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The work of Paul Broca has been of pivotal importance in the localization of some
higher cognitive brain functions. He first reported that lesions to the caudal part of
the inferior frontal gyrus were associated with expressive deficits. Although most of
his claims are still true today, the emergence of novel techniques as well as the use
of comparative analyses prompts modern research for a revision of the role played by
Broca’s area. Here we review current research showing that the inferior frontal gyrus
and the ventral premotor cortex are activated for tasks other than language production.
Specifically, a growing number of studies report the involvement of these two regions in
language comprehension, action execution and observation, and music execution and
listening. Recently, the critical involvement of the same areas in representing abstract
hierarchical structures has also been demonstrated. Indeed, language, action, and music
share a common syntactic-like structure. We propose that these areas are tuned to detect
and represent complex hierarchical dependencies, regardless of modality and use. We
speculate that this capacity evolved from motor and premotor functions associated with
action execution and understanding, such as those characterizing the mirror-neuron
system.
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The Role of Broca’s Area
in Language

The earliest attempts to localize the seat of
language in the human brain were made by
researchers in the field of phrenology, who lo-
cated this faculty in the frontal lobes, bilaterally.
This idea found support in a series of clinical
cases showing that lesions located in the an-
terior lobes of the brain consistently impaired
language functions, without destroying general
intelligence. Marc Dax, during the first years
of the 19th century, concluded that the loss of
language was more frequently associated with
damages to the left half of the brain.! The

French neurologist Paul Broca was the first in
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establishing that the posterior part of the left
inferior frontal gyrus (IFG) was of critical im-
portance for language production. Broca’s fa-
mous case, a patient named Leborgne, suffered
from left frontal damage extending from the in-
ferior part of the third frontal circumvolution
to the insula and the striatum.? Broca’s apha-
sia was thus described as a syndrome charac-
terized by effortful speech production, impair-
ment in melodic line and articulation, semantic
and phonemic paraphasias, production of tele-
graphic sentences, and reduced and abnormal
grammatical form.*

Modern textbooks consider Broca’s 1861
paper as a landmark in language localization
research, as well as for the localizationist ap-
proach at large. However, many of his contem-
poraries were reluctant to accept his data as
conclusive proof of his own claims. First, Broca
had to overcome the resistance of Bouillaud,
who in his proposal about “organic duality and
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functional unity” opposed a preeminence of the
left frontal lobe in speech production. More-
over, his localizationist ideas were challenged
by Jackson’s dynamical model of language.’ In
more recent times, and despite the emergence
of modern techniques, the precise localization
of several aspects of language competence re-
mains to be agreed upon.

The neurosurgeon Wilder Penfield was the
first to experimentally demonstrate the involve-
ment of Broca’s region in speech production
by electrically stimulating the frontal lobe in
awake patients undergoing brain surgery. He
reported that the stimulation of Broca’s area
evoked the arrest of ongoing speech, although
with some individual variability.® However, in
subsequent decades, a series of experiments
demonstrated that both Broca’s and Wernicke’s
(ie., the temporal area classically considered
the site for speech perception) areas are impli-
cated in both comprehension and production
aspects of language.”® The electrical stimula-
tion of Broca’s area produced marked inter-
ference with language output functions as well
as language comprehension deficits.® These re-
ceptive deficits were predominantly in response
to complex auditory verbal instructions. Re-
cently, a more detailed description of patients
with frontal aphasia have included a varying
degree of speech comprehension deficits. These
deficits became more evident when they were
tested with verbal material requiring syntactic
understanding.** Thus, the functional segre-
gation between Broca’s and Wernicke’s areas
could be differentiated by their encoding of syn-
tax. In fact, it has been found that Broca’s area
is preferentially engaged during language com-
prehension of syntactically complex and/or
ambiguous material.”

Current models of language brain process-
ing posit an important role of network dy-
namics. In fact, several temporal, parietal,
and frontal areas interact in order to de-
liver the many features of language abil-
ity. Cortico-cortical evoked potentials indeed
demonstrate a functional bidirectional connec-
tivity between anterior and posterior language
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areas.'” The degree of connectivity among lan-
guage brain areas was shown to be affected
by task characteristics and has been found
altered in patients with primary progressive
aphasia.!!*!?

The functional connection between anterior
and posterior language areas has been classi-
cally considered to be mediated by the arcu-
ate fasciculus. Recently the anatomic connec-
tivity pattern between Broca’s and Wernicke’s
areas as well as the inferior parietal lob-
ule (Geschwind’s territory) have been as-
sessed using diffusion tensor imaging.!® Ac-
cording to this study, these three territories
form a triangle-like functional structure me-
diated by the long segment fibers (Wernike’s to
Broca’s), posterior segment fibers (Wernicke’s
to Geschwind’s), and anterior segment fibers
(Geschwind’s to Broca’s).!® The arcuate fas-
ciculus has also been found to be signifi-
cantly larger in the left hemisphere, thus sup-
porting its critical role for language.!* Inter-
estingly enough, a recent comparative study
measured the macaque’s, chimpanzee’s, and
human’s arcuate fasciculi, describing a huge
qualitative change between that of the macaque
and the chimpanzee. Moreover, the dorsal
branches passing through the inferior parietal
lobule were almost absent in the macaque and
were more similar between humans and the
chimpanzees.'

