Accepted Manuscript Neurolmage

i
iy | ,
A Selective Representation of the Meaning of Actionsin the Auditory Mirror | = o) %\ﬁ

. W ‘J 3 i

ﬁ’ O 1 .(_!).

Gaspare Galati, Giorgia Committeri, Grazia Spitoni, TeresaAprile, Francesco | == Qj@) ¥ J
Di Russo, Sabrina Pitzalis, Luigi Pizzamiglio

PIl: S1053-8119(07)01152-4

DOI: doi: 10.1016/j.neuroimage.2007.12.044
Reference: YNIMG 5140

To appear in: Neurolmage

Received date: 8 August 2007
Revised date: 12 December 2007
Accepted date: 16 December 2007

Please cite this article as: Galati, Gaspare, Committeri, Giorgia, Spitoni, Grazia, Aprile,
Teresa, Di Russo, Francesco, Pitzalis, Sabrina, Pizzamiglio, Luigi, A Selective Repre-
sentation of the Meaning of Actions in the Auditory Mirror System, Neurolmage (2008),
doi: 10.1016/j.neuroimage.2007.12.044

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.neuroimage.2007.12.044
http://dx.doi.org/10.1016/j.neuroimage.2007.12.044

A Selective Representation of the Meaning of Actions in the Auditory Mirror
System

Gaspare Galati 12, Giorgia Committeri !, Grazia Spitoni %3, Teresa Aprile 2, Francesco Di

Russo #°, Sabrina Pitzalis 2*°, Luigi Pizzamiglio 34

! Laboratory of Neuropsychology, Department of Clinical Sciences and Bioimaging, University

G. d'Annunzio, and ITAB, University G. d’Annunzio Foundation, Chieti 66013, Italy
2 Neuroimaging Laboratory, IRCCS Santa Lucia Foundation, Roma 00179, ltaly
3 Department of Psychology, University La Sapienza, Roma 00185, Italy
4 Laboratory of Neuropsychology, IRCCS Foundation Santa Lucia, Roma 00179, Italy

5 Department of Education for Motor Activity and Sport, University Institute of Motor

Sciences 00194, Roma, ltaly



Running title: The auditory mirror system and the meaning of actions

Corresponding Author:

Prof. Gaspare Galati, PhD

Facolta di Psicologia

Universita G. d’Annunzio

Via dei Vestini 31

66013 Chieti (CH)

Italy

Tel +39.0871.355.6901

Fax +39. 0871.355.6930

e-mail: galati@unich.it



Abstract

Mirror neurons in the monkey’s premotor cortex respond during both execution and
observation of actions, and are thought to be critical for understanding others’ actions.
Human studies have shown premotor cortex activation while viewing actions, hearing their
sounds, listening to or reading action-related sentences, and have compared execution and
observation of similar actions. However, we still lack direct evidence in humans of the most
striking and theoretically relevant feature of mirror neurons, i.e., that they map seen/heard
actions onto motor representations of the same actions at an abstract level. Here we
combine fast event-related functional magnetic resonance imaging with an unconscious
semantic priming paradigm, and show that the human auditory mirror system also holds an
abstract representation of the meaning of heard actions. We analyzed the effect on brain
activity of trial-by-trial semantic congruency between a target sound denoting a hand or
mouth action (or an environmental event) and a briefly flashed written word acting as an
unconscious crossmodal prime. Left inferior frontal and posterior temporal regions selectively
responded to action sounds in a non-somatotopic fashion, and were modulated by semantic
congruency only in action sound trials. We also observed regions selective for either hand or
mouth actions, which however did not show a corresponding effector-specific effect of
semantic congruency. These results provide evidence that the human mirror system
represents the meaning of actions (but not of other events) (a) at an abstract, semantic

level, (b) independently of the effector, and (c) independently of conscious awareness.



Introduction

Mirror neurons are a particular class of monkey premotor neurons which discharge
both during the execution of an action and during the observation of the same action
executed by others (di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996a),
and also when listening to the sound produced by that action (Kohler et al., 2002). Typically,
mirror neurons are activated when a given type of effector-object interaction is observed:
they do not respond to the mere presentation of an object, nor to an imitated action without
object (Gallese et al., 1996; Rizzolatti et al., 1996a), but respond when an action is
performed on a hidden object, if and only if the monkey knows the object is there (Umilta et
al., 2001). Most mirror neurons are selective for the same action both at the motor and the
visual level. For many mirror neurons, the effective motor action and the effective observed
action coincide both in conceptual terms (for example, grasping) and in terms of how the
action is accomplished (for example, power vs. precision grip). However, for other neurons,
the congruence is broader and seems to be confined to the conceptual level. These broadly
congruent neurons are of particular interest, because they seem to specify the abstract
meaning of the observed action (or, in other terms, the action concept itself), independent of
the specific implementation and of the specific actor.

This property of mirror neurons is at the basis of the proposal by Rizzolatti and
coworkers (Gallese et al., 2002; Rizzolatti et al., 1996a) that the mirror neuron system is
involved in understanding actions performed by others, by directly matching the observed
action to an internal motoric representation of the action in one's own motor repertoire. This
direct matching would “give sense” to the other’s action and would be at the basis of inter-
individual communication and possibly language (Rizzolatti and Craighero, 2004). The mirror
neuron system might represent the biological basis not only for social interactions, but also
for empathy with other people and the attribution of intentions to others (Gallese, 2003).

An impressive series of neuroimaging studies in humans (Aziz-Zadeh et al., 2006a;
Buccino et al., 2004; Buccino et al., 2001; Costantini et al., 2005; Decety et al., 1997;
Grézes, 1998; Grezes et al., 1999; Rizzolatti et al., 1996b) has demonstrated that the
premotor cortex becomes active when observing actions and has introduced the concept of a

“human mirror system”, which includes Brodmann area (BA) 44 in the premotor cortex but



also the temporal and parietal lobes. Emphasis has been given to the somatotopic activation
of the premotor cortex when observing actions performed by different body parts (Buccino et
al., 2001), or even when reading words or phrases denoting actions performed by different
body parts (Aziz-Zadeh et al., 2006a; Hauk et al., 2004).

Recent studies have extended the concept of mirror system also to the auditory
domain. Many mirror neurons in the monkey premotor cortex also respond to the sound
produced by the specific action they are selective for in the motor and visual domains
(Kohler et al., 2002). Similarly, the human premotor cortex is activated, with a certain
degree of body-part selectivity, when listening to action-related non-verbal sounds (Gazzola
et al., 2006), to sounds generated by tools (Lewis et al., 2005), and to action-related
sentences (Tettamanti et al., 2005).

