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MOTOR HIERARCHY 



SIMPLE MOVEMENTS 
AND ACTION GOALS 
•  Simple movements constitute only a small part of 

human motor repertoire 
•  Human behavior is constituted by goal-directed 

actions based on the synergic composition of 
simpler motor constituents 







ACTION HIERARCHY 
•  Bernstein (1967) integrated evolutionary biology and 

musculoskeletal biomechanics to explain goal-driven 
motor behavior 

•  Introduced the centrality of action goals 
•  Actions are composed of simple motor constituents that 

can be chained together 
•  Separate motor elements are chunked into a single unit 



PREMOTOR CORTEX 
•  Neurons discharge during the execution of a 

specific goal-directed action 

•  They do not discharge during similar 
movements made with other purposes 

•  Active during movements that have an 
identical goal regardless of the effectors 
used  

 



PREMOTOR CORTEX 



VISUOMOTOR NEURONS 
IN MONKEY AREA F5 
•  Several F5 neurons also show complex visual responses 

•  CANONICAL and MIRROR neurons 
•  Canonical neurons discharge when the monkey observes 

graspable objects or executes grasping actions upon those 
objects (Murata et al., 1997) 

•  Mirror neurons discharge both when the monkey executes and 
observes another individual making the same action in front of 
it (Gallese et al., 1996) 

 



HUMAN 
HOMOLOGOUS 
Area F5 is characterized 
by no granular layer IV, 
similarly to human ventral 
premotor cortex and 
partially to BA44 
(posterior part of Broca’s 
area) 
(Petrides et al., Nature, 2005) 



have distinct connections via two separate
pathways as the macaque monkey experi-
mental anatomical data would predict.

Materials and Methods
Data acquisition. We used fiber tractography to
establish the connectivity patterns between in-
dividual regions of interest (ROIs) that were
drawn onto the T1 weighted anatomical mag-
netic resonance imaging scans of 12 healthy
subjects (6 female and 6 male, mean age 29.8,
range 23–39 years) using a Siemens 3T Trio MR
scanner and an 8-channel phased-array head
coil. Diffusion encoding was achieved using a
single-shot spin-echo echo-planar sequence
with twice-refocused balanced gradients. There
were 99 diffusion encoding directions with 2
mm isotropic voxel size, 63 slices, b ! 3000
s/m 2 (q ! 0.35 !m "1), TE ! 121 ms, TR !
11.1 s, GRAPPA parallel reconstruction. A 1
mm isotropic resolution T1 weighted scan was
also acquired (TR ! 9.7 ms, TE ! 4 ms, " ! 12
degrees). The two datasets were registered using
a mutual information based algorithm (Maes et
al., 1997) to remove image misregistration from
distortion and motion. The diffusion orienta-
tion distribution function (ODF) was calcu-
lated using q-ball reconstruction (Tuch at al.,
2003) and the ODF was calculated at 99 isotro-
pically spaced directions generated using an
electrostatic repulsion algorithm. The diffusion
tensor was also calculated at each voxel to gen-
erate fractional anisotropy and mean diffusivity
maps.

Regions of interest. Regions of interest (ROIs)
were drawn on each subject’s T1 weighted ana-
tomical magnetic resonance imaging scan using
3D visualization software (MacDonald, 1996).
A large ROI that encompassed Broca’s area was
painted within the ventrolateral frontal cortex,
anterior to the precentral sulcus, and included
the pars opercularis (area 44) and the pars tri-
angularis (area 45) of the inferior frontal gyrus.
It should be noted that we made no assump-
tions as to the exact location of areas 44 and 45
within Broca’s region, and it is for this reason
that this large ROI was used for our tractogra-
phy. This region is easy to identify on anatom-
ical MRI scans because it is delimited by the
inferior branch of the precentral sulcus posteri-
orly, the inferior frontal sulcus superiorly and
the horizontal ramus of the Sylvian fissure ven-
trally. The pars opercularis, which forms the
posterior part of the ROI, is separated from the
pars triangularis, which forms the anterior part
of the ROI, by the ascending ramus of the Syl-
vian fissure. Electrical stimulation of the pars
opercularis and the caudal part of the pars tri-
angularis during brain surgery results in speech
arrest (Penfield and Roberts, 1966; Rasmussen
and Milner, 1975; Ojemann et al., 1989)
(Fig. 1b).

