 -20 68 LEFT MFG 6
<0.0001 5.67 4.64 <0.0001 -28 -16 59 LEFT MFG
<0.0001 41 <0.0001 <0.0001 7.08 5.39 <0.0001 55 10 5 RIGHT IFG 45
0.030 20 <0.0001 <0.0001 6.77 5.23 <0.0001 51 7 15 LEFT IFG 45
0.016 18 0.0001 <0.0001 6.50 5.10 <0.0001 38 30 38 LEFT IPL 40

The contrast of interest is precision grip_LDHC precision grip_RNH. PRECG, Precentral Gyrus; IPL, Inferior PagkLobule; MFG, Middle Frontal Gyrus; IFG, Inferior Frontal Gyrus.
Bolded font indicates the rst activation peak of the cluster (in terms of &and Z score).
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FIGURE 3 | Results of the group analysis (RFX) for the t-contrast RNELDH performed on the whole brain.(A-C) Left hemisphere, lateral and medial views;
(B-D): Right hemisphere, lateral and medial views. AIP, Anteriortraparietal; vPMC, Ventral Premotor Cortex; dPMC, Dorsali@motor Cortex; M1, Primary Motor
Cortex.

FIGURE 4 | Results of the BMS RFX performed at the family levéh) and at the model level(B) For both levels, expected (upper panels) and exceedance pbabilities
(lower panels) are indicated. LDH, Right Dominant Hand; RNHL.eft Non-dominant Hand; AIP, Anterior Intraparietal; vPMG/entral Premotor Cortex; dPMC, Dorsal
Premotor Cortex; M1, Primary Motor Cortex; Control, contrbmodel.
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TABLE 3 | Results of one-samplet-tests performed on the parameter estimates related to inpueffects, intra-and inter-hemispheric connections withi the winning family
RNH @ < 0.05).

INPUT AIP AIP vPMC vPMC dPMC dPMC M1 M1
LEFT RIGHT LEFT RIGHT LEFT RIGHT LEFT RIGHT

AIP LEFT t(15)1 3.29 t(lS): 4.49
p D 0.0048 p D 0.0004
AIP RIGHT tas): 3.87 tas): 4.09
p D 0.0014 p D 0.0009
vPMC LEFT t(15): 8.59 t(15)1 -0.05
p < 0.0001 pD0.9614
vPMC RIGHT '[(15)1 5.49 t(15)1 0.06
p < 0.0001 pD0.949
dPMC LEFT tas): 11.05 tas): 14.18
p < 0.0001 p < 0.0001
dPMC RIGHT t(15)1 10.91 t(15): 2.69
p < 0.0001 p D 0.0164
M1 LEFT t(15)1 2.02 t(15): 0.01
p D 0.0.0612 p D 0.9982
M1 RIGHT tas): 4.42 t(15): 0.01
p D 0.0004 p D 0.9881

AIP, Anterior IntraParietal; vPMC, ventral PreMotor Cortex; dPMC, dorsBreMotor Cortex; M1, Primary Motor Cortex. Cells on top of the columns report the “input’egion and rows
report the “target” region. Values in italic are not signi cant; viaes in bold are signi cant.

for precision grip movements performed with RNirisy D 3.29  dominant one. Thus, it is not surprising that the left-hander

p D 0.004, and the right AIP for precision grip movementshave been largely neglected in neuroimaging studies of lnuma
performed with the LDH{15) D 3.87p D 0.001. Concerning the motor behavior, with most research focusing only on the tigh
left hemisphere, which is assumed to be primarily recruitediwhe handed population. To bridge this gap, we investigated the rieura
performing precision grip movements with the RNiFigure 5),  underpinnings of precision grasping movements in left-handed
two out of three connections between nodes appeared to kearticipants using a dynamic causal modeling approach (DCM;
signi cantly modulated [AIP-vPMCt 5y D 8.59,p < 0.0001; Fristonetal., 2003