However, for both the visual and the auditory domain, we still lack direct evidence in
humans of the most striking and theoretically relevant feature of mirror neurons, i.e., their
selectivity for a given abstract action meaning both at the motor and at the perceptual level.
Indirect evidence for the direct matching hypothesis comes from one study (Buccino et al.,
2004) reporting activation in area 44 only when the observer has direct experience of the
observed action in motor terms. However, other studies have shown that area 44 is
activated while observing meaningless as well as meaningful actions (Grézes, 1998; Grezes
et al., 1999), and even when observed movements can not be actually performed (and
observed in real life) because they violate the constraints of human anatomy (Costantini et
al., 2005). Several neuroimaging experiments have described superimposed activation in the
mirror system in different blocks where the same set of actions were first executed and then
either read (Hawk et al., 2004) or listened to (Gazzola et al., 2006). However, this does not
allow to draw any inference on the nature of the neural processing in these regions. Neurons
may well code non-semantic aspects of actions, and completely different, though adjacent,
neuronal populations may be responding during execution and observation of the same
action.

A novel approach to demonstrate action selectivity in the human mirror system comes
from the combination of functional magnetic resonance imaging (fMRI) and priming
paradigms. Priming paradigms have been largely used in experimental psychology, and more

recently in cognitive neuroscience, as a way to shed light on the nature of the cognitive



representations involved in a behavioral task, and on the corresponding neural substrate
(Henson, 2003). In priming paradigms, one presents in succession a prime and a target
stimulus, which are either congruent or incongruent relative to a relevant dimension. If a
brain region is differently activated in congruent and incongruent trials, one can conclude,
ceteris paribus, that that region is coding just that relevant dimension (Grill-Spector and
Malach, 2001; Naccache and Dehaene, 2001). Using such an approach, it has been shown
that repeatedly executing or observing the very same gesture modulates the activation of
the whole human mirror system (Dinstein et al., 2007), while observing an agent who
repeatedly grasps the same object, but with different hand trajectories, modulates the
activation only of the inferior parietal cortex (Hamilton and Grafton, 2006).

In the present study, we use an unconscious semantic priming paradigm to provide
direct evidence that the human auditory mirror system codes the abstract meaning of
listened actions. We show that regions in the auditory mirror system are sensitive to the
trial-by-trial match or mismatch between two radically different descriptions of an action: a
written word describing the action or event, and the sound that is produced by that action or
event. Subjects discriminated between sounds produced by human actions (such as a
whistle) and environmental events (such as boiling water), and which, unknown to them,
were preceded by a masked prime word, denoting either the very same action or event
(congruent trials), or a different one (incongruent trials: see Figure 1A and 1B). It is known
that prime-target congruency can give rise to behavioral facilitation even if the prime
stimulus is not consciously detected: in such cases, the priming effect can not be attributed
to cognitive strategies, such as explicitly relying on the prime content, but must reflect
bottom-up, automatic activation of the stimulus meaning. By design, brain regions showing a
different activation level whether the two descriptions refer to the same action or not must

be able to match the two descriptions onto a common, abstract action representation.



Materials and Methods

Subjects

Twenty-six neurologically normal volunteers (16 females and 10 males) successfully
completed the behavioral study. A subgroup of eleven subjects (6 females and 5 males,
mean age=24.2, s.d.=2.7, range 21-29 years) also participated to the fMRI study. All
subjects were in good health, and were not on medication. All were right-handed, as
assessed by a modified version of the Edinburgh Inventory (Oldfield, 1971) (mean index =
0.6; s.d. 0.4), had normal vision, and normal neurological history. The protocol was
approved by the local ethics committee, and written informed consent was obtained from

each participant before starting the study.

Stimuli

Target stimuli were 12 sounds which can be generated by human actions (6 actions
produced by the mouth: singing; whistling; laughing; blowing; breathing; screaming; and 6
actions produced by hands: clapping; knocking; tearing paper; ringing an hand-bell;
snapping fingers; honking), and 12 sounds which can not be generated by human actions
(water flowing; water boiling; explosion of a bomb; cicada’s chirping; cuckoo clock;
helicopter; sea waves; buzzing fly; alarm-clock; siren; telephone ringing; train running).

Sounds were monophonic and stored as 16-bit digital sound files at 16 kHz. They were
taken from a pre-existing archive (developed at Department of Psychology University of
Rome “La Sapienza”, Italy) containing 400 different sounds, previously recorded, filtered and
tested on a sample of 200 subjects. In order to measure the ability to be recognized, forty
sounds were selected and tested on a group of 30 subjects. Each subject was simply asked
to listen to the sounds and tell to the experimenter what the sound was like. We then
selected 24 sounds which were best recognized and which were described using the same
words across subjects. Note that we selected the sounds only on the basis of their
psychophysical properties, without any attempt at controlling or balancing low-level
acoustical features, such as harmonicity or spectral complexity, between action-related and

non-action-related sounds.



Participants were familiarized with the sounds in a preliminary session, when they
listened to each of the 24 sounds and named them in order to confirm that there was no
misinterpretation. When the subject was not able to recognize the sound, the sound was
presented again and the experimenter gave prompts as to the correct name.

Prime stimuli were 24 Italian words selected in a preliminary norming study as to be
the best verbal descriptors of the target sounds. Prime words for mouth actions were the
following: canta (sing), fischia (whistle), ride (laugh), soffia (blow), sospira (breath), urla
(scream). Prime words for hand actions were the following: applauso (applause), bussa
(knock), strappa (tear), campana (bell), schiocca (snap), clacson (honk). Prime words for
non-action sounds were the following: acqua (water), bolle (boil), bomba (bomb), cicala
(cicada), cucu (cuckoo), elica (helicopter), mare (sea), mosca (fly), sveglia (alarm-clock),
sirena (siren), telefono (telephone), treno (train).

Word length varied from a minimum of 4 to a maximum of 8 letters and was balanced
across action and non-action categories (T,, = 1.24, p > 0.2). Word frequencies were taken
from the Barcellona Corpus (Corpus di Italiano contemporaneo. Unpublished manuscript
(1988), Istituto di Linguistica Computazionale, Consiglio Nazionale delle Ricerche, Pisa,
Italy), which contains 1,500,000 words and incorporates Bortolini et al. (1972). Average
(s.d.) word frequency was 31 (37) for action words and 127 (209) for non-action words (T,»
= 1.57, p > 0.1). As to the grammatical class, action words were mainly verbs (8 verbs, 3
nouns, and 1 word readable as either verb or noun), while non-action words were mainly

nouns (10 nouns and 2 words readable as either verb or noun).

Tasks

The structure of an exemplar trial is shown in Figure 1A. The basic display included a
white fixation cross (size = 1.14 deg) on a dark background, above which a white nonsense
drawing used as a mask was shown. The lower border of the mask was located 0.3 deg
above the fixation cross. Each trial started with a prime word in uppercase (height = 1.14
deg) presented 1.5 deg above fixation for 33 ms. After this period, the mask appeared again.
The target sound was presented 150 ms after prime onset. Participants kept fixation on the
central cross and decided whether the sound could be generated by human actions or not

and pressed one of two response buttons accordingly, using either the index or middle finger



of the right hand. They were asked to respond as quickly as possible, even though the sound
might still be playing.

