

[image: image1]
Is the Imitative Competence an Asymmetrically Distributed Function?












	 
	PERSPECTIVE
published: 24 December 2021
doi: 10.3389/fnsys.2021.791520





[image: image]

Is the Imitative Competence an Asymmetrically Distributed Function?

Mara Fabri1*, Chiara Pierpaoli2, Nicoletta Foschi3 and Gabriele Polonara4

1Department of Life and Environmental Sciences, Marche Polytechnic University, Ancona, Italy

2UOST, INPS Casilino-Prenestino, Rome, Italy

3Neurological Clinic, Epilepsy Centre, Ancona University Hospital Umberto I, Ancona, Italy

4Department of Odontostomatologic and Specialized Clinical Sciences, Marche Polytechnic University, Ancona, Italy

Edited by:
Diego Manzoni, University of Pisa, Italy

Reviewed by:
Sebastian Ocklenburg, Ruhr University Bochum, Germany
Enrica Laura Santarcangelo, University of Pisa, Italy

*Correspondence: Mara Fabri, m.fabri@univpm.it

Received: 08 October 2021
Accepted: 24 November 2021
Published: 24 December 2021

Citation: Fabri M, Pierpaoli C, Foschi N and Polonara G (2021) Is the Imitative Competence an Asymmetrically Distributed Function? Front. Syst. Neurosci. 15:791520. doi: 10.3389/fnsys.2021.791520

This study reconsiders behavioral and functional data from studies investigating the anatomical imitation (AI) and the related mental rotation (MR) competence, carried out by our group in healthy subjects, with intact interhemispheric connections, and in split-brain patients, completely or partially lacking callosal connections. The results strongly point to the conclusion that AI and MR competence requires interhemispheric communication, mainly occurring through the corpus callosum, which is the largest white matter structure in the human brain. The results are discussed in light of previous studies and of future implications.
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INTRODUCTION

This study described imitative behavior and its relationships with mental rotation (MR). Imitative behavior is a form of interaction emerging in the first month of life, allowing babies to do what they see adults doing. Imitation is to copy spontaneously or on education what another individual acts, or to reproduce the behavior of another individual serving as a model (Mühlau et al., 2005). Since the late 1970s, studies on imitation suggested that few-hour-old babies are able to imitate facial expressions (i.e., tongue protrusion, lips and mouth opening), demonstrating that a tendency to imitate is present from birth (Meltzoff and Decety, 2003; Meltzoff, 2007).

In the past, several aspects of imitation have been addressed [see literature in Pierpaoli et al. (2018, 2020a)] with respect to (1) type of stimulus (hand/head vs. finger configurations; novel vs. known actions; transitive vs. intransitive gestures; biological vs. non-biological movements; object-oriented vs. not oriented movements); (2) the spatial position of stimulus and observer, e.g., degrees of rotation at 0° and 180°; (3) instructions, e.g., anatomical perspective vs. mirror; (4) a combination of the previous factors.

It is known that in particular situations, the imitative competence is impaired, as in children with autism spectrum disorders (Rogers et al., 2003); in these patients, the lack of socio-communicative abilities would be secondary compared with altered development of skills such as imitation. Inability to MR performance is also reported in various pathological situations showing compromised imitation, such as schizophrenia, autism, dementia, and other diseases related to cognitive deficits (Hardan, 2000; Paul, 2011).

Many clinical and experimental studies showed that in psychiatric and neurological disorders in which the imitative competence and MR are reduced, morphological structural alterations of the corpus callosum (CC) are also evident, in shape and/or size and/or myelination (Hardan, 2000; Paul, 2011; Fujino et al., 2014). It could be thus hypothesized a causal link between good MR ability and anatomical imitation (AI) and the integrity of the CC.

This study describes our recent researches focused on the anatomical perspective-taking in imitating intransitive meaningful gestures, on the MR ability, and on their relationships with the CC. Since AI is basic for learning, for social behavior, and for rehabilitative therapies, the knowledge of the neural circuits underpinning AI and MR and of the timing of CC development and maturation could have important influences on the children and adolescent educational and social integration programs and on physical therapy programs.



IMITATION

The imitation is a behavior reproducing observed actions; it allows individuals to establish the first form of relationship between infants and parental figures, and it is basic for learning. In everyday life, the actions to be imitated are generally presented with the imitator facing the model, i.e., in third-person perspective.

