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	0. Introduction


In recent years, neurophysiological experiments in monkeys have shown that observing an action made by another individual activates an observation/execution matching system, called "mirror system" (1, 2). Recent imaging data have given support to the hypothesis that an action observation/execution matching system also exists in humans (3, 4, 5). The mirror system consists of a series of parallel premotor-parietal circuits that play a central role in action imitation and understanding (6, 7, 8).

Action observation is not the only input triggering the activation of the mirror system. Recently, it has been shown that sounds related to actions activate audiovisual neurons in monkeys’ premotor area F5 (9). These findings support the idea that the mirror system represents action contents at an abstract level and that these action representations can be accessed auditorily. Area F5 has been proposed as the monkeys’ equivalent of Broca's area in humans (10, 11), and the hypothesis has been raised that the mirror system represents the bridge from doing to communicating from which human language may have evolved (12). The relationship between language and action observation and execution, however, remains an open question. There are several observations suggesting a tight link between the developmental time-course of language and motor skills related to actions (13, 14).

These observations lead us to assume that in humans language might engage the mirror system that matches action execution and observation. We should therefore expect that the understanding of descriptive sentences (as for instance, "I grasp the cup") is mediated by the "resonance" of those neural structures that code for the motor representation of the very same action described.

To address these issues, we performed an fMRI study (15) in seventeen healthy, right-handed native Italian speakers (16), while they were passively listening to digitized sentences  describing actions performed with the mouth (e.g. "Mordo la mela", English: "I am biting an apple"), with the hand, and the leg. As a control condition participants listened to sentences referring to abstract events not involving any body parts (e.g. "Apprezzo la sincerità"; "I appreciate sincerity") (17). The participants were kept naive as to the purpose of the experiment. Data analysis was performed with SPM99, SureFit 4.38 and Caret 4.5 (18, 19).

	1. METHODS


1.1 Subjects and Stimuli

Seventeen right-handed  volunteer subjects (12 females and 5 males; mean age 25.3 years, range 19-36 years) with comparable level of education participated in the study. They were all native monolingual speakers of Italian. None of the subjects had a history of neurological or psychiatric disorders. Participants gave written consent after receiving an explanation of the procedures.

Sentences were created by matching a transitive verb in the first person singular to a syntactically and semantically congruent object complement. Each verb was repeated up to four times, with different objects each time. Subjects heard a total of 40 sentences per experimental condition (mouth, hand, leg), plus 120 baseline sentences (abstract). Verb frequency was balanced across conditions (31). Stimuli were normed for comprehensibility on 20 normal adults. They were digitally recorded by a native speaker of Italian and edited using D-Sound Pro (www.d-soundpro.com). Average stimulus length was ~2.5 seconds. Subjects heard all auditory stimuli via MRI-compatible headphones connected to a personal computer.

1.2 Data Acquisition


Scanning sequences consisted of 24 epochs. Epochs of sentences referring to a single body part alternated regularly with epochs of abstract sentences (e.g. [mouth-abstract-hand-abstract-leg-abstract]n=4). Each subject underwent 2 of such scanning sequences. The presentation order of the experimental conditions was balanced across subjects. Each epoch lasted for 20 s and consisted of 5 stimuli. Stimuli were presented at a frequency of one stimulus every 4 s. The presentation of each sentence was followed by a varying period of silence, such that the duration of sentence presentation and the subsequent silence period together lasted for 4 s. Once the fMRI data acquisition was completed, subjects were asked to recall all sentences or parts of sentences they could remember. On average they were able to recall 14 complete sentences (SD = 5,84). All participants declared that they had been unaware of the division of sentences into different experimental conditions, suggesting that they did not engage into explicit mental imagery of actions.