Importantly, participants were not informed about the presence of the prime stimuli.
In order to assess whether the subjects could detect the masked priming words, a semi-
structured interview was given at the end of the behavioral session. In this interview,
participants were asked to describe what they had seen during the experimental recordings.
Most subjects could only detect a brief flash and could not detect even the presence of the
prime words. Participants who reported to see either letters or words were excluded from the
behavioral study and were not selected for the fMRI study. The twenty-six subjects reported
here are those who reported no awareness of word primes. All eleven subjects within this
group who were selected for the fMRI study reported again no awareness of word primes at
the end of the fMRI session.

The same prime words were used in different trials either as congruent or as
incongruent primes. Congruency was defined by the semantic relationship between prime
and target. In congruent trials (50%), the prime word corresponded to the target sound; in
incongruent trials (50%), the prime word was randomly chosen from those denoting a non-
action-related sound, if the target sound was action-related, and vice versa (Figure 1B). Note
that, in principle, we could select incongruent primes also from the same category as the
target sound (e.g., a laughing sound preceded by the word “whistle”, rather than by the
word “boil”). Such a choice would perhaps have made easier to interpret behavioral and
neurophysiological priming effects as due to the abstract representation of that particular
action. However, excluding these prime-target combinations (a) avoided the problem of
possible similarity or semantic overlap between different actions (or non-actions), thus
ensuring that incongruent trials were truly incongruent; and (b) allowed us to use the same
words as congruent and incongruent primes in different trials, thus avoiding the problem of
possible differences in verbal material driving the experimental effects. To validate this
choice, we ran a preliminary behavioral study on 21 healthy volunteers, including congruent
(“laugh” = laughing), incongruent (“boil” = laughing), and “within-category” (“whistle” >
laughing) trials. The effect of priming was significant (F, g0 = 3.27, p < 0.05), and crucially,

“within-category” action trials were as fast as incongruent action trials, while both were



significantly slower than congruent trials (Duncan test, p < 0.05). This suggests that the

advantage of the congruent condition is truly due to the repetition of the very same action.

Apparatus and procedure

Images were acquired using a 3 T Siemens Allegra MR system (Siemens Medical
Systems, Erlangen, Germany) operating at the Neuroimaging Laboratory, Foundation Santa
Lucia, using a standard head coil. Stimuli were generated by a control computer located
outside the MR room, running in-house software, implemented in MATLAB (The MathWorks
Inc., Natick, MA, USA) using Cogent 2000 (developed at FIL and ICN, UCL, London, UK) and
Cogent Graphics (developed by John Romaya at the LON, Wellcome Department of Imaging
Neuroscience, UCL, London, UK). An LCD video projector with a customized lens was used to
project visual stimuli to a back projection screen mounted behind the MR tube and visible
through a mirror mounted inside the head coil. Auditory stimuli were presented through a
high-quality pneumatic headphone device. Responses were given through push-buttons
connected to the control computer via optic fibers.

Echo-planar functional MR images (TR = 2 s, TE = 30 ms, flip angle = 70°, 64 x 64
image matrix, 3 x3 mm in-plane resolution, 30 slices, 3 mm slice thickness with a 0.8 mm
gap, sequential excitation order) were acquired in the AC-PC plane using blood-oxygenation-
level-dependent imaging (Kwong et al., 1992). From the superior convexity, sampling
included all the cerebral cortex, excluding only the ventral portion of the cerebellum. A
three-dimensional high-resolution anatomical image was also acquired for each subject
(Siemens MDEFT sequence, TR = 2 s, TE = 4.38 ms, flip angle = 8°, 512 x 512 image
matrix, 0.5 x 0.5 mm in-plane resolution, 176 contiguous 1 mm thick sagittal slices).

Each participant underwent four consecutive fMRI acquisition scans of 184 functional
MR images, lasting approximately 6 minutes each. The first four volumes of each scan were
discarded to achieve steady-state T1-weighting, and the experimental tasks started at the
beginning of the fifth image. During each scan, 144 trials were presented every 2.5 s,
including: (a) 48 action trials, where each of the 12 action-related sounds was presented
twice preceded by a congruent and twice preceded by an incongruent prime; (b) 48 non-
action trials, where each of the 12 non-action-related sounds was presented twice preceded

by a congruent and twice preceded by an incongruent prime; and (c) 48 “null” trials. Null
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trials were 2.5 s periods in which no sound was delivered (and accordingly no response was
given), and no prime was shown (but the visual mask flashed for 33.3 ms as in the regular
trials). Thus, null trials constituted a low-level baseline for the study. Given the presence of
null trials, the mean interval between regular trials was 3.75 s. Trials were arranged in a
pseudo-randomized order, which was different for each scan but fixed across subjects. In
summary, for each subject we acquired 720 functional images and delivered 96 trials for

each of the four combinations of target sound class and prime congruency.

Image processing and analysis

Images were preprocessed and analyzed using SPM5 (Wellcome Department of
Cognitive Neurology, London, UK). Functional time series from each subject were first
spatially corrected for head movement, using a least-squares approach and six-parameter
rigid body spatial transformations, and then temporally corrected for slice timing, using the
middle slice acquired in time as a reference. They were then spatially normalized using an
automatic nonlinear stereotaxic normalization procedure (final voxel size: 2 x 2 x 2 mm) and
spatially smoothed with a three-dimensional Gaussian filter (6 mm full-width-half-
maximum). The template image for spatial normalization was based on average data
provided by the Montreal Neurological Institute (Mazziotta et al., 1995) and conforms to a
standard coordinate referencing system (Talairach and Tournoux, 1988).

Images were analyzed using a standard random-effects procedure. At the first stage,
the time series of functional MR images obtained from each participant was analyzed
separately. The effects of the experimental paradigm were estimated on a voxel-by-voxel
basis, according to the general linear model extended to allow the analysis of fMRI data as a
time series. The onset of each trial constituted a neural event, that was modeled through a
canonical hemodynamic response function, chosen to represent the relationship between
neuronal activation and blood flow changes. Separate regressors were included for each trial
type (congruent and incongruent action-related and non-action-related sound trials), yielding
parameter estimates for the average hemodynamic response evoked by each. The model
included a temporal high-pass filter, to remove low-frequency confounds with a period above
128 s. Serial correlation in the fMRI time series were estimated with a restricted maximum

likelihood (ReML) algorithm using an autoregressive AR(1) model during parameter
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estimation, assuming the same correlation structure for each voxel, within each run. The
ReML estimates were then used to whiten the data. These subject-specific models were used
to compute a set of contrast images per subject, each representing the estimated amplitude
of the hemodynamic response in one experimental condition. Contrast images from all
subjects were entered at the second stage into a 2 by 2 repeated-measures analysis of
variance with non-sphericity correction (as implemented in SPM5), with Sound Class (action-
related vs. non-action-related) and Prime Congruency (congruent vs. incongruent) as
experimental factors. This procedure allows to test hypotheses about differences of the
hemodynamic response amplitude across conditions in the whole population our participants
were extracted from.