The discovery of dissociable functions for
Broca’s and Wernicke’s areas was a landmark
point in the history of neurology, prompting an
antero-posterior distinction between language-
related brain areas. However, several modern
lines of research suggest a more integrated
and dynamic view of language functioning in
the brain. On the basis of these data one
can conclude that the role of Broca’s area
is not limited to speech production, but ex-
tends to speech comprehension as well. These
models suggest that the anatomic connection
and concerted activity among posterior and
anterior language areas could be a critical
feature for the deployment of the language
ability, 1618
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Evolutionary Origin of Broca’s Area

Neuroanatomic studies of Broca’s area
(Fig. 1), and in particular of its pars opercularis
(BA44), show that some cytoarchitectonic prop-
erties are shared with premotor cortex (BAG).
Indeed, the granular cell layer (the IV cortical
layer), which is clearly absent in BAG, is slightly
present in BA44. The frontal cortex becomes, in
fact, clearly granular only in area 45, the pars
triangularis of the IFG. From a cytoarchitec-
tonic point of view,!? the monkey’s frontal area,
which closely resembles the human Broca’s re-
gion, is the agranular/dysgranular premotor
area (area F5).%° More recently, attention has
been focused on the parcelization of monkey
area F5,?! showing that the caudal bank and
the fundus of the arcuate sulcus are cytoarchi-
tectonically different from each other. While
the bank is mainly agranular, the fundus is dys-
granular. Moreover, this last sector of area I'5
remains clearly distinct from the contiguous an-
terior bank, a region that both studies consider
as pertaining to prefrontal cortex.

Microstimulation and single-neuron studies
showed that hand and mouth movements are
represented in area F5.2%23 Most of the hand
neurons discharge in association with goal-
directed actions, such as grasping, manipulat-
ing, tearing, and holding, while they do not dis-
charge during similar movements when made
with other purposes (e.g., scratching or push-
ing away). Furthermore, many F5 neurons be-
come active during movements that have an
identical goal regardless of the effectors used
for attaining it, suggesting that these neurons
are capable of generalizing the goal indepen-
dently of the acting effector. F5 neurons can
be subdivided into several classes: “grasping,”
“holding,” “tearing,” and “manipulating” neu-
rons. Grasping neurons form the most repre-
sented class in area F5. Many of them are se-
lective for a particular type of prehension, such
as precision grip or whole-hand prehension.
In addition to their motor discharge, however,
several I'> neurons also discharge at the presen-
tation of visual stimuli (visuomotor neurons).
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Figure 1. Human Broca’s area and its monkey
homologue. Panel A sketches the anatomical loca-
tion of monkey area F5 that has been considered the
homologue of human Broca’s area. Panel B instead,
shows a graphical representation of human brain ar-
eas that functionally and anatomically resemble mon-
key area F5. These areas include the ventral premotor
cortex (PMv), Brodmann area 44 and 45.

Two radically different categories of visuomo-
tor neurons are present in area F5: canonical
and mirror neurons. Canonical neurons dis-
charge when the monkey observes graspable
objects,??* whereas mirror neurons discharge
when the monkey observes another individual
making an action in front of it.?%:2

When comparing visual and motor proper-
ties of canonical neurons in I'5 it becomes clear
that there is a strict congruence between the
two types of responses. Neurons becoming ac-
tive when the monkey observes small-size ob-
jects also discharge during precision grip. On
the contrary, neurons selectively active when
the monkey looks at a large object discharge
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also during actions directed towards large ob-
jects (e.g., whole-hand prehension).?* The most
likely interpretation for the visual discharge of
these visuomotor neurons is that, at least in
adults, there is a close link between the most
common 3D stimuli and the actions neces-
sary to interact with them. Thus, every time
a graspable object is visually presented, the re-
lated F5 neurons are activated and the action is
“automatically” evoked. Under certain circum-
stances, it guides the execution of the move-
ment; under others, it remains an unexecuted
representation of it.

Mirror neurons become active when the
monkey acts on an object and when it observes
another monkey or the experimenter making
a similar goal-directed action, therefore being
identical to canonical neurons in terms of mo-
tor properties. However, mirror neurons rad-
ically differ from canonical neurons as far as
visual properties are concerned. Typically, mir-
ror neurons show congruence between the ob-
served and executed action. This congruence
can be extremely strict, that is, the effective mo-
tor action (e.g., precision grip) coincides with
the action that, when seen, triggers the neu-
rons (e.g., precision grip). For other neurons,
the congruence is broader. For them the motor
requirements (e.g., precision grip) are usually
stricter than the visual ones (any type of hand
grasping).??

By considering all the functional properties
of neurons in this region, it appears that in area
F5 there is a storage—a “vocabulary”—of mo-
tor actions related to hand use. The “words” of
the vocabulary are represented by populations
of neurons. Each indicates a particular motor
action or an aspect of it. Some indicate a com-
plete action in general terms (e.g., take, hold,
and tear). Others specify how objects must be
grasped, held or torn (e.g., precision grip, fin-
ger prehension, and whole-hand prehension).
Finally, some subdivide the action into smaller
segments (e.g., finger flexion or extension). It
seems plausible that the visual response of both
canonical and mirror neurons target the same
motor vocabulary, the words of which consti-
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tute the monkey motor repertoire. What is dif-
ferent is the way by which “motor words” are
selected: in the case of canonical neurons they
are selected by object observation, in the case
of mirror neurons by the sight of an action.
This purported motor “vocabulary” is there-
fore formed by objects and actions. Both are
represented in terms of doable actions in the

environment.?’