When invited to imitate gestures of someone facing them, individuals can choose either an anatomical mode, activating exactly the same effectors as the model (therefore the same nervous mechanisms), or a specular (mirror) mode, activating the effectors sharing an external spatial reference with those activated by the model (Koski et al., 2003; Franz et al., 2007; Press et al., 2009).

Previous investigations on imitative competence showed that (1) young children were likely to use a mirror mode imitation strategy, but with increasing age, the anatomical perspective prevailed (Wapner and Cirillo, 1968); (2) performance was more accurate when participants imitated with the opposite body part facing model at 180° and 240° (Press et al., 2009); adult subjects made significantly fewer errors when using the mirror mode (“imitate as if looking at a mirror”) than when asked to use the opposite hand (anatomical correspondence; Avikainen et al., 2003).

Therefore, it was hypothesized that the natural tendency of humans is to mirror movements, and anatomical performances would replace the mirror in the presence of certain stimulus information (Franz et al., 2007). When the mental alignment between the self and the stimulus does not need mental spatial transformation, the performance is faster and occurs in the mirror mode; when a rotation of the body representation of an individual is necessary to align with respect to the stimulus, i.e., a spatial transformation is necessary, the anatomical performance would be the result.

The choice to mirror acts executed by others could be likely related to cortical patterns of activity, consistent with the existence of the mirror neuron system (MNS), and reflecting a close connection between the mirror strategy and the specific neuron system that matches observed and executed actions.

Investigations of cortical activation during anatomically and not anatomically matching gestures have highlighted different functional MRI patterns of frontoparietal activation for mirror and AI (Koski et al., 2003), generating the hypothesis of a close link between mirror imitation and MNS. In addition, since the anatomical perspective is more often associated with executive errors (Ishikura and Inomata, 1995) and the mirror imitation involves shorter reaction times than the anatomical one (Koski et al., 2003; Franz et al., 2007), it can be hypothesized that the two perspective-takings may be subtended by distinct neural processes.


Behavioral Studies

Recent behavioral studies from our group tested the hypothesis of the mirror mode of imitation as the primary one. For this purpose, adult healthy participants (Pierpaoli et al., 2014) and epileptic patients who undergone callosal resection to prevent the spread of seizures (callosotomized patients; Pierpaoli et al., 2018) were invited to imitate intransitive meaningful gestures, performed by a human model shown in a video. In the first condition, the subjects were asked to imitate freely (free imitation); in the second condition, the subjects had to use the same or opposite body part (driven imitation).

The investigation was focused on the perspective assumed by the subjects in imitating gestures, to evaluate whether the participants’ choice preferred a mirror-mode or an anatomical perspective-taking.

To perform the driven imitation task, the subject has to primarily conceptualize the term same. The same with respect to what/whom? Encoding the concepts of same requires the analysis of spatial coordinates; someone could choose a purely spatial matching between the stimulus and the response (like to be in front of a mirror) or could change its mental body image (through an abstract operation as the MR) so as to align one’s body parts with the other’s body parts.

In the above-mentioned studies, participants’ responses produced enlightening results: both groups used the mirror perspective when free to imitate, but only the control group (with intact CC) used the anatomical perspective when asked to use the same limb. This lays for split-brain patients to differently encode for the same concept, or not to be able to translate the same concept into a motor schema based on anatomical criteria.



Functional Studies

Later, the cortical activation pattern evoked in the two previous conditions, i.e., mirror and AI of intransitive gestures, was investigated with functional MRI (fMRI). To reduce artifacts, distortions, and signal loss, some adaptation was made to the experimental protocol: in the free imitation task, participants had to simply watch the videos, by assuming that simple gesture observation does activate the cortical pattern for mirror imitation; in the driven imitation session, they had to image to imitate gestures using the same limb as the model.

This study was aimed to identify the following in healthy control subjects:


1.The cortical areas activated during the observation of intransitive meaningful gestures performed by a model, presented in video clips in 3rd person perspective (condition likely simulating the mirror mode imitation).

2.The cortical areas activated by imaging to imitate intransitive meaningful gestures performed by a 3rd person model, using the same limb of the model (condition likely simulating the anatomical mode imitation).