We first looked at regions showing a main effect of Sound Class, i.e., regions
responding more for action-related vs. non-action-related sounds and vice versa, without
considering Prime Congruency. The resulting statistical parametric maps of the t statistic
were thresholded at the voxel level and by cluster size. Correction for multiple comparisons
was performed using distribution approximations from the theory of Gaussian fields at the
cluster level (p < 0.05 corrected), after forming clusters of adjacent voxels surviving a
threshold of p < 0.005 uncorrected. As a second step, we examined the effect of Prime
Congruency in the regions showing an effect of Sound Class, by determining whether the
activation of regions selective for either action-related or non-action-related sounds was
modulated by the semantic meaning of the prime word. To do so, for each subject and for
each cluster showing a significant effect of Sound Class, we extracted the mean amplitude of
the hemodynamic response in each experimental condition, by spatially averaging the
individual contrast images across all the voxels in the cluster. Such cluster-level
hemodynamic response estimates, which are the basis for the data shown in the plots in
Figures 3 and 4, were then entered again into 2 by 2 repeated-measures analysis of variance
with non-sphericity correction, which was used to assess the significance of the main effect
of Prime Congruency, of the interaction between Prime Congruency and Sound Class, and,
where the interaction was significant, of simple main effects. Here, multiple comparisons
were taken into account by implementing a Bonferroni correction for the number of tested

clusters.
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The same average regional responses were used to assess the effect of body parts
implicated by actions, by including in the analysis only trials with action-related sounds and
performing a 2 by 2 repeated-measures ANOVA with factors Body Part (hand vs. mouth) and
Prime Congruency. The same ANOVA was also performed at the voxel level on the whole
brain, again by correcting for multiple comparisons at the cluster level (p < 0.05 corrected),
after forming clusters of adjacent voxels surviving a threshold of p < 0.005 uncorrected.

Localization and visualization of activations were achieved by using in-house software
(BrainShow, written in Matlab), which allows to superimpose statistical maps over brain
slices as well as over folded, inflated, and flattened representations of the cortical surface.
For visualization of group activations, we used the cortical surface of the single-subject MNI
brain, reconstructed using FreeSurfer (Dale et al., 1999; Fischl et al., 1999) . BrainShow was
also used to automatically assign anatomical labels to activated areas at the level of
Brodmann areas and cortical gyri. Brodmann areas were derived from the Talairach Daemon
public database (Lancaster et al., 2000), while cortical gyri were derived from a
macroscopical anatomical parcellation of the MNI single-subject brain (Tzourio-Mazoyer et
al., 2002), which was further refined by splitting the temporal gyri in three sections

(anterior, middle, and posterior third) in the Y direction.

Results

Behavioral evidence for unconscious priming of action meaning

Although failing in reporting the presence of the prime words, subjects responded
faster to congruent than incongruent trials (F; 5 = 4.29, p < 0.05), demonstrating that
unconscious semantic priming was effective (Figure 1C). Responses were also faster for
action than non-action sounds (F; s = 707.20, p < 0.01), but importantly the semantic
prime was equally effective for both classes of sound (sound class by prime type interaction:
F125 < 0.01, p = 0.95). Within the action sound class, responses were faster for mouth than
for hand sounds (F; s = 735.23, p < 0.01), but again the prime was equally effective for

both body parts (sound class by body part interaction: F; .5 = 1.65, p > 0.20).
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Definition of the human auditory mirror system

Regions activated by the sound categorization task relative to a fixation baseline are
detailed in Figure 2 and Table 1. Here, we focus on a subset of four regions which we
referred to as the human auditory mirror system (Gazzola et al., 2006), because they
showed more activation for action-related than for non-action-related sounds (Figure 3,
green patches, and Table 2).

The first two regions were located in left inferior frontal gyrus (IFG: Figure 3B, green
patches). Previous human studies have described activation of the IFG during action
observation and imitation (Buccino et al., 2004; Buccino et al., 2001; Costantini et al., 2005;
Decety et al., 1997; Grezes, 1998; Grezes et al., 1999; Rizzolatti et al., 1996b), and when
listening to action-related sounds (Gazzola et al., 2006; Lewis et al., 2005) or sentences
(Tettamanti et al., 2005). In monkeys, mirror neurons, which respond during the execution
and the observation of actions, have been described in monkey’s area F5 (Di Pellegrino et
al., 1992; Gallese et al., 1996), probably corresponding to the pars opercularis of the human
IFG, i.e., Brodmann area (BA) 44. Many F5 mirror neurons also respond when the monkey
listens to the sound produced by an action (Kohler et al., 2002). More anterior portions of
the IFG, probably corresponding to the pars triangularis (BA 45), show in monkeys a more
abstract, less context-depending representation of observed actions (Nelissen et al., 2005).
In the present study, the activation spanned both sectors of the IFG, but also extended more
anteriorly and ventrally in the pars orbitalis (BA 47).

The other two regions of the auditory mirror system were bilaterally located in the
middle temporal gyrus (MTG: Figures 3C and 3D, green patches). The monkey superior
temporal sulcus contains neurons which are selectively activated when animals observe
biologically relevant visual stimuli and biological motion (Barraclough et al., 2005; Baylis et
al., 1987; Bruce et al., 1981 ; Mistlin and Perrett, 1990). Similar human regions are activated
when visually observing actions vs. non-biological motion and are considered as part of the
action recognition system. However, data on the auditory modality is sparse. Some studies
have focused on the distinction between sounds produced by tools and by animals (Lewis et
al., 2005), while others have compared meaningful verbal and non-verbal sounds (Dick et

al., 2007; Thierry et al., 2003). These studies have implied different portions of the middle
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temporal gyrus, but a direct comparison with our data remains problematic, given the

diverse experimental paradigms and stimulus sets.

Priming of action meaning in the human auditory mirror system

To determine whether the IFG and the MTG code the abstract meaning of the heard
actions, we examined whether their activation was modulated by the prime-target semantic
relationship. Extensive previous work has shown that fMRI can detect the modulation of
neural response by prime-target congruency, and that such a modulation is selectively
observed in brain regions coding specific stimulus features (Dehaene et al., 1998; Dehaene
et al., 2001; Naccache and Dehaene, 2001). In other words, if the fMRI response of a given
cortical region to an action sound is modulated by the type of semantic relationship
(congruent vs. incongruent) with the prime word, then we must necessarily conclude that
this region is coding the only specific feature which is eventually shared by the prime word
and the sound, i.e., the abstract meaning of that action. Since the prime is not consciously
perceived, such a modulation must depend on an automatic activation of the semantic
content of the prime word.