Broca’s Area in Action

A growing body of neuroimaging evidence
indicates that Broca’s area, in addition to its lin-
guistic functions, appears to be engaged in sev-
eral cognitive domains. These domains include
music, working memory, and calculation.?® An-
other important contribution of BA44, in anal-
ogy with monkey studies, is certainly found in
the motor domain. Broca’s area was found to
be active when categorizing man-made objects
as compared to natural ones and when sub-
jects were required to represent possible ac-
tions upon manipulable objects.?** The au-
thors of these studies proposed that artifact
observation and object manipulability enable
a richer motor-based representation. Several
other studies also reported a significant activa-
tion of BA44 during execution of distal move-
ments, such as grasping.®!** Moreover, the ac-
tivation of BA44 is not restricted to motor
execution, but is partially shared with motor
imagery.>33

Passive observation of graspable objects, in
accordance with the canonical-neuron sys-
tem in the monkey, was found to elicit mo-
tor, premotor, and inferior frontal activities
in humans.’ Subjects’ brains were scanned
during observation of bidimensional colored
pictures, observation of 3D objects (real tools
attached to a panel), and during silent naming
of the presented tools or descriptions of their
use. The premotor cortex became active dur-
ing the simple observation of tools, and this ac-
tivity was further augmented when the subjects
named tool use. A PET study indicated that the
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perception of objects versus perception of non-
objects, irrespective of the task asked of the
subject, was associated with left-hemisphere
activations of the occipito-temporal junction,
the inferior parietal lobule, the supplemen-
tary motor area proper, Broca’s area, and the
dorsal and ventral precentral gyrus.*> Several
other experiments studied brain activity when
the participants observed actions made by hu-
man arms or hands.*® Activations were present
in the ventral premotor/inferior frontal cor-
tex with a functional pattern analogous to that
of mirror neurons in the monkey.*”-* Accord-
ingly, it has been demonstrated that during the
observation of meaningless gesture there was
no Broca’s region activation when compared
with transitive (goal-directed) gestures,®” and
that a meaningful hand-object interaction is
more effective in triggering Broca’s area acti-
vation than is pure movement observation.*’

Summing up, 1" and
brain-imaging experiments*? prove that both
the canonical-neuron and the mirror-neuron
systems exist in humans. Unfortunately these
sources of information (neuroimaging and
electrophysiological techniques), although very
compelling, offer only a correlation between
the activity of a given area and the task the sub-
ject 1s performing. The causal determination of
the role played by Broca’s area in object affor-
dances generation, and action representation
requires other, more stringent methods.

A lesion to Broca’s area typically produces
a dramatic expressive language deficit. Neu-
ropsychological studies on patients with frontal
aphasia patients have shown deficits in several
aspects of the motor domain, in line with the
role that Broca’s area plays in such mechanisms.
Supralinguistic impairments were described
that affected such nonverbal abilities as rec-
ognizing signs, gestures, and pantomimes. 3
Tranel and colleagues demonstrated that left
frontal brain-damaged patients have difficulties
in understanding details of action when pre-
sented with cards depicting various actions.®
Furthermore, it has been demonstrated that
patients with aphasia show a correlation be-

neurophysiologica
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tween action comprehension (through pan-
tomime interpretation) and reading compre-
hension deficits.** However, in these studies,
the task consisted in asking patients to answer a
verbally posed question. It is therefore possible
that these patients may also have had trouble
in performing the task because of its linguistic
nature. Moreover, it is often unclear whether
this relationship between aphasia and gesture
recognition deficits is due to a Broca’s area le-
sion only or if it depends on the involvement
of other neighboring areas. Indeed, it is known
that aphasic patients have a complex pattern of
symptoms and are sometimes also affected by
apraxia.”” Recently, it has been demonstrated
that limb-apraxic patients (who also had an
important production aphasia) had an impair-
ment in gesture comprehension, whose severity
correlated with the extension of lesions in the
pars opercularis and in the pars triangularis of
the left IFG.*8

In order to avoid the presence of inherent
linguistic distortions and the confounding fac-
tor played by apraxia, we tested frontal aphasic
patients without praxis disturbances by using
a novel action-understanding task with no lin-
guistic requirements. Patients were requested
to correctly sequence randomly mixed pictures
taken from video clips representing various hu-
man actions (e.g., a hand grasping a bottle).
Physical events (e.g., falling off a bicycle) were
used as a control. In order to complete the task
one has to understand the general goal of the
action first, and then be able to correctly re-
order images representing simpler motor acts.
We found a specific deficit in pragmatically rep-
resenting the correct sequence of the individual
motor acts forming an action, together with a
preserved capability in performing the same
task with physical events. In such a way we em-
pirically demonstrate the role of Broca’s area in
understanding action.*

Broca’s Area in Music

The discovery of tri-modal (motor, visual,
and auditory) mirror neurons in the monkey
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ventral premotor cortex has encouraged stud-
ies of the auditory properties of the human
mirror-neuron system.”” This putative mech-
anism is thought to map the acoustic rep-
resentation of actions into the motor plans
necessary to produce those actions. Action-
related sounds were found to activate the IFG
in addition to the superior temporal gyrus.’!
Sounds executed by the hand or the mouth ac-
tivate premotor areas in a somatotopical man-
ner in humans.’? Lewis and colleagues found
that tool sounds preferentially activated a cor-
tical mirror-like network.”® This network di-
rectly overlapped with motor-related cortices
activated when participants pantomimed tool
manipulations. Warren and colleagues demon-
strate that listening to nonverbal vocalizations
can automatically engage the preparation of
responsive orofacial gestures, an effect that is
greater for positive valence and highly arous-
ing emotions.”* Summing up, sound associ-
ated with movement, such as action sounds,
tool sounds, or vocalization, activate the same
structures necessary for the production of
similar sounds. Listening to these sounds
enable the study of simple auditory—motor
interactions.