VPMC-dPMC: t(15y D 11.05,p < 0.0001]. The connection In general, our results con rmed that performing a precision
dPMC-M1 showed a weak trend to signi cancgiky D 2.02, grasping task with either the left or the right hand recruits
p D 0.06]. Concerning the right hemisphere, primarily recruitedbrain regions belonging to the grasping network, such as the
in the control of precision grip movements performed with the AIP, the vPMC, the dPMC and the M1. We also explored
LDH (Figure 5), all the connections appeared to be signi cantlywhether and how the intra- and inter-hemispheric causal
modulated [namely AIP-vPMQt(;5) D 5.49,p <0.0001; vPMC- relationships between “key” cortical nodes of the parietmtal
dPMC: t(15y D 10.91,p <0.0001; dPMC-M1t15) D 4.42, grasping network were in uenced by the choice of the hand
p D 0.0004]. With regard to inter-hemispheric connectionsperforming the movementin left-handers. For intra-hemispler
between homologous areas of the two hemispheifieblé 3  connectivity, we focused on the interactions between graspi
Figure 5, the functional link between AIPs appears to beregion, as described liyastiello and Begliomini (2003that are:
signi cantly modulated in both directions [L Rt(;5 D 4.098, AIP, vPMC, dPMC, and M1. Fainter-hemisphericonnectivity

pD 0.0009; R L t(15 D 4.492p D 0.0004]. While connections we considered two possible scenarios: (i) e ective connegtivit
between vPMCs did not show any signi cant modulation e ectin between homologous areas is aected by precision grasping
either directions, dPMCs connections appears to be signilgan movements performed with the RNH, given that this hand is
modulated in both directions [L Rt(5 D 2.069,p D 0.0164; supposed to play a “secondary” role with respect to the LDH,;
Rl L tgs) D 14.18,p < 0.0001]. Dierently, connections (i) e ective connectivity between hemispheres is modulatgd b
between M1s did not highlight any signi cant result![L R the LDH, given the behavioral evidence that even in leftdems

t15D 0.01,pD 0.9981; R Lt(15D 0.01,pD 0.9982]. the left hand could be less skilled in tasks characterizeldidpy
levels of visuomotor processing, such as grasping smalltsbjec
DISCUSSION (Gonzalez et al., 2006, 2Q007o test these hypotheses, left-

handed participants performed precision grasping movements
Despite their physical similarity, our two hands tend to playwe toward an object with either the right or the left hand.
di erent roles, with 90% of us showing the right hand dominanc ~ In terms of theintra-hemispherice ective connectivity, we
when using and interacting with objects, while the left hdras  showed that when precision grip movements are performed with
a merely supporting role. Only 10% of the population exhibitshe RNH, the connections “AIP-vPMC” and “vPMC-dPMC”
the reversed behavioral asymmetry, using the left hand eis th within the left hemisphere appear to be signi cantly modulated
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When considering inter-hemisphericconnectivity, results
showed that the best tting models were those hypothesizing
a RIGHT  LEFT modulation when the LDH is used. These
results speak in favor of a somewhat lower dexterity of the
LDH as a modulating factor for inter-hemispheric connectyvit
between homologous areas. In other words, even if the | eft s
supposed to be dominant for left-handers, it might be lesdexkil
to properly accomplish a task requiring high levels of accuracy
(i.e., precision grasping). Therefore, additional processiithin
the ipsilateral (left) hemisphere is required to support thehtig
hemisphere.

Considering the stage at which this bilateral recruitment
occurs, connectivity analyses indicated that the AIP and the
dPMC are the key nodes for the inter-hemispheric “cross-
talk”: connections between the AIPs, as well as the dPMCs,
appear to be signi cantly modulated in both directions. In both
humans and non-human primates, the AIP plays a crucial role
in “translating” object intrinsic properties into specic gis
(Rizzolatti and Luppino, 2001 The present study con rms the
bilateral involvement of the AIP in precision grasping tasks,
previously observed in right-handers using either the rightier
left hand (Tunik et al., 2005; Rice et al., 2006; Davare et al.,)2007
For examplePavare et al. (2008howed that hand shaping, the
“core” event of a grasping movement, is impaired only when
virtual lesions to both AIP are induced by means of repetitive
transcranial magnetic stimulation (rTMS), while no impairnmen
was observed when the AIP lesion was unilateral. The potentia
existence of a cross-talk between the two AIPs gives further
support our present ndings. Notably, previous DCM study on

FIGURE 5 | Connection strengths of the tested models. Solid lines indate right-handers Begliomini et al., 20)observed only a LERT
signi cant modulation effects. Group-level averages of thdMAP estimates and RIGHT modulation during the execution of precision grasping
95% con dence intervals are illustrated. The mean values wertested against movements performed with the left non-dominant hand. This

0. AIP, Anterior Intraparietal; vPMC, Ventral Premotor ContedPMC, Dorsal

Premotor Cortex: M1, Primary Motor Cortex. result has been explained in terms of additional processing

required by the right hemisphere, controlling the lessiskilleft
hand.