Both the left IFG regions showed a significant interaction (p < 0.05, Bonferroni
corrected) between sound class and prime congruency. Activation not only was significantly
higher for action-related than non-action-related sounds, but was also higher for action-
related sounds preceded by congruent than incongruent primes, while there was no effect of
prime congruency for non-action-related sounds (see plots in Figure 3E and 3F). This means
that the left IFG selectively responds to actions and is sensitive to the abstract meaning of
such actions. Since the modulation of semantic priming is evident only for action sounds, we
can conclude that semantic coding is specific for actions and does not extend to other kinds
of sounds in the IFG. Note also that, although the two frontal regions exhibited the same
functional profile, the most anterior one (Figure 3F) was driven by relative deactivations
rather than activations relative to the fixation baseline.

A similar profile was evident in the left MTG (Figure 3G): a significant sound class by
prime congruency interaction was produced by an activation enhancement for congruent vs.
incongruent trials. This enhancement was selective for action-related sounds and added over

a general preference for action-related sounds. As in the IFG, we observed no effect of prime
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congruency for non-action-related sounds. In the right hemisphere, the MTG, although
selective for action-related sounds, showed no evidence (p = 0.4) of a sound class by prime

congruency interaction (Figure 3I).

Separate mechanisms for understanding actions and events

To confirm the specificity of modulatory effects of prime congruency on regional
activations, we looked for possible selective representations of non-action-related sounds. A
set of cortical regions (Figure 3, blue patches, and Table 3) showed more activation for non-
action-related than for action-related sounds. These included a bilateral temporal region,
anterior and superior to the MTG foci described before, and located in the superior temporal
gyrus for about one half and in the Heschl gyrus and in the rolandic operculum for the
remaining half (Figures 3C and 3D, blue patches). Additional smaller regions were found in
the anterior half of the right middle frontal gyrus (BA 46 and BA 9) and in the right
precuneus and superior parietal lobule (BA 7 and BA 5).

All these regions exhibited a significant sound class by prime congruency interaction,
but in a direction exactly mirroring regions in the auditory mirror system. The effect of prime
congruency was absent in action trials and significant in non-action trials (see plots in Figure
3H and 3J). This speaks in favor of both separate brain circuits and separate brain
mechanisms to understand others’ actions and environmental events. Regions in the auditory
mirror system show an effect of semantic priming only in action trials, while regions
specialized for non-action sounds show an effect of semantic priming only in non-action
trials.

Another intriguing feature of the regional response profiles demonstrates that these
selective effects are not just the result of some methodological artifact, e.g., non-linearities
in fMRI response, resulting in increased sensitivity to small changes of neural activity when
the regional activation level is higher. Indeed, the effect of prime congruency on the two sets
of brain regions was qualitatively different. Regions in the auditory mirror system showed
more activation in congruent than incongruent (action) trials, while regions specialized for
non-action-related sounds showed less activation in congruent than incongruent (non-action)

trials.
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Most neuroimaging studies employing priming paradigms have reported suppression of
activation in congruent, or primed, or repeated trials, with respect to incongruent, or
unprimed, or new trials (Henson, 2003). A few imaging studies have however reported an
opposite profile in indirect memory tasks (Dolan et al., 1997; George et al., 1999; Henson et
al., 2000; Schacter et al., 1995) and during masked repetition priming (Hauk et al., 2004).
The exact reasons of this discrepancy are unknown. One explanation is that activation
enhancement occurs whenever priming causes a new process on the target that did not
occur on the prime (Schnyer et al., 2002). Alternatively, the temporal vicinity of prime and
target may cause supra-additive effects, which have been observed for congruent visual and
auditory action information in monkey single neurons (Barraclough et al., 2005). We should
note that the effectiveness of semantic priming, whichever the direction of such effect,
remains a direct evidence of an abstract coding of action goal or meaning. Similarly, the
observation that this effect shows up in opposite directions and in different regions for action
and non-action trials, remains a direct evidence of a qualitative dissociation in semantic

processing of actions and environmental events.

Is action understanding effector-specific?

Human studies have focused on the body-part-specific organization of action concepts,
showing that the premotor cortex is activated somatotopically (i.e., in an effector-specific
way) while observing (Buccino et al., 2001) and listening to (Gazzola et al., 2006) actions,
and also when reading words (Hauk et al., 2004), reading (Aziz-Zadeh et al., 2006a) or
listening to (Tettamanti et al., 2005) sentences denoting actions performed by different body
parts. However, all these studies also agree that there exists a region of activation in the
pars opercularis of the left inferior frontal gyrus not organized in a somatotopic fashion, i.e.,
activated for all tested body parts. Thus we looked deeper into our data to search for body-
part-specific effects, both at the regional and at the voxel level.

We first looked into the action-specific regions described above, and reanalyzed their
responses to action trials as a 2-by-2 factorial design, with body part (mouth vs. hand) and
prime congruency as experimental factors. In this analysis, a differential semantic
representation of actions performed by a given body part should show up as a significant

interaction. Neither the left IFG nor the left MTG showed a significant main effect of body
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part or a prime congruency by body part interaction (p > 0.25). The right MTG responded
more to mouth than hand sounds (p < 0.05), but showed neither the main effect of prime
congruency nor the prime congruency by body part interaction (p > 0.9), confirming that the
right MTG, unlike the left MTG, does not code actions at an abstract level. Although negative
results in functional neuroimaging should be interpreted with caution, given the intrinsically
low sensitivity of the data analysis, we can safely conclude that there was no evidence of
body-part-specific organization of action concepts in the fronto-temporal auditory mirror
system described above.

However, body-part-specific regions could in principle exist in other sites. Thus, we
reanalyzed the whole brain at the voxel level for differences between hand and mouth action
trials. A left frontal region situated in the inferior frontal sulcus, between BA 45 and BA 46
(Figure 4A, red patches), was preferentially activated by hand sounds, both relative to
mouth and to non-action sounds (Figure 4D). Critically, this region showed a tendentially
significant (p = 0.08) enhancement in congruent vs. incongruent action-related trials, but no
prime congruency by body part interaction (p > 0.4). Thus, even if we did observe a body-
part specific activation here, we found no evidence of this specificity at the level of action
meaning representation.

A further region, bilaterally located in the anterior superior temporal gyrus (Figure 4B
and 4C, cyan patches), preferred mouth sounds (but also non-action sounds) to hand
sounds, with no effect of priming (Figure 4E and 4F). These regions may correspond to the
voice-selective regions described by Belin et al. (2000; 2002), which respond more when
listening to speech and non-speech human vocalizations than to scrambled voices and

control sounds with similar low-level structure.