1.3 Data Analysis

Data processing and statistical analysis were performed with SPM99 (www.fil.ion.ucl.ac.uk). The entire volume set of each subject was realigned to the first volume of the first sequence. The brain images obtained were then normalized to the Montreal Neurological Institute (MNI) standard space to allow for group analysis: transformation parameters were calculated on a structural spin-echo brain image matched to the fMRI images (TR = 600 ms, TE = 20 ms). Prior to statistical analysis, all images were smoothed using an isotropic Gaussian kernel (FWHM = 8 mm). High-pass filtering was used to remove artefactual contribution to BOLD signal. Global differences in fMRI signal were compensated using proportional scaling. Data were then fitted at every voxel using a linear combination of the effects of interest calculated on least-square values. Each condition involving actions by an effector (mouth, hand or leg) was compared by paired t-Student test with the associated control condition at the single-subject level, yielding for each subject one image consisting of the voxelwise difference between the parameter estimates (32). All reported statistics were then computed as second-level random effects analyses, using a one-sample t-Student test model (n=17). The results of random effects analyses can be generalized at the population-level (33). All the reported activations survived an uncorrected significance threshold of p<0.001, except for left parietal lobe and inferior temporal activations, where an uncorrected significance threshold of p<0.005 was used, in order to test for an a-priori hypothesis. For anatomical localization of brain activations, the average T1 structural brain image of the 17 participants (1 x 1 x 1 mm resolution), previously normalized to the MNI standard space with SPM99, was automatically segmented with SureFit 4.38 software (30) to obtain a cortical surface 3D reconstruction with tissue specific image values for sulcal vs. gyral cortex. Cortical reconstructions were further processed with Caret 4.5 software (30), for cortical surface inflating and flattening. Caret 4.5 was also used to map brain activations obtained with SPM99 onto cortical surface maps. For visualization of brain activations, a single participant's T1 structural image (1 x 1 x 1 mm resolution) was processed with SureFit 4.38 and Caret 4.5, following the same procedure as in case of the average image.

	2. RESULTS


The main result is that a left-hemispheric network was more active during the processing of sentences referring to actions, compared to listening to abstract sentences (Table 1 and Figure 1).

Action-related sentences activated the inferior frontal gyrus (IFG) (Broca's area). In the ventral opercular and in the triangular portion of the IFG, the activations elicited by sentences describing mouth, hand and leg actions overlapped. This evidence is important for two reasons. First, it complements previous observations showing that Broca's area codes for hand and mouth actions at an abstract, cognitive level (5, 6). It shows for the first time that, in humans, leg actions are also represented in this region. Broca's area thus seems to code for a repertoire of hand, mouth and leg actions. Second, such an effector-independent, action-specific activation implies a crucial role for Broca's area in the linguistic access to action information. There is converging evidence coming from neuropsychological (15), brain imaging (16, 17), as well as electrophysiological studies (18) that Broca's area is involved in verb processing. These observations might be interpreted as due to the specific role of verbs as determinant of the syntactic structure of a sentence and/or to the semantic content of verbs. Evidence in favour of a role of Broca's area in sentence syntactic processing has been recently provided by brain imaging studies (19, 20). In the present experiment, activation of Broca's area was found for sentences containing action verbs, in contrast to sentences containing abstract verbs. Given the invariant syntactic structure of the action-related and abstract sentences we have used, this demonstrates that Broca's area plays an important role also in the semantic access to actions.

We found also partially segregated foci in the premotor cortex. In the dorsal part of the frontal operculum, we observed activation only for mouth actions. Lesions in this area lead to severe articulatory deficits (21). Sentences describing hand and leg actions activated partially segregated foci in the ventral precentral sulcus (PrCeS) and the superior frontal sulcus (SFS) (see Figure 1, flat map). The ventral PrCeS seems to be involved in visual guidance of movement in the presence of an object (6). The representation of body parts in the ventral PrCeS in humans has yet to be determined. In accordance with our data, an fMRI study demonstrated that signing, whether performed with the hand or the toe, elicits limb-independent activations in the PrCeS (22). Activations in the SFS, an area that has been recently termed dorsal pre-premotor, have been found in relation to several higher-order cognitive tasks related to motor functions (23). Our data suggest that the linguistic access to action engages multiple representations of body effectors in the premotor cortex.

The hand condition also activated the central sulcus (in the hand region of  the primary motor area) and the insula. Both regions have been shown to be activated in movement tasks (24) and send projections to the spinal cord. The posterior insula has extensive connections with the premotor area and the postcentral association areas (25). The fact that, in general, sentences of the hand condition described less stereotyped movements than mouth or leg sentences might have induced finer implicit motor programming when hearing hand-related sentences.

In parietal areas, we found activations in the postcentral sulcus (PoCeS) and in the inferior parietal lobule (IPL) for sentences describing leg actions, and in the intraparietal sulcus (IPS) for sentences describing hand actions (Figure 1, flat map). Based on monkey and brain imaging studies that show activations in parietal areas that code action-related visual descriptions of the target objects (6), we expected to find activations in these parietal regions for all effectors. We therefore explored activations in this anatomical regions at a lower significance threshold (p<0.005 uncorrected), and found distinct activations for mouth, hand and leg (Figure 2). In monkeys, the IPS is connected with the extrastriate cortex (area MT/V5) and with area F5 of the ventral premotor cortex, and it has been implicated in visually guided reaching and manipulation (26). Noteworthy, mouth and hand sentences also activated the posterior part of the inferior temporal sulcus; a corresponding activation was found for leg sentences at p<0.005, uncorrected. This activation, adjacent to area MT/V5, is most likely related to a representation of the movement content of the action (27, 28, 29).