Other studies have investigated the brain ar-
eas activated in more complex action-related
sounds, such as music. Musicians are a par-
ticular class of experts who master the ability
to map sounds onto movements. Experts al-
ready proved to be an interesting model of over-
learned perceptuomotor associations. Dancers
and athletes observing and evaluating actions
within their field of expertise indeed demon-
strated a higher motor awareness.”>® Experts,
by definition, are subjects who decide to train
a particular skill extensively, just as professional
musicians do for hours a week.

Musicians, in fact, are revealed to be sub-
jects of great interest in the study of how specific
training can enlarge somatosensory representa-
tion of digits used in practicing an instrument.”’
Similarly, the motor system undergoes impor-
tant plastic changes with specific practice in
musicians,’® and auditory representations were
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found to be enlarged specifically for musical
tones.”” Musicians have also been used to inves-
tigate both long-term structural and short-term
functional changes in brain plasticity.®*%! Sen-
sorimotor plasticity in musicians is the result of
repeated co-occurrences of specific actions and
the associated sensory effects.%?

A growing number of studies have focused
on the mechanisms for the integration of au-
diomotor information.®® A number of neu-
roimaging research studies have recently ad-
dressed this issue from different perspectives.
On one hand, it has been found that motor
and premotor activities could be elicited, in ex-
perts, by passive listening to known melodies.
For instance, the activity of motor centers of
expert pianists was enhanced while they were
listening to piano pieces.®* Furthermore, sev-
eral fMRI studies looked for common activa-
tions between perception and production of a
musical piece.®® These studies confirmed the
existence of a complex brain network including
motor, premotor, and supplementary motor ar-
eas, the inferior parietal lobule, and the superior
temporal gyrus. On the other hand, other stud-
ies have focused their attention on the role of
training in nonexperts. An EEG study showed
increased sensorimotor activity in naive sub-
jects after a short period of musical training,
both during observation of muted piano move-
ments and during passive listening.%® Interest-
ingly, a transcranial magnetic stimulation study
further demonstrated that after only 30 min of
practice, the passive listening to a trained piece
increased the facilitation of listeners’ primary
motor cortex.%” Similarly, it has been shown in
nonmusicians that premotor activity was specif-
ically increased by passive listening to a trained
piece, but not to a different combination of the
same notes.%

Musical imagery research is a particularly in-
teresting domain of study, dealing with the abil-
ity of re-enacting musical experience whether
motor, auditory, or both. During these tasks,
musicians activate a network of areas simi-
lar to that outlined for the passive listening
and performance of a musical excerpt.®®’0
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Therefore, it i1s possible to delineate a net-
work of brain areas shared between listen-
ing, producing, and imaging a musical excerpt.
This network include the superior temporal
gyrus, the inferior parietal lobule, and mo-
tor/premotor regions, and is active in both ex-
perienced musicians,®*66-67
jects after proper training,%%%:57 Such brain
circuitry shows close similarities with that found
in language studies,”! and, intriguingly, with the
pattern of cortical activity often reported in ac-
tion execution/observation research.*? Thus,
it is likely that listening to musical excerpts
(after proper motor training) activates motor
representations required for the actual pro-
duction of those melodies with a mirror-like
mechanism. In fact, musical excerpts might be
considered as actions whose motor represen-
tations are preferentially triggered by auditory
stimuli. %72

Another interesting parallel between lan-
guage and music is the similar intrinsic com-
plexity of musical and language structures. In
fact, there are more homologies between these
two domains than might be expected on the ba-
sis of dominant theories of musical and linguis-
tic cognition—from sensory mechanisms that
encode sound structure, to abstract processes
involved in integrating words or musical tones
into syntactic structures.”® In an elegant study,
Maess and colleagues located the seat of mu-
sical syntax in the bilateral IF G.”* Indeed, on
several occasions, the predictability of harmon-
ics and the rules underlying music organization
has been compared to language syntax.’7%
By inserting unexpected harmonics Maess and
co-workers created a sort of musical “syntac-
tic” violation.”* Using magnetoencephalogra-
phy (MEG), they studied the neuronal counter-
part of hearing harmonic incongruity and they
found an early right anterior negativity (ERAN)
usually associated with harmonic violations.”®
A similar fMRI study revealed that the human
brain network involved in processing musical
information has strict similarities with that for
processing language. Broca’s and Wernicke’s
areas, the superior temporal sulcus, Heschl’s

and in naive sub-
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gyrus, plana polaris and temporalis, as well as
the anterior superior insular cortices were all
found activated while the subject was listen-
ing to unexpected musical chords.”® Tillmann
and colleagues investigated the neural corre-
lates of processing harmonically related and
unrelated musical sounds in a classical priming
paradigm.”” These behavioral studies showed
that the processing of a musical target is faster
and more accurate when it is harmonically re-
lated to the preceding stimuli. Moreover, the
blood oxygen level-dependent signal measured
by fMRI in the IFG was stronger for unrelated
than for related targets. This result has been
interpreted as a proof that the inferior frontal
cortex is involved in the processing of syntac-
tic relations and in favor of its role in process-
ing and integrating sequential information over
time.