The results showed that, in control subjects, the simple gestures’ observation activated the cortical regions belonging to the MNS (Pierpaoli et al., 2020a): left medial area 6, bilateral motor cortex in the precentral gyrus (PrG; area 4), left inferior parietal lobule (IPL), and bilateral angular gyrus (Figure 1); all these areas built a frontoparietal network known as the observation-execution matching system, having the role to recognize the action (Rizzolatti et al., 2014; Rizzolatti and Sinigaglia, 2016), and to be the neural substrate underlying the action comprehension and eventual imitation. The imaging condition evoked a more extensive activation in the right temporoparietal junction (TPJ) including a larger portion of area 39; in addition, a bilateral activation in the medial (MFG) and inferior frontal gyri (IFG) was observed. Activation also appeared in the left area 45 and was bilateral in area 44 and in the parietal opercula (PO).


[image: image]

FIGURE 1. Significant activation in imitation task, in control subjects (A–F), as obtained from multisubjects analysis, and in three callosotomized patients (G–I). (A,D) OBSERVE condition: activation of anterior left supplementary motor area (SMA; A, yellow arrows) is evident. z values in (A,D) are 53 and 6, respectively. (B,E) IMAGE TO IMITATE condition: activation of anterior (B, yellow arrow) and posterior left SMA (B, red arrow) is shown. Bilateral activation in IFG (area 44; (E), green arrows) and opercular cortex (E, blue arrows) is also visible. z values in (B,D) are 55 and 6, respectively. (C,F) IMAGE TO IMITATE>OBSERVE: only the activation in left posterior SMA (C, red arrow), left IFG (F, green arrow), and bilateral parietal opercula (F, blue arrows) is evident. z values are 57 and 6, in (C,F), respectively. (G–I) IMAGE TO IMITATE condition in three patients: in (G) (total callosotomy) and (I) (anterior callosotomy) bilateral activation foci in opercular cortex are evident (blue arrows); in (H) (total callosotomy) in left hemisphere only. Axial images in (H,I) are from the same z values; in (G), the two hemispheres are from different z values because of different position of the opercular activation foci. CS, central sulcus; SS, Sylvian sulcus; according to the radiological convention, the left hemisphere is shown on the right. Modified from Pierpaoli et al. (2020a,2021a).


A similar activation pattern was observed in patients in the first task: the activation of the MNS cortical circuitry evoked by sole observation was, however, less consistent than in control subjects (Pierpaoli et al., 2021a). A different activation pattern was instead elicited in the second task, image to imitate with the same limb: the bilateral activation of PO was observed only in two patients, one of whom did perform AI (Figure 1). This suggested that a good interhemispheric connection, other than a certain pattern of cortical activation, is necessary to perform AI (Pierpaoli et al., 2021a).

In fact, our results indicate that the imitation according to an anatomical criterion seems to require the cooperation of cortical areas in both hemispheres: the MFG, IPL, and IFG in the left, the TPJ in the right, and the PO in both hemispheres (see also Caspers et al., 2010).

Therefore, the behavioral and functional results described above have given the input to design further research concerning the mechanism of MR, its involvement in the perspective assumption in imitation behavior, and the role of the CC in this mental operation.




MENTAL ROTATION

Mental rotation is an abstract operation whereby a person imagines rotating an object or a body part to place it in a different position. MR was first studied in behavioral experiments, showing that the time to make a judgment about a rotated object increases in a near-linear fashion with the amount of rotation required to align the object with a comparison one or with a previously learned template (Shepard and Metzler, 1971; Cooper and Shepard, 1973; Zacks, 2008). This effect has been observed with different kinds of stimuli: geometric and “abstract,” such as letters, lines, polygons, and three-dimensional cubes, and embodied and concrete, such as hands, legs, and whole-body figures (Cooper and Shepard, 1975; Kosslyn, 1988; Parsons, 1994; De Lange et al., 2006). The MR ability is present in very young children, reaches higher levels during adolescence, and declines with aging [see data and literature in Iachini et al. (2019)], with the severity of decline often depending on stimulus and task type (object-based vs. egocentric; Jansen and Kaltner, 2014).

Previous studies, trying to allocate this abstract function in the brain, suggested that objects’ MR belongs to the right hemisphere and body images’ MR to the left, although with less evidence (Parsons, 2003; Tomasino et al., 2004; Zacks, 2008); however, others studies go against the right hemisphere dominance for objects MR (Corballis, 1997; Serrati et al., 2000).