	3. CONCLUSIONS


These data clearly show that listening to sentences describing actions performed by different effectors activates a left-lateralized fronto-parietal and temporal circuit, offering a functional link between the motor domain and language processing. We suggest that in humans the system matching action observation and action execution also mediates the comprehension of sentences describing actions. Mirror neurons, involved in both tasks, might thus form the neural basis underlying this multi-domain mechanism.
This evidence will be used for the development 

	4. References


1. V. Gallese, L. Fadiga, L. Fogassi, G. Rizzolatti, Brain 119, 593 (1996).

2. G. Rizzolatti, L. Fadiga, V. Gallese, L. Fogassi, Brain Res. Cogn. Brain Res. 3, 131 (1996).

3. G. Rizzolatti  et al., Exp. Brain Res. 111, 246 (1996).

4. J. Grèzes, N. Costes, J. Decety, Cogn. Neuropsychol. 15, 553 (1998).

5. M. Iacoboni et al., Science 286,  2526 (1999).

6. G. Rizzolatti, L. Fogassi, V. Gallese, Nat. Rev. Neurosci. 2, 661 (2001).

7. S.J. Blakemore, J. Decety, Nat. Rev. Neurosci. 2, 561 (2001).

8. G. Buccino et al., Eur. J. Neurosci. 13, 400 (2001).

9. E. Kohler et al., Science 297 (5582), 846 (2002).

10. M. Petrides, D.N. Pandya in Handbook of Neuropsychology, Vol. IX, F. Boller and J. Grafman, Eds. (Elsevier, Amsterdam, 1994), pp.17-58.

11. G. Rizzolatti, L. Fogassi, V. Gallese, Curr. Opin. Neurobiol. 7, 562 (1997).

12. G. Rizzolatti, M.A. Arbib, Trends Neurosci. 21, 188 (1998).

13. P.M. Greenfield, Behav. Brain Sci. 14, 531 (1991).

14. E. Bates, F. Dick, Dev. Psychobiol. 40, 293 (2002).

15. D. Tranel, R. Adolphs, H. Damasio, A.R. Damasio, Cogn. Neuropsychol. 18, 655 (2001).

16. A. Martin, J.V. Haxby, F.M. Lalonde, C.L. Wiggs, L.G. Ungerleider, Science 379, 649 (1995).

17. D. Perani et al., Brain 122, 2337 (1999).

18. F. Pulvermuller et al, Cereb. Cortex 9, 497 (1999).

19. A. Moro et al., Neuroimage 13, 110 (2001).

20. M. Dapretto, S.Y. Bookheimer, Neuron 24, 427 (1999).

21. J. Tonkonogy, H. Goodglass, Arch. Neurol. 38: 486 (1981).

22. M. Rijntjes et al., J. Neurosci. 19(18), 8043 (1999).

23. N. Picard, P.L. Strick, Curr. Opin. Neurobiol. 11, 663 (2001).

24. G.R. Fink, R.S.J. Frackowiak, U. Pietrzyk, R.E. Passingham, J.Neurophysiol. 77, 2164 (1997).

25. M.M. Mesulam, E.J. Mufson, J. Comp. Neurol. 212(1), 38 (1982).

26. H. Sakata et al., Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1363 (1998).

27. J.D.Watson et al., Cereb. Cortex 3, 79 (1993).

28. R.B.H. Tootel et al., Nature 11,139 (1995).

29. P. Peigneux et al., Neuroimage 11, 644 (2000).

30. R.C. Oldfield, Neuropsychologia 9, 97 (1971).

31. T. De Mauro, F. Mancini, M. Vedovelli, M. Voghera, Lessico di frequenza dell’ italiano parlato (Etaslibri, Roma, 1993).