Summing up, several EEG/MEG studies
have found the emergence of an ERAN (around
200 ms) when subjects were presented with
structurally irregular chords.”*”> More inter-
estingly, the ERAN is very similar to another
deviance-related negativity, such as the early
left anterior negativity, which reflects the pro-
cessing of syntactic structures in language.’®
The generator of the ERAN was localized in
BA44,”* in accordance with other fMRI stud-
ies using similar paradigms or using paradigms
studying the processing of harmonic, melodic,
or rhythmic structures.”®

Broca’s Area and Supramodal
Representations

The overall picture of Broca’s area in cogni-
tion suggests a pivotal role in critical domains,
such as language, action, and music. The in-
volvement of Broca’s area in language pro-
duction has a long history, solidly built upon
150 years of lesion studies and corroborated
by modern neuroimaging and neurophysiolog-
ical techniques.”! Recently, however, its role
has been extended to receptive functions in the
context of integrated brain network models.'®
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Although the functional connection and rela-
tion between productive and receptive mech-
anisms is an old scientific question,®® only in
recent years has a renewed interest fostered
substantial scientific advancement. This new
interest is partly due to neurophysiological
studies on the monkey.*> These studies, de-
scribing neuronal mechanisms for matching
executed and observed actions, motivated nu-
merous neuroimaging and neurophysiological
researchers searching for similar mechanisms
in humans. Broca’s area was found to be at the
center of a brain network for the encoding of ac-
tion goals, either observed or executed.*” More-
over, action representation in Broca’s area was
also demonstrated to be triggered by its acous-
tical counterpart (both in the monkey and hu-
an”%92:5%) "and finally Broca’s area was found
to be implicated in the encoding of musical

syntax much in the way it encodes language
79

m

structure.

Studies have demonstrated that lesions situ-
ated in the pars opercularis and in the pars tri-
angularis of the left IFG lead to an impairment
in gesture comprehension.*® These results are
also in accord with those of Tranel and col-
leagues,’ demonstrating that left frontal brain-
damaged patients have difficulties in under-
standing the details of action when presented
with cards depicting various actions. The basic
idea that Broca’s area is involved in action rep-
resentation (in broad terms) is also supported by
the reported deficit of these patients in specifi-
cally representing action verbs.®! Moreover, we
tested patients with a lesion centered in Broca’s
area with an action-sequencing task and our
results suggest the intriguing possibility that
Broca’s area could represent action’s syntactic
rules rather than the basic motor program to
execute them.*

Actions are denoted by a relevant behav-
ioral goal that, in order to be achieved, requires
the composition of simpler motor acts. Single
motor acts do not necessarily possess a goal
that motivates their execution. On the other
hand, the same motor act might be part of
very different actions associated with different
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goals. Typically a goal-directed action might
be “to drink” or “to displace,” and reaching
for a glass might be associated with both of
these goals without evident differences in kine-
matics. At the same time, the “drinking” ac-
tion prototype might be composed by several
acts, such as “reach” for the glass, “bring” it
to mouth, and “swallow,” but can also be satis-
fied by using a completely different set of acts,
such as would be the case in drinking from a
public fountain. Actions and motor acts are
also composed of simpler units representing
the spatiotemporal sequence of muscle activa-
tions.? These action hierarchies resemble the
complex structures shown in other domains,
such as music and language and, more in-
terestingly, the experimental manipulation of
these complex structures is associated with the
activation of premotor and Broca’s areas, re-
gardless of the domain of study (i.e., music or
language).

Hence, we propose that Broca’s area might
be a center of a brain network encoding hi-
erarchical structures regardless of their use in
action, language, or music. This hypothesis is
also in agreement with recent studies demon-
strating that patients with lesions of Broca’s
area are also impaired in learning the hierar-
chical/syntactic structure, but not the temporal
one, of sequential tasks.?>8* The shared feature
of music, language, and action may therefore
be their use of hierarchical/syntactical struc-
tures, and these results support the idea of a
supramodal role for BA44. A recent study using
event-related fMRI succeeded in disentangling
hierarchical processes from temporally nested
elements. The authors reported that Broca’s
area and its right homologue control selection
and nesting of action segments, integrated in hi-
erarchical behavioral plans, regardless of their
temporal structure.®’ In fact, when comparing
the processing of hierarchical dependencies to
adjacent dependencies, subjects show signifi-
cantly higher activations in Broca’s area and in
the adjacent ventral premotor cortex.?® These
results indicate that Broca’s area is part of a
neural circuit that may be responsible for the
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processing of hierarchical structures in an arti-
ficial grammar.