Mental rotation is strictly concerned with AI, as suggested in previous behavioral studies. It was therefore hypothesized that the different AI performances of the split-brain patients with respect to controls could possibly be due to an impaired capacity for MR, in which the CC might have a role. Assuming the existence of a causal link between callosal fiber functionality and the AI performance, the MR ability was investigated in the same group of subjects previously tested, i.e., patients with partial or total resections of the CC, and healthy adults with intact CC.


Behavioral Studies

To test the hypothesis of a central role of the interhemispheric connections in MR, two separate experimental sessions were set: a verbal task, in which participants answered by voice whether the hand holding the cup in the displayed picture was the left or right, and a motor task, where participants responded by lifting their own left or right hand. In this task, it was possible to evaluate the MR ability through a hand-laterality judgment.

The results demonstrated that control subjects performed MR almost perfectly, in verbal and in motor sessions, both with the model in first and in third-person perspective. Callosotomized patients showed some impairment, mainly in the verbal session and when the model was in 3rd person. The results indicated the central role of interhemispheric connections in MR, and therefore, because of the need for the cooperation of both hemispheres to be performed, strongly suggest considering the MR as an asymmetric function (Pierpaoli et al., 2020b).

The behavioral data just described all agree in the observation that, concerning egocentric transformation, back orientation (first-person presentation) produces better performances than front orientation (third-person presentation). The difference increases in childhood and senior age, both periods of life in which alterations of the cerebral white matter are observed.



Functional Studies

Subsequent research was designed with the aim to identify, by fMRI, the cortical areas activated during an MR task with human body pictures. Attention was also paid to relate the extent of callosal resection with MR ability. A block-designed protocol derived from that previously used in the behavioral study (Pierpaoli et al., 2020b) was administered. The results indicated that regions involved in MR in control subjects include lateral area 6 of PrG and area 7 of the superior parietal lobule (SPL) in both hemispheres; area 22 of STG (TPJ) in the right hemisphere and area 13 of PO in both (Figure 2). In callosotomized patients, the activation pattern was similar (Figure 2); however, at variance with control subjects, the activated areas were less consistently found in either hemisphere, and the presence of unilateral or bilateral activation was independent of the ability to perform MR. The hypothesis is that due to a total or partial lack of the CC, callosotomized subjects are not able to integrate information between the hemispheres, and therefore inefficient to perform MR when the model was in third-person perspective.
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FIGURE 2. Significant activation in mental rotation (MR) task, in control subjects, as obtained from the multisubject analysis, and in two callosotomized patients. (A) Stimulation protocol. (B) Control subjects, THINK condition. Axial images are from z = 5 and z = 45. (C) Callosotomized patients, MOVE condition: activation from two patients are shown: the first did not perform mental rotation (top row), the second did (bottom row). CS, central sulcus; SS, Sylvian sulcus; according to the radiological convention, the left hemisphere is shown on the right. Modified from Pierpaoli et al. (2021b).





DISCUSSION

The results from imitation studies provide further support to the notion that the AI requires the cooperation of both hemispheres, since different cortical areas were activated in different hemispheres: posterior area 22 and 39 (TPJ) in the right, dorsal premotor area 6 (MGF), areas 39–40 (IPL), and area 44 (IFG) of the left, and the PO of both.

Previous functional studies, revised by Lesourd et al. (2018), also found activation in the insula, especially the right one. Indeed, it has been proposed that the insular cortex may play a critical role in self-awareness of limb movement and sense of limb ownership (Karnath and Baier, 2010). Evidence from patients with brain damage reports a disturbing sense of agency or of limb ownership, more frequently after right hemisphere lesions (Baier and Karnath, 2005). Thus, the right insula could be a central node of the network involved in human body schema representation; it can therefore be assumed that to imitate someone else, a person must integrate signals from various parts of his/her own body and distinguish them from body parts of the model to imitate. It has been shown that IPL is also involved in this function (Decety and Sommerville, 2003; Tessari et al., 2021), but a side preference has still to be defined.