Discussion

According to Rizzolatti and coworkers (Gallese et al., 2002; Rizzolatti et al., 1996a),
mirror neurons implement a mental lexicon of actions in the subject’s motor repertoire. This
lexicon would be specified at a rather abstract level, independent of the specific motoric
implementation of the action. Each neuron is specific for an action as defined by its goal, and

is activated when that action is either performed, observed, or heard. In humans, there is
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plenty of evidence that regions typically activated during action execution are also activated
when observing or hearing actions (Aziz-Zadeh et al., 2006a; Buccino et al., 2004; Buccino
et al., 2001; Costantini et al., 2005; Decety et al., 1997; Gazzola et al., 2006; Grezes, 1998;
Grézes et al., 1999; Hauk et al., 2004; Rizzolatti et al., 1996b; Tettamanti et al., 2005).
However, we just lack a direct demonstration that putative “mirror areas” describe the
abstract, semantic features of an action. The combination of a priming paradigm with event-
related fMRI allowed us to provide just this demonstration.

First, we identified the auditory mirror system, defined as the set of region
preferentially activated by action- vs. non-action-related sounds. This includes the left
inferior frontal gyrus and the bilateral middle temporal gyrus. Second, we showed that the
activation of the left lateralized regions in this circuit is higher in trials where the sound is
preceded by a semantically matched visuo-verbal description of the same action. This implies
that these regions are capable of matching the two descriptions onto a common, abstract
action representation. Two other important results strengthen this conclusion. First, the
activity evoked by non-action-related sounds in the same regions was not modulated by
semantic prime-target congruency. Second, a distinct set of regions showed the opposite
profile, i.e., more activation for non-action-related than action sounds, and a selective
modulation by prime-target congruency on non-action trials. This points to a striking
dissociation between different mechanisms for understanding actions and environmental
events. The unconscious nature of the priming effect further strengthens the idea that the
effect is mediated by the automatic activation of an abstract representation of the action
meaning.

The current study confirms and extends previous data on the human auditory mirror
system (Gazzola et al., 2006; Lewis et al., 2005; Tettamanti et al., 2005), showing a fronto-
temporal circuit selectively activated by action-related sounds, but goes beyond current
literature because it provides direct hints on the nature of the neural representation of
actions in the mirror system. At variance with previous studies, which compared neural
processing of different sets of stimuli, such as action movies vs. static images (Costantini et
al., 2005), action sounds vs. environmental sounds ( Gazzola et al., 2006) or different kinds
of verbal material (Aziz-Zadeh et al., 2006a; Hauk et al., 2004; Tettamanti et al., 2005),

here the crucial comparison is between congruent and incongruent trials, which have the
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same target but preceded by different (unconscious) primes. Thus, the effect of priming
cannot depend on any low- or high-level differences between action and non-action stimuli.
We should note here that we used auditory stimuli which were psychophysically validated but
of course differed in a number of low-level acoustical features. We could not, and did not,
control for them. Thus, it is entirely possible, in the current as well as in previous studies on
the auditory mirror system, that some of the differential activation induced by action vs.
non-action sounds be due to different responsiveness of certain cortical regions to certain
acoustical features, such as harmonicity and spectral complexity. In principle, this seems
more plausible for regions close to the primary auditory cortex, such as the superior
temporal region selective for non-action sounds, than for regions outside the auditory
system, such as the inferior frontal cortex. The point however is that the crucial effect we are
reporting, i.e., the selective effect of unconscious semantic priming on the activation of these
regions, can not depend on any putative acoustical difference between the two sound sets,
because it emerges from comparisons between different classes of trials (congruent vs.
incongruent) within each sound category.

A similar line of reasoning applies to putative differences between the set of words
used as unconscious primes, leading to an alternative interpretation of the priming effect as
due to selective processing of different verbal material. The two sets of words denoting
actions and non-action events were matched for both length and frequency, but not for
grammatical class, with verbs mainly used for actions and nouns for non-action events, as it
is common in natural languages. Note that this difference is properly taken into account in
the comparison between action and non-action trials, since the same words were used in the
two sets of trials either as congruent or as incongruent primes. However, the priming effect,
occurring when comparing congruent vs. incongruent trials within each sound class, may be,
at least in principle, affected by the grammatical class of the unconscious prime. This is
extremely unlikely, given the results. For example, an area selectively processing verbs vs.
nouns (or, more generically, action vs. non-action words) would show more activation in the
two conditions where action words were presented, i.e., congruent action trials and
incongruent non-action trials. However, all regions showing a priming effect exhibited this
effect for one sound category only, a response pattern that is not compatible with this

alternative explanation.
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The present study significantly extends the results of two previous fMRI experiments
which have used a repetition priming paradigm to study selectivity for observed actions in
the (visual) mirror system. Dinstein et al. (2007) found two foci in the left inferior frontal
cortex very close to those reported here, whose activation was modulated by the repetition,
across two consecutive trials, of the very same gesture (both during execution and during
observation). This provides evidence of selectivity for particular actions, which is a
physiological signature of mirror neurons in the monkeys, but not necessarily of semantic
coding of action concepts, since the whole gesture was repeated in an identical form. In
another study (Hamilton and Grafton 2006), the inferior parietal cortex, but not the inferior
frontal cortex, was modulated by the repetition, across two consecutive trials, of the goal
(i.e., the target object), but not the trajectory, of an observed grasping action. In a follow up
study (Hamilton and Grafton 2007), the inferior frontal cortex was modulated by the
repetition of the type of grasp (precision vs. power grip) but not of the target object. The
authors’ conclusion that the inferior frontal cortex does not code action goals may appear at
odds with the evidence we are providing that this region codes actions at an abstract,
semantic level. However, we should carefully distinguish between an action and its goal. For
example, we can define the action of “grasping” as an attempt to take hold of something:
this abstract concept generalizes both across a variety of motor implementations (e.g.,
precision vs. power grip) and across a variety of goals, defined either as the specific targets
of the action (e.g., grasping an apple vs. a cup of tea), or more generally as the reasons why
we are acting (e.g., eating vs. drinking). Hamilton and Grafton (2006; 2007), by presenting
the same action and systematically varying its goal (in the sense of the target object),
showed that the inferior frontal cortex generalizes across different goals of an action, since it
does not discriminate novel from repeated grasping targets. On the other hand, the current
study, by using a variety of different actions (singing, whistling, knocking, etc.), shows that
the inferior frontal cortex does not generalize across different actions, since it discriminates
whether the visuo-verbal and auditory stimuli refer to the same action or not. Thus, the left
inferior frontal cortex may well represent the abstract action concept, as suggested by the
present data, but not the specific action goals or targets.