Although the proposal that Broca’s area
could encode a supramodal syntax might seem
intriguing, several questions yet remain to be
addressed. On a theoretical level it remains
to be defined how, and to what extent, syn-
tactic structures in these domains (action, lan-
guage, and music) share similar mechanisms
and how they interact. Anatomically speak-
ing, then, we need more data on the degree of
overlap (and/or segregation) between activities
associated with syntax encoding in all these dif-
ferent domains. Finally, the degree of innate-
ness and plasticity of such a syntactical repre-
sentation 1s still somehow obscure. If, on one
hand, we might think that syntactical complex-
ity grows with experience, then, on the other
hand it seems that a basic sensitivity to a set of
grammatical rules is already present at birth, re-
gardless of linguistic experience and exposure.
Such a claim is supported by a recent study of
newborns showing a preference for sequence
of stimuli with a structural regularity (ABB as
opposed to ABC) and that processing of these
redundant sequences elicits activity in the left
IFG.?” One possible, and reconciling, interpre-
tation i3 that the organization of sensory and
motor events in terms of hierarchical structures
might be a necessary step to allow comprehen-
sion and encoding of experience, but that, at
the same time, the brain is ready for syntax
at birth because of its innate capability to deal
with (and statistically appreciate) regularities of
stimuli.

Acknowledgments

L.F is supported by the Italian Ministry of
Education, by E.C. Grants CONTACT (NEST
Project 5010), ROBOTCUB (IST-004370),
and POETICON (ICT-215843) and by Fon-
dazione Cassa di Risparmio di Ferrara.

Conflicts of Interest

The authors declare no conflicts of interest.

10.

1.

12.

13.

14.

15.

16.

17.

. Dronkers, N.F

Annals of the New York Academy of Sciences

References

. McManus, C. 2002. Right Hand, Left Hand. The Ori-

gins of Asymmetry in Brains, Bodies, and Atoms. Harvard
University Press. Cambridge, MA.

et al. 2007. Paul Broca’s his-
toric cases: high resolution MR imaging of the
brains of Leborgne and Lelong. Brain 130: 1432—
1441.

. Alexander, M.P, M.A. Naeser & C. Palumbo. 1990.

Broca’s area aphasias: aphasia after lesions including
the frontal operculum. Neurology 40: 353-362.

. Caplan, D., N. Hildebrandt & N. Makris. 1996. Lo-

cation of lesions in stroke patients with deficits in syn-
tactic processing in sentence comprehension. Brain

119: 933-949.

. Berker, E.A., A H. Berker & A. Smith. 1986. Trans-

lation of Broca’s 1865 report. Localization of speech
in the third left frontal convolution. Arch. Neurol. 43:
1065-1072.

. Penfield, W. & L. Roberts. 1959. Speech and Brain Mech-

anisms. Princeton University Press. Princeton, NJ.

. Ojemann, G. et al. 1989. Cortical language local-

ization in left, dominant hemisphere: an electrical
stimulation mapping investigation in 117 patients. 7.
Neurosurg. 71: 316-326.

. Schaffler, L. et al. 1993. Comprehension deficits

elicited by electrical stimulation of Broca’s area. Bramn
116: 695-715.

. Fiebach, C J., S.H. Vos & A.D. Friederici. 2004. Neu-

ral correlates of syntactic ambiguity in sentence com-
prehension for low and high span readers. 7 Cogn.
Neurosci. 16: 1562-1575.

Matsumoto, R. et al. 2004. Functional connectivity in
the human language system: a cortico-cortical evoked
potential study. Brain 127: 2316-2330.

Londet, A. et al. 2007. Brain network for passive word
listening as evaluated with ICA and Granger causal-
ity. Brain. Res. Bull. 72z 284-292.

Sonty, S.P. et al. 2007. Altered effective connectivity
within the language network in primary progressive
aphasia. J Neurosci. 27: 1334—1345.

Catani, M., D.K. Jones & D.H. Ffytche. 2005. Peri-
sylvian language networks of the human brain. Ann.
Neurol. 57: 8-16.

Glasser, M.I. & J.K. Rilling 2008. DTT tractography
of the human brain’s language pathways. Cereb. Cortex
18: 2471-2482.

Rilling, J.K. et al. 2008. The evolution of the arcu-
ate fasciculus revealed with comparative DTI. Nat.
Neurosci. 11: 426-428.

Pulvermuller, . 2005. Brain mechanisms linking lan-
guage and action. Nat. Rev. Neurosci. 6: 576-582.
Warren, J.E., R.J. Wise & J.D. Warren. 2005. Sounds

do-able: auditory-motor transformations and the



Fadiga et al.: Broca’s Area in Language, Action, and Music

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

posterior temporal plane. Trends Neurosci. 28: 636—
643.

Skipper, J.I., H.C. Nusbaum & S.L. Small. 2006.
Lending a helping hand to hearing: another motor
theory of speech perception. In Action to Language via
the Mirror Neuron System. M.A. Arbib, Ed.: 250-285.
Cambridge University Press. Cambridge, UK.
Petrides, M. & D.N. Pandya. 1997. Comparative ar-
chitectonic analysis of the human and the macaque
frontal cortex. In Handbook of Neuropsychology. ¥. Boller
& J. Grafman, Eds.: 17-58. Elsevier. Amsterdam.
Matelli, M., G. Luppino & G. Rizzolatti. 1985. Pat-
terns of cytochrome oxidase activity in the frontal
agranular cortex of the macaque monkey. Behav. Brain
Res. 18: 125-136.

Petrides, M., G. Cadoret & S. Mackey. 2005. Orofa-
cial somatomotor responses in the macaque monkey
homologue of Broca’s area. Nature 435: 1235-1238.
Hepp-Reymond, M.C. et al. 1994. Force-related neu-
ronal activity in two regions of the primate ventral
premotor cortex. Can. J. Physiol. Pharmacol. 72: 571—
579.