An ROI was also drawn in the inferior parietal
lobule encompassing the supramarginal gyrus
(i.e., area 40 or PF), which lies ventral to the in-
traparietal sulcus of the human brain (Fig. 1b). In
the macaque monkey, the rostral part of the infe-
rior parietal lobule that encompasses areas PF and
PFG projects to the ventral premotor region in-

Figure 1. Schematic representations of the regions of interest (areas 44 and 45) in the human and monkey brains. a, Experi-
mental anatomical tract tracing in the monkey have demonstrated that the majority of the bidirectional connections of area 44 are
made with regions in the anterior part of the inferior parietal lobule (the homolog of the supramarginal gyrus) via the third branch
of the SLF III, whereas area 45 is connected to the superior temporal gyrus and sulcus via the ECFS. The AF, ECFS, FOF, SLFII and
SLFIII, and MDLF, as well as the ILF are also presented in this diagram. b, Illustration of the ROIs that were drawn on each subject’s
anatomical scan (color coded).
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COMPARATIVE 
HODOLOGY 

pattern of cluster assignment across subjects, we applied the spectral
clustering algorithm to the consensus matrices and computed the
modified silhouette. Figure 3F plots the modified silhouette values,
and suggests that, across subjects, the most stable pattern of cluster
assignment is for K = 4. Qualitatively, the surface maps for the
solutions computed on the basis of the consensus matrix are highly
similar to those computed on the basis of the group-average g2 matrix
(Fig. 4), and the VI metric demonstrates that the best similarity
between the clustering solutions is for K = 2 : 4 (Fig. 3G).

Seeding the K = 4 cluster solution

On the basis of the clustering analyses, we concluded that K = 4
represented the most favorable solution (see Fig. 4). Qualitatively,
the four clusters were located in the superior part of the inferior
frontal gyrus, bordering the inferior frontal sulcus (Cluster 1), the
lateral pars opercularis and pars triangularis (Cluster 2), inferior
precentral cortex (Cluster 3) and a fourth region extending medially
within the Sylvian fissure from the inferior-most tip of the ventral
premotor cortex and the pars opercularis towards the anterior insula
(Cluster 4).
To verify these clusters as functionally distinct regions of ventro-

lateral frontal cortex, we examined the RSFC associated with four
spherical seed ROIs of 4-mm radius, centered on the centers-of-mass
of each of the clusters of the group-average K = 4 spectral clustering
solution. Figure 5 shows the group-level (Z > 2.3; cluster significance
P < 0.05, corrected) RSFC for each of the four clusters, as well as
direct comparisons between clusters.
The pattern of RSFC observed for Cluster 2, which includes the

central parts of the pars opercularis and pars triangularis, is very
similar to those observed for ROIs based in BAs 44 and 45 (compare

Cluster 2 in Fig. 5 with BA 44 and 45 in Fig. 1). Similarly, the pattern
of RSFC for Cluster 3, which includes the inferior part of the
precentral gyrus, is consistent with that for the ROI based in BA 6
(compare Cluster 3 in Fig. 5 with BA 6 in Fig. 1). The voxels in
Cluster 1 probably separate from the rest of the large ventrolateral
frontal region of interest that was defined for the clustering analysis by
virtue of the fact that they are located along the inferior frontal sulcus
on the border with the middle frontal gyrus, which would include
voxels of areas 8 and 9 ⁄ 46v in the upper bank of the inferior frontal
sulcus and adjacent middle frontal gyrus. Specifically, Cluster 1
exhibited RSFC with almost all of the inferior frontal gyrus, anterior to
and including the inferior precentral sulcus, dorsal BA 6 and BA 8 in
the middle frontal gyrus, the intraparietal sulcus, and the caudal
middle and inferior temporal cortex. The comparison Cluster
1 > Cluster 2 (Fig. 5) isolates this border region in the frontal lobe
and highlights the stronger RSFC with the intraparietal sulcus for
voxels that may belong to area 8 and 9 ⁄ 46 in comparison with voxels
that are more likely to lie in areas 45 and 44. Finally, Cluster 4
exhibited a pattern of RSFC similar to that of Cluster 2, but with less
extensive RSFC with the lateral temporal lobe and the medial frontal
cortex, and more extensive RSFC with the dorsal cingulate gyrus and
supplementary motor areas, as well as anterior frontal cortex. It may
represent a region that would include voxels in the anterior insula
region and the frontal opercular region.
Overall, the patterns of RSFC associated with the K = 4 spectral

clustering solution were consistent with those of the primary seed-
based analysis of the ventrolateral frontal regions, and confirmed a
significant distinction between premotor BA 6 and BAs 44 and 45, but
greater similarity than difference between BAs 44 and 45 in terms of
their RSFC.