In a previous event-related potential (ERP) study (Pizzamiglio et al., 2005), we have

used the same semantic priming paradigm and reported frontal and temporal sites where
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ERPs showed a significant priming effect. Non-action-related sounds produced bilateral
activity around the temporal pole peaking at 320 ms after the target-sound onset. Action-
related sounds gave rise to activity in the Sylvian fissure dorsally to left superior temporal
sulcus peaking around 280 ms followed by activity in the left prefrontal cortex within the
middle frontal gyrus around 300 ms. While there is a good correspondence between the left
premotor activations in the two studies, the temporal locations do not precisely correspond.
Present fMRI data shows, for non-action-related sounds, a more superior and posterior
activation. Similarly, activation for the action-related sounds in the present case are located
in the middle instead of the superior temporal gyrus. These differences may be due to a
different sensitivity of the two techniques: ERP localization derived by a dipole model with
low spatial resolution. However it must be stressed that results from the two different
techniques are substantially coherent and that in both studies the components of the two
systems detected in the temporal lobes are clearly separable. Combining the results of the
previous (ERP) and the present (fMRI) study, we could conclude that the semantic meaning
of non-action-related sounds is processed in a single stage around 300 ms after the stimulus
onset within bilateral temporal lobes, but the meaning of action-related sounds is handled
faster in a two stage process occurring around 280 ms (40 ms earlier than non-action-
related sounds) in the left temporal lobe and 20 ms later in the left premotor cortex.

Three other aspects of our results deserve special consideration. First, the set of
cortical regions reported here partially overlaps with those reported as selectively responsive
to the human voice, namely to both human speech and non-verbal vocalizations (Belin et al.,
2000; 2002; Fecteau et al., 2005). This is not surprising, since the majority of mouth action
sounds in our sample may well be classified as human vocalizations. In particular, the
superior temporal regions shown in Figures 4B and 4C, which are selective for mouth relative
to hand and non-action sounds, well correspond to voice responsive regions in Belin et al.
(2000; 2002). Note however that these regions do not show an effect of semantic priming in
our study. A distinct voice-selective region has been described in the pars orbitalis of the
inferior frontal gyrus (Fecteau et al., 2005), well corresponding to the activation cluster in
Figure 3F, a region that does show the effect of semantic priming. However, it is unlikely that
vocal sounds play any special role in this case, since this region does not appear to

discriminate mouth from hand sounds nor it shows a priming effect selective for either
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mouth or hand sounds. Thus, its preference for vocal stimuli may depend on a more general
preference for sounds produced by human actions.

Second, regions showing evidence for coding actions at an abstract level are confined
to the left hemisphere, while regions involved in understanding non-action-related sounds
are bilateral. A similar hemispheric specialization has been reported by previous studies
(Aziz-Zadeh et al.,2006b; Gazzola et al., 2006). One might speculate that such lateralization
is linguistically mediated, since the prime in our study is a written word. However, this
interpretation is unlikely, since the right temporal lobe shows evidence of priming for the
non-action trials. It has been recently suggested that a left lateralized auditory component of
a multimodal mirror neuron system may have facilitated the progression toward the left
lateralization of language (Aziz-Zadeh et al., 2006b).

Last, we found no evidence of a somatotopic organization of action concepts, i.e., no
region showed a semantic priming effect which was specific either for hand or for mouth
sounds. Before commenting on that, we should underline that negative findings, especially in
neuroimaging research, must not be overinterpreted. The motor hand and mouth
representations are very close together and often co-mingled in higher-order motor areas,
and it remains possible that an investigation with higher spatial resolution would reveal some
subtle anatomical segregation. However, a simple explanation of this negative finding in
terms of low spatial resolution does not hold. Indeed, we did find some regions
differentiating hand and mouth sounds (Figure 4), but importantly these regions did not
show any effect of semantic priming. Also, many previous neuroimaging studies did report
somatotopic activation of the premotor (and sometimes the parietal) cortex during
observation of (or other forms of exposure to) actions performed with different body parts
(Aziz-Zadeh et al., 2006a; Buccino et al., 2001; Gazzola et al., 2006; Hauk et al., 2004;
Tettamanti et al., 2005). Similarly, transcranial magnetic stimulation of left arm and leg
motor areas produces a selective enhancement in the processing of arm and leg action
words, respectively (Pulvermuller et al., 2005). These studies support the claim that action
goals, and even word meanings, are coded by the motor system. Our results instead speak
against the idea that action concepts are strictly linked to effector-specific motor engrams.

Reconciling these two apparently conflicting views may appear difficult. However, we

have already pointed out that a common finding of the imaging studies cited above is an
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additional effector-independent activation of the left IFG. Our study demonstrates that just
this region is crucial in coding the abstract meaning of an action, and that it does so
irrespective of the body part involved in the action. As to the premotor and parietal cortex,
they are simply not activated in the present experiment. Note that our subjects were
engaged in a perceptual categorization task which explicitly requires to recognize actions.
This request pushes subjects to concentrate on the meaning of the action related to a given
sound: the abstract coding of the meaning might be independent and preceding the
specification of the effectors necessary to perform the corresponding action.

We propose that the mirror neuron system participates to the understanding of
meaningful sounds in two distinct ways. In the IFG the sound is mapped to an abstract
action schema (Norman and Shallice, 1986), which is largely independent of the body part
involved in the action. An automatic preactivation of the corresponding motor plan would
then occur in regions which specify the pragmatic properties of the action, such as the
premotor and possibly the parietal cortex. Alternatively, these two processes might occur in
parallel, and depending on the nature of the task. For example, psychological models of
action representation (Vallacher and Wegner, 1987) include hierarchically organized levels
specifying how and why the action is done (i.e., the motor implementation and the abstract
goal). Similarly, neuropsychological models of imitation (Rumiati and Bekkering, 2003)
distinguish a sensory-motor and a semantic route, through which one can imitate
meaningless and meaningful gestures.

As a general conclusion, our study shows that the meaning of actions and of
environmental events are represented in different brain networks, as demonstrated by the
fact that regions specialized either for actions or for environmental events show a selective
priming effect for the preferred category. Second, the meaning of actions and environmental
events are possibly extracted using different mechanisms, as suggested by the opposite
direction of priming on regional activation (enhancement vs. suppression) for the two
domains. Third, we provide direct evidence for a selective neural coding of the abstract
meaning of others' actions in the human left IFG and MTG, and show that this abstract
representation is apparently not effector-dependent and thus distinct from the somatotopic
representation of others' actions shown by previous studies in the premotor and parietal

cortex.
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Figure Legends

Figure 1. Experimental design and behavioral data

A. Temporal structure of a sound categorization trial. Participants kept fixation on the
central cross and decided whether the sound could be generated by human actions or not
and pressed either of two response buttons accordingly. The prime word could not be
consciously detected. B. Rationale of the experimental design. The same words were used in
different trials either as congruent or as incongruent primes. In congruent trials (50%), the
prime word corresponded to the target sound; in incongruent trials (50%), the prime word
was randomly chosen from the category opposite to the target sound. C. Average and
standard errors of median response times. Although the prime words are not consciously
detected, incongruent trials are slightly but consistently slower than congruent trials.

Asterisks mark significant effects of prime congruency.