32. K.J. Friston et al., Hum. Brain Mapp. 2, 189 (1995).

33. L. Frisson, S.J. Pocock, Stat. Med. 11, 1685 (1992).

34. D.C. Van Essen et al., J. Am. Med. Inform. Assoc. 8, 443 (2001).

35. D.C. Van Essen et al., J. Am. Med. Inform. Assoc. 8, 443 (2001).

	5. TABLE AND FIGURES


	
	Mouth vs. abstract
	
	Hand vs. abstract
	
	Leg vs. abstract

	Brain region
	x
	y
	z
	Z
	
	x
	y
	z
	Z
	
	x
	y
	z
	Z

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	L SFG (BA 10)
	-40
	38
	0
	3.60
	
	-38
	38
	0
	3.76
	
	
	
	
	

	L SFS (BA 6)
	
	
	
	
	
	-28
	-14
	68
	3.85
	
	-26
	4
	64
	3.74

	L PrCeS (BA 6)
	
	
	
	
	
	-28
	-4
	48
	4.44
	
	-22
	-2
	48
	3.69

	L IFG (BA 46)
	-48
	34
	12
	3.80
	
	
	
	
	
	
	
	
	
	

	L IFG (BA 45)
	-40
	30
	16
	4.20
	
	-46
	34
	8
	4.21
	
	-42
	38
	4
	3.75

	L IFG (BA 44)
	-54

-44
	10

2
	16

24
	5.09

3.63
	
	-52
	8
	12
	4.12
	
	-50
	10
	16
	3.84

	L insula
	
	
	
	
	
	-36
	0
	4
	4.35
	
	
	
	
	

	L CeS (BA 4)
	
	
	
	
	
	-34
	-24
	44
	3.56
	
	
	
	
	

	L PoCeS (BA 2/5)
	-54
	-38
	48
	2.63
	
	-38
	-40
	48
	2.84
	
	-36
	-48
	52
	3.25

	L IPL (BA 40)
	-62
	-34
	36
	3.16 *
	
	-62
	-26
	36
	3.36 *
	
	-64
	-32
	28
	3.89

	L IPS (BA 7)
	-32
	-72
	40
	3.00
	
	-28
	-68
	48
	3.20
	
	-28
	-48
	36
	3.66 *

	L IPS/SPL (BA7)
	
	
	
	
	
	
	
	
	
	
	-34
	-56
	56
	3.84

	L ITS (BA 37)
	-56
	-52
	-12
	3.55
	
	-50
	-58
	-16
	4.17
	
	-48
	-54
	-16
	2.82 *

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	R MTG (BA 39)
	
	
	
	
	
	40
	-62
	20
	4.19
	
	
	
	
	


Table 1: Brain activations in the simple main effects

The stereotaxic coordinates (x, y, z) for significant voxels are given in mm together with the corresponding effect sizes (Z = Z scores; significance threshold: p<0.001 uncorrected; or p<0.005 uncorrected if marked by an asterisk). BA = Brodmann Area; SFG, superior frontal gyrus; SFS = superior frontal sulcus; PrCeS = precentral sulcus; IFG = inferior frontal gyrus; CeS = central sulcus; PoCeS = postcentral sulcus; IPL = inferior parietal lobule; IPS = intra-parietal sulcus; SPL = superior parietal lobule; ITS = inferior temporal sulcus; MTG = middle temporal gyrus.
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Figure 1: Activation of the visuomotor network

Areas of increased activation (p<0.001 uncorrected) in the experimental conditions compared to the control condition are superimposed (in color: M-A: mouth vs. abstract, blue; H-A: hand vs. abstract, red; L-A: leg vs. abstract, green) on lateral and dorsal views of a left-hemispheric cortical surface reconstruction and on a cortical flat map (sulci are in dark grey), which were derived from a single participant's brain, normalized to the MNI standard space. Body part specific activations in the opercular portion of Broca's area and in premotor areas are indicated by arrows. Arrows link brain activations with the corresponding stereotaxic coordinates (x, y, z in mm) and with histograms indicating BOLD signal change percentage (amplitude of the haemodynamic response curve) in each experimental condition compared to the control condition. For each effect, standard error bars are indicated. Asterisks above the histogram bars indicate the significant effects.

SFS = superior frontal sulcus; IFS = inferior frontal sulcus; PrCeS = precentral sulcus; CeS = central sulcus; PoCeS = postcentral sulcus; SF = sylvian fissure; IPS = intra-parietal sulcus; STS = superior temporal sulcus; ITS = inferior temporal sulcus.
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Figure2: Hypothesis-driven search for activations

Areas of increased activation (p<0.005 uncorrected) in the experimental conditions compared to the control condition are superimposed (in color: M-A: mouth vs. abstract, blue; H-A: hand vs. abstract, red; L-A: leg vs. abstract, green) on inflated lateral and dorsal views of a left-hemispheric cortical surface reconstruction.

A = anterior; P = posterior; Med = medial; Lat = lateral.
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