Rizzolatti, G. et al. 1988. Functional organization of
inferior area 6 in the macaque monkey. II. Area F5
and the control of distal movements. Exp. Brain Res.
71: 491-507.

Murata, A. et al. 1997. Object representation in the
ventral premotor cortex (area F5) of the monkey. j
Neurophystol. 78z 2226-2230.

Gallese, V. et al. 1996. Action recognition in the pre-
motor cortex. Brain 119: 593-609.

Unmilta, M.A. et al. 2001. I know what you are doing:
a neurophysiological study. Neuron 31: 155-165.
Rizzolatti, G., L. Fogassi & V. Gallese. 2001. Neu-
rophysiological mechanisms underlying the under-
standing and imitation of action. Nat. Rev. Neurosci. 2:
661-670.

Fadiga, L., L. Craighero & A.C. Roy. 2006. Broca’s
area: a speech area? In Broca’s Region. Y. Grodzinsky &
K. Amunts, Eds.: 137-152. Oxford University Press.
New York.

Gerlach, C., I. Law & O.B. Paulson. 2002. When
action turns into words: activation of motor-based
knowledge during categorization of manipulable ob-
jects. J. Cogn. Neurosci. 14: 1230-1239.

Kellenbach, M.L., M. Brett & K. Patterson. 2003.
Actions speak louder than functions: the importance
of manipulability and action in tool representation.
J- Cogn. Neurosci. 15z 30—46.

Binkofski, F et al. 1999. A fronto-parietal circuit for
object manipulation in man: evidence from an {MRI-
study. Fur. J. Neurosci. 112 3276-3286.

Gerardin, E. et al. 2000. Partially overlapping neural
networks for real and imagined hand movements.
Cereb. Cortex 10: 1093—1104.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

457

Lotze, M. & U. Halsband. 2006. Motor imagery. .
Physiol. Paris 99: 386—-395.

Grafton, S.'T. et al. 1997. Premotor cortex activation
during observation and naming of familiar tools. Neu-
rolmage 6: 231-236.

Grezes, J. & J. Decety. 2002. Does visual perception of
object afford action? Evidence from a neuroimaging
study. Neuropsychologia 40z 212-222.

Fadiga, L. et al. 1995. Motor facilitation during action
observation: a magnetic stimulation study. 7 Neuro-
Physiol. 73: 2608-2611.

Buccino, G. et al. 2001. Action observation activates
premotor and parietal areas in a somatotopic man-
ner: an fMRI study. Fur. J. Neurosci. 13: 400-404.
Binkofski, F. & G. Buccino. 2006. The role of ven-
tral premotor cortex in action execution and action
understanding. 7. Physiol. Paris 99: 396-405.
Grezes, J., N. Costes & J. Decety. 1999. The effects
of learning and intention on the neural network in-
volved in the perception of meaningless actions. Brain
122: 1875-1887.

Johnson-Frey, S.H. etal. 2003. Actions or hand-object
interactions? Human inferior frontal cortex and ac-
tion observation. Neuron 39: 1053—-1058.

Fadiga, L., L. Craighero & E. Olivier. 2005. Human
motor cortex excitability during the perception of
others’ action. Curr. Opin. Neurobiol. 152 213-218.
Rizzolatti, G. & L. Craighero. 2004. The mirror-
neuron system. Annu. Rev. Neurosci. 27: 169-192.
Daniloff, J.K. ¢t al. 1982. Gesture recognition in pa-
tients with aphasia. 7. Speech. Hear. Disord. 47: 43—49.
Wang, L. & H. Goodglass. 1992. Pantomime, praxis,
and aphasia. Bramn Lang 42: 402—418.

Tranel, D. et al. 2003. Neural correlate of conceptual
knowledge for actions. Cogn. Neuropsych. 20: 409-432.
Saygin, A.P. et al. 2004. Action comprehension in
aphasia: linguistic and non-linguistic deficits and
their lesion correlates. Neuropsychologia 42: 1788—
1804.

Goldenberg, G. 1996. Defective imitation of gestures
in patients with damage in the left or right hemi-
spheres. 7. Neurol. Neurosurg. Psychiatry 61: 176-180.
Pazzaglia, M. et al. 2008. Neural underpinnings of
gesture discrimination in patients with limb apraxia.
J- Neurosct. 28: 3030-3041.

Fazio, F et al. 2009. Encoding of human action in
Broca’s area. Brain Accepted for publication.
Kohler, E. et al. 2002. Hearing sounds, understand-
ing actions: action representation in mirror neurons.
Science 2972 846-848.

Pizzamiglio, L. et al. 2005. Separate neural systems
for processing action- or non-action-related sounds.
NeuroImage 24: 852-861.

Gazzola, V., L. Aziz-Zadeh & C. Keysers. 2006.
Empathy and the somatotopic auditory mirror



458

33.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

system in  humans. Curr  Biol. 16: 1824—
1829.

Lewis, J.W. et al. 2005. Distinct cortical pathways for
processing tool versus animal sounds. 7. Neurosct. 252
5148-5158.

Warren, J.E. et al. 2006. Positive emotions preferen-
tially engage an auditory-motor “mirror” system. J.
Neurosci. 26: 13067-13075.

Calvo-Merino, B. et al. 2006. Secing or doing? Influ-
ence of visual and motor familiarity in action obser-
vation. Curr. Biol. 16: 1905-1910.