Figure 2. Regions activated by the sound categorization task

fMRI activations are shown on an inflated representation of the cortical surface of a
canonical brain. Top row: Red patches show regions activated by the sound categorization
task relative to a fixation baseline, independent of the specific target sound and prime-target
relationship. These regions include: (1) regions involved in processing the target sounds,
such as the bilateral primary and secondary auditory regions in the superior temporal lobes;
(2) regions involved in selecting and executing the motor response, such as the left primary
somatosensory and motor cortex and supplementary motor area; (3) additional regions in
the parietal and frontal cortex (see below); and (4) primary and secondary visual regions in
the medial occipital cortex, apparently representing the “unconscious” activation elicited by
the transient prime words. Bottom row: Regions differentially activated by action-related
and non-action-related sounds (same data as in Figure 3). Green patches: regions more
activated by action-related than by non-action-related sounds. Blue patches: regions more

activated by non-action-related than by action-related sounds.
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Figure 3. Priming of action meaning in the human auditory mirror system

Anatomical location and functional profile of regions specific for action-related and for
non-action-related sounds. A. Cortical surface reconstruction of a canonical brain showing
the anatomical location of regions specific for action-related sounds (green patches) and for
non-action-related sounds (blue patches). The black rectangles enclose regions which are
shown magnified in panels B-D. B-D. Magnified view of the left inferior frontal cortex (B),
left temporal cortex (C), and right temporal cortex (D). Green and blue patches represent
regions selective for action-related and for non-action-related sounds, as in A, and are
identified by letters referencing the bottom right panels. E-J. Each plot represents, for the
respective brain region, the across-subjects mean (and standard error) of the average
regional percent signal change of the fMRI signal in each experimental condition relative to
the fixation baseline. Green lines: action-related sounds. Blue lines: non-action-related

sounds. Asterisks mark significant effects of prime congruency.

Figure 4. Somatotopy of action meaning

Anatomical location and functional profile of regions specific for mouth and for hand
actions. A. Magnified view of the left inferior frontal cortex of a canonical brain showing
regions more active for hand than mouth action sounds (red patches). Green patches
represent regions selective for action vs. non-action-related sounds (same data as in Figure
2). B-C. Cortical surface reconstruction of a canonical brain showing the anatomical location
of regions more active for mouth than hand action sounds (cyan patches). D-F. Each plot
refers to the region identified by the corresponding letter in panels A-C and represents the
across-subjects mean (and standard error) of the average regional percent signal change of
the fMRI signal in each experimental condition relative to the fixation baseline. Red lines:

hand sounds. Cyan lines: mouth sounds. Blue lines: non-action-related sounds.

Abbreviations

fMRI: functional magnetic resonance imaging
IFG: inferior frontal gyrus

MTG: middle temporal gyrus
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BA: Brodmann area

ERP: event-related potentials
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Table 1

Regions selectively activated during the sound categorization trials (independently of the specific target
sound and prime-target relationship) relative to the fixation baseling.

Regions of activation

Main local maxima
Exbent MMNI
Anatomical lecabon Anatomscal location coerdinates Fvalue
{mm®) X ¥ z
g
Left temporal-parietal-frontsl 126 632 Supersor tempaoral gyrus [middle third) a -2 a 10943.82
4
Superier temporal gyrus [ postaricr third} 9 -28 4 925,25
5
Middle temporal gyrus {middla third) |8 -13 1] 861063
<]
Middie temperal gyrus {posterior third) 0 -45 10 188506
3
Poshcentral gyruse (supenor) 6 -32 41 44E6,12
]
Postocentral gyrus (infenor] 8 -20 24 2823292
5
Supramarginal gyrus 6 -33 24 2950,98
4
Pracentral gyrus [supsnor) o -14 58 2946, 78
Supplementary mowr area 9 3 &2 2914,70
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Table 2

Regions selectively activated by action vs. non-action-related sounds.

Regions of activation Main local maxima
Anatomical location Extent Anatomical subdivisions Relative MMNI T value
] coordinates
(mm*¥) extent X ¥ z
Left inferior frontal gyrus 2 448 Part orbitalis (BA 47) 59% - 34 -10 5.67
4
8
= 36 -4 4.90
5
4
Pars triangularis (BA 45) 40% = 38 -2 7.44
4
6
Left inferior frontal gyrus 2 128 Pars opercularis (BA 44) T7% = 10 12 10.32
5
5]
Pars triangularis (BA 45) 19% - 20 20 10.14
5
0
= 22 6 3.66
&
0
Left middle temperal gyrus 2 976 Posterior third 66% = = 4 6.81
5 48
4
= = -2 6.41
5 42
4
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Right middle temporal gyrus

L 632

Middle third

Posterior third

Middle third

27%

35%

52%

[+

30

30

32

5.97

6.28

7.60

5.63
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Table 3

Regions selectively activated by non-action vs, action-related sounds,

Regions of activabon

Main local maxima

Extent MR
fnatymical locatian Aanamomical lecation coordinates T value
{mm?) ¥ ¥ Z
a
Laft suparior temporal 3800 Rolandic oparcuium & -3 16 B.36
4
Rolandic apercutum & -2 18 6,04
5
Supariar wmporal gyrus [middle thirdg) oo -1z o 5.0
4
Right suparior tamporal 7 S&a Ha=chl gyrus L G 8.30
3
Suparior temporal gyrus [middle third) 4 -10 -0 7.40
3
Insula 4 -2z 1G 6.20
@
Right middie frontal 1224 Superiar frontal gyrus [anterior] & 4B 44 5.9z
o
Middle frontal gyrus [ant=rior) a 46 22 5.74
3
Middle frontal gyrus [anterior) 0 54 34 4,82
Right parietz| (anterior) 1096 Frecunsus 8 -46 54 Q.80
1
Superier parnetzl lobule {anteror) 4 46 G2 4,11
1
Precunaus & -42 48 3.62
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Table 4

Regions selectively activated by hand vs, mouth actions and vice versa,

Regions of activation

Main local maxima

Extant NI
Anatomical locaton : Anatomical kocation coordinates F valua
{mm™) L v z
Left supenor and middle
ternporal gyri
Imouth > hand sounds)
12 328 Rolandic operculum 2 24 iz 14.74
Superier termporal gyrus {middie third} o -6 a 10.38
3
Supericr temperal gyrus {postencr third) o -3¢ 1z T.43
Middle wempoeral gyrus {middle third) -6 -G .59
Z2
right superior and middle 13 720 Middle wemporal gyrus {(middle third) 24 -5 10,34
ternporal gyri
{mouth > hand sounds) a
Middla semporal gyrus (middle third}) 2 -28B -8 10,3
Superier ternporal gyrus {middie third) 4 -12 ] 9.75
Middla remporal gyrus {(middle third) B -4 -1; 9.11
Left infesior frontal gyrus
{hand > moukh sounds)
2 504 Pars mangularis o 33 1o 5,38
Pars mangularis o 38 24 5£.35
4
Pars triangularis 2 E S 4.19
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