Fig. 6. Schematic diagram integrating the observed patterns of functional connectivity between BAs 6, 44 and 45 and perisylvian parietal and temporal regions (i.e.
the results of the present study) with information concerning the white matter tracts that join these regions, derived from experimental anatomical tracer studies in the
macaque monkey that can demonstrate the precise origin, trajectory and termination of axonal fiber systems (Petrides & Pandya, 2009). Lines are dashed to indicate
that the white matter pathways underlying the observed functional connectivity are hypothesized, but not measured directly in the present study. SLF, superior
longitudinal fasciculus; AF, arcuate fasciculus; ECF, extreme capsule fasciculus.
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SENSORIMOTOR 
HIERARCHY 

•  The action hierarchy serves: 
•  The generation of own behavior 
•  The understanding of others’ 

behavior 
•  The response to others’ behavior 
•  …sensorimotor communication! 



NEURAL BASES OF SENSORIMOTOR 
INTERACTION AND COMMUNICATION 

Speech 
• Vocal tract gesture 

Non verbal 
• Body movement 



SPEECH / VOCAL 
GESTURES 
Motor contribution to speech perception 

•  Mirror Neurons, canonical neurons and Motor Theories in the 
90’s 

•  Fadiga et al., 2002 
•  Curr Biol 2009; Hum Brain Mapp 2010; Brain & Lang 2010, 

2011; Neuropsychologia 2011; Cortex 2012; Cereb Cortex 
2013; Phil Trans R Soc:B In Press; … 



IS THE MOTOR CORTEX  
ACTIVE  
DURING SPEECH PERCEPTION? 

Fadiga et al., Eur J Neurosci 2002 
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CAUSAL OR 
CORRELATIONAL? 

Previous neuroimaging data offer only a 
correlation between comprehension and 
motor areas (Toni et al., 2008) 

MOTOR SENSORY 



TONGUE & LIP 
STIMULATION 



RESULTS 

RT: Double dissociation 
 

ACC: partial dissociation 
congruent with RT data 

D‘Ausilio et al., Curr Biol, 2009 



NON VERBAL / BODY 
MOTION 
Motor contribution to body motion perception 

•  Mirror Neurons, canonical neurons and Motor Theories in the 
90’s 

•  Fadiga et al., 1995 
•  Brain 2009; Exp Brain Res 2010, 2011; Behav Brain Res 

2011; Plos ONE 2012; Neuropsychologia 2013, In Press; … 
 



GAZE ANTICIPATION 

Hand
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RESULTS 
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GOAL GENERALIZATION 



RESULTS 

Finisguerra et al., In Preparation 



CANONICAL – MIRROR 
INTERACTION 
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RESULTS 
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ACTION SEMANTICS 
AND SYNTAX 
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SENSORIMOTOR COMMUNICATION IN 
LARGE GROUPS 

Model of inter-personal 
communication 
Model of social 
leadership 



ORCHESTRA SCENARIO 



QUARTET SCENARIO 



DATA 



GRANGER’S CAUSALITY 

Method to estimate causality between 
two signals 

•  Given two time series x and y, x “G-causes” y if the past values of x 
contain information that helps predict y above and beyond the 
information contained in the past values of y 

 

D‘Ausilio et al., PlosONE, 2012; 
Badino et al., Neuropsychologia, 2013 



RESULTS CONDUCTOR TO 
MUSICIANS 



RESULTS MUSICIANS 
TO MUSICIANS 



RESULTS AESTHETIC 
JUDGMENTS 
Expert musicians 
(10) rated the audio 
tracks on: 

• Their ability to follow 
the melody  

• Their ability to follow 
the rhythm 

• The degree of 
musical entrainment 

• The emotional 
involvement 
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QUARTET SCENARIO 
A

B

1 2

3 4

MDF
Musician Driving force

1 2

3 4

IMC
Inter-musicians communication

MUS1: First Violin

MUS3: Viola

MUS2: Second Violin

MUS4: Cello



COMPLEX VS SIMPLE 
SEGMENTS 
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LEADERSHIP 
EXTRACTION 
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PERTURBING THE 
INFORMATION FLOW 

IMC First Violin MDF

Perturbation Effects
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