Aglioti, S.M. et al. 2008. Action anticipation and mo-
tor resonance in elite basketball players. Nat. Neurosci.
11: 1109-1116.

Elbert, I. et al. 1995. Increased cortical representa-
tion of the fingers of the left hand in string players.
Science 270: 305-307.

Pascual-Leone, A. ¢t al. 1995. Modulation of muscle
responses evoked by transcranial magnetic stimula-
tion during the acquisition of new fine motor skills. 7.
Neurophysiol. 74: 1037-1045.

Pantev, C. et al. 1998. Increased auditory cortical
representation in musicians. Nature 392: 811-814.
Schlaug, G. ¢t al. 1995. In vivo evidence of structural
brain asymmetry in musicians. Science 267: 699-701.
Rosenkranz, K. ¢t al. 2007. Motorcortical excitability
and synaptic plasticity is enhanced in professional
musicians. J. Neurosct. 27: 5200-5206.

Munte, 'T'F. et al. 2002. The musician’s brain as a
model of neuroplasticity. Nat. Rev. Neurosci. 3: 473~
478.

Zatorre, R J., J.L. Chen & V.B. Penhune. 2007. When
the brain plays music: auditory-motor interactions in
music perception and production. Nat. Rev. Neurosct.
8: 547-558.

Haueisen, J. & T.R. Knosche. 2001. Involuntary mo-
tor activity in pianists evoked by music perception. .
Cogn. Neurosci. 13: 786-792.

Bangert, M. & E.O. Altenmuller. 2003. Mapping per-
ception to action in piano practice: a longitudinal
DC-EEG study. BMC Neurosce. 4: 26.

Bangert, M. et al. 2006. Shared networks for auditory
and motor processing in professional pianists: evi-
dence from fMRI conjunction. Neurolmage 30: 917
926.

D’Ausilio, A. et al. 2006. Cross-modal plasticity of the
motor cortex while listening to a rehearsed musical
piece. Lur. J. Neurosci. 24: 955-958.

Lahav, A., E. Saltzman & G. Schlaug. 2007. Ac-
tion representation of sound: audiomotor recognition
network while listening to newly acquired actions. ¥
Neurosci. 27: 308-314.

Zatorre, R J. & A.R. Halpern. 2005. Mental concerts:
musical imagery and auditory cortex. Newron 47: 9—
12.

70.

71.

72.

73.

74.

74a.

73.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Annals of the New York Academy of Sciences

Langheim, EFJ. et al. 2002. Cortical systems associ-
ated with covert music rehearsal. Neurofmage 16: 901—
908.

Gernsbacher, M.A. & M.P. Kaschak. 2003. Neu-
roimaging studies of language production and com-
prehension. Annu. Rev. Psychol. 54: 91-114.
D’Ausilio, A. 2007. The role of the mirror system in
mapping complex sounds into actions. J. Newrosci. 27:
5847-5848.

Patel, A.D. 2003. Language, music, syntax and the
brain. Nat. Neurosct. 6: 674—681.

Maess, B. et al. 2001. Musical syntax is processed in
Broca’s area: an MEG study. Nat. Neurosci. 4: 540—
545.

Molnar-Szakacs, I. & K. Overy. 2006. Music and
mirror neurons: from motion to ‘e’'motion. Soc. Cogn.
Affect. Neurosci. 1z 235-241.

Koelsch, S. et al. 2000. Brain indices of music pro-
cessing: “nonmusicians” are musical. 7. Cogn. Neurosci.
12: 520-541.

Koelsch, S. et al. 2002. Bach speaks: a cortical
“language-network” serves the processing of music.
NeuroImage 17: 956-966.

Tillmann, B., P. Janata & J.J. Bharucha. 2003. Activa-
tion of the inferior frontal cortex in musical priming.
Brain Res. Cogn. Brain Res. 16: 145-161.

Friederici, A.D. 2002. Towards a neural basis of au-
ditory sentence processing. Trends Cogn. Sci. 6: 78—84.
Koelsch, S. 2006. Significance of Broca’s area and
ventral premotor cortex for music-syntactic process-
ing. Corlex 42: 518-520.

James, W. 1890. The Principles of Psychology. Holt. New
York.

Gainotti, G. et al. 1995. Neuroanatomical correlates
of category-specific semantic disorders: a critical sur-
vey. Memory 3: 247-264.

Grafton, S.T. & A.F. Hamilton. 2007. Evidence for a
distributed hierarchy of action representation in the
brain. Hum. Mov. Sct. 26: 590-616.

Dominey, PF. et al. 2003. Neurological basis of lan-
guage and sequential cognition: evidence from sim-
ulation, aphasia, and ERP studies. Bramn Lang. 86:
207-225.

Sirigu, A. et al. 1998. Distinct frontal regions for pro-
cessing sentence syntax and story grammar. Cortex
34:771-778.

Koechlin, E. & T. Jubault. 2006. Broca’s area and the
hierarchical organization of human behavior. Neuron
50: 963-974.

Bahlmann, J., R.I. Schubotz & A.D. Friederici. 2008.
Hierarchical artificial grammar processing engages
Broca’s area. Neurolmage 42: 525-534.

Gervain, J. et al. 2008. The neonate brain detects
speech structure. Proc. Natl. Acad. Sci. USA 105:
14222-14227.