On the other hand, when performing movements with the LDH, Considering right-handers, the dominance of the left
the “AlP-vPMC” and “vPMC-dPMC” connections within the hemisphere when using the right dominant hand in high
right hemisphere were modulated. In addition, the “dPMC-M1" precision tasks has been testi ed by many studiesr(ien and
connection appeared to be modulated only within the rightSovijarvi-Spapé, 2015; Kroliczak et al., 2&e&Corballis et al.,
hemisphere, when using the LDH. No signi cant modulation 2012for a review). The fact that left-handers were characterize
e ects were observed in the left hemisphere concerning the udgy a bi-directional cross-talk when the LDH was used, con rms
of the RNH for the connection “dPMC-M1.” These results arethat the precision grasping task requires additional resesiroot

in line with recent studies showing that e ective connedivi only as a result of the complexity of the task, but also because
between intra-hemispheric nodes of the grasping network ithe performing left hand needs additional resources in teghs
speci cally modulated by the choice of the performing handthe visuomotor transformations, even if it is supposed to be the
(Begliomini et al., 2005 However, the fact that only within dominant and thus more the “e cient” one.

the right hemisphere (i.e., using the LDH) the nal step of In a similar vein, the connection between the right and the
the circuit (dPMC-M1) appears to be signi cantly modulated left dPMC appeared to be modulated in both directions: this
by the performing hand might suggest that using the LDHobservation mirrors the results of a previous study invodyin
requires a stronger “information ow” between these twoase right-handers Begliomini et al., 2015 Other ndings in right-

as to accomplish the movement adequately. Overall, the pattetranders also indicated that a precision grip performed with the
of connectivity observed within hemispheres con rms a serieleft hand necessitates a contribution of the bilateral dPidCan

of results obtained in both humans and non-human primatesappropriate on-line monitoring of the actioravare et al., 2006;
(Rizzolatti and Luppino, 2001; Castiello, 2005; Castiello anBegliomini et al., 2008, 20).5This evidence provides support
Begliomini, 2008 converging on the idea that AIP and both to the idea that dPMC plays a crucial role in controlling distal
ventral and dorsal regions of the premotor cortex act as “keyactions, which aligns with neurophysiological evidence shgw
areas of the grasping circuit, together with the M1. the presence of neurons selective for the type of prehensiorein th

Frontiers in Neuroscience | www.frontiersin.org 9 April 2018 | Volume 12 | Article 192



Begliomini et al. Grasping in Left-Handers

dorsal premotor cortex of non-human primates (Area R30s  and including populations characterized by di erent degrees of
etal., 2008 right- and left-handedness would be bene cial for a ne-grad

To summarize, the present study is the rst to examine howexploration of the role of handedness in motor control.
connections among motor brain areas are aected by hand In conclusion, the present study further validates
dominance in left-handers. The results speak in favor of aeurophysiological and neuroimaging data on the cortical
predisposition of the right hand/left hemisphere for motorkas control of grasping in humans, adding novel insights on the
requiring high levels of dexterity, such as precision gragpin intra- and inter-hemispheric interplay underlying grasping
These results are consistent with those reported by previowctions. Our results also contribute to Il the gap of knoaige
behavioral observations$spnzalez et al., 2006, 2Qp3uggesting on motor control in left-handers, shedding new light on the
that hemispheric specialization for visuomotor control migie  sophisticated interplay between handedness and motor cbntro
handedness-independent. In this sense, right- and leftdeas
seem not to dier from each other: the right hemisphere AUTHOR CONTRIBUTIONS
involved in supporting the ongoing action recruits resouraé&s
from the left hemisphere to accomplish the action successfullfExperiment Conception: CB, LS, and UC; Experiment Data
More precisely, performing a precision grasping task withCollection: CB and LS; Experiment data analysis: CB, MD, and
the left hand highlights boosted inter-hemispheric coniats  SB; Manuscript preparation: CB, LS, MD, SB and UC.
between homologous areas (AIP and dPMC), suggesting the
need of additional resources in terms of both visuomotorACKNOWLEDGMENTS
processing (AIP) and on-line monitoring (dPMC), both reqed
to accomplish the action in an e cient manner. Additional We thank Dr. Caterina Fiegna and Dr. Niall Stuart for revigin
studies on larger cohorts of left-handefggzoyer et al., 20)6 the English language.
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