The cortical areas activated during the AI task communicate with their homologs in the contralateral hemisphere through the CC: area 6 by sending fibers in the central portion (Chao et al., 2009), area 44 in the ventral rostral body and ventral anterior midbody, IPL across the dorsal splenium, and TPJ the ventral splenium (Chao et al., 2009). The interhemispheric fibers connecting the PO of the two sides seem to travel through the anterior and central callosal body (Fabri et al., 1999, 2001, 2006, 2011; Polonara et al., 2014; Mascioli et al., 2015). Accordingly, patients lacking callosal fibers from the anterior and/or central body could display an impairment in AI performance, although the involved cortical areas are generally activated.

The involvement of the CC has also been suggested in a previous study reporting a gradual shift toward the AI mode in children, as the maturation of the CC progress with age, from 8 to 18 years (Wapner and Cirillo, 1968). In addition, by assuming that AI does require the abstract operation of MR, present results are also in line with previous behavioral data on the same patients (Pierpaoli et al., 2020b), demonstrating that callosotomized patients perform worse than intact brain subjects in an MR task.

These results from MR investigation are essentially in line with previous numerous studies [refer to data and literature in Milivojevic et al. (2009)], indicating that regions participating in MR include lateral areas 6 of PrG, 7 of SPL, 13 of PO in both hemispheres, and 22 of STG (TPJ) in the right. Previous functional studies (Zacks, 2008; Thirioux et al., 2010; Tomasino and Gremese, 2016) identified a common trend correlating MR with a sort of hemispheric specialization: left lateralization for the parietal cortex and a right specialization for the frontal regions. Similar activation was found, although less consistently, also in callosotomized patients, both in those performing MR and in those not. In particular, in all patients, the activation of PO was reported, at least on the right side. This observation strongly points to the role of the PO both in AI and in MR.



CONCLUSION

Since one big difference between control subjects and patients is the total or partial lack of the CC, it can be concluded that both AI and MR require the integrity of the CC and, therefore, the imitative competence is an asymmetrically distributed function. In this study, the findings described confirms that people with partial or total callosal resection display reduced performance in laterality test with stimuli in third person orientation, suggesting an alteration of MR mechanism (Pierpaoli et al., 2020b); consequently, the ability to select AI is also compromised. In addition, it appears that the CC is involved in a cognitive task. However, more studies are necessary to obtain further insight on this function of the CC and to investigate the role of the right insula in imitation.

Future studies could collect similar data from healthy children and adolescents of different ages and from young and adult people with defective neural development or neural lesions. Since AI and MR are basic for learning, social behavior, and rehabilitation, the comprehension of the neural circuit underpinning them and the timing of the CC development could be helpful to set efficient programs both for children and adolescents educational and social integration and for physical therapy.



DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following restrictions: Privacy. Requests to access these datasets should be directed to MF. Data are available with the permission of Ancona University Hospital Umberto I.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Comitato Etico Regionale Marche. All subjects involved provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MF and CP equally contributed to the conception, design of the study and data analysis and interpretation. NF, CP, and GP contributed to data collection. MF prepared the draft article that was critically revised by GP and CP. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Ministero Istruzione, Università e Ricerca, PRIN 2009, and by Università Politecnica delle Marche, RSA 2010, RSA 2011, RSA 2013, RSA 2014, RSA 2015, and PSA 2016. Any fund was received from our institution or other grants for open access publication fees.



ACKNOWLEDGMENTS

The authors are especially grateful to Giovanni Berlucchi for initial stimulating suggestions, to all patients for participating in the study, to Gabriella Venanzi for scheduling the patients’ exams, and to the radiology technicians Luigi Imperiale and Lucio Montesi for their invaluable help in collecting data during and soon after the volunteers’ fMRI sessions. This paper is also in memoriam of Tullio Manzoni in the decennial of his demise, who spent his life in the study of the Corpus Callosum.



REFERENCES

Avikainen, S., Wohlschläger, A., Liuhanen, S., Hänninen, R., and Hari, R. (2003). Impaired mirror-image imitation in Asperger and high-functioning autistic subjects. Curr. Biol. 13, 339–341. doi: 10.1016/s0960-9822(03)00087-3

Baier, B., and Karnath, H.-O. (2005). Incidence and diagnosis of anosognosia for hemiparesis revisited. J. Neurol. Neurosurg. Psychiatr. 76, 358–361. doi: 10.1136/jnnp.2004.036731

Caspers, S., Zilles, K., Laird, A. R., and Eickhoff, S. B. (2010). ALE meta-analysis of action observation and imitation in the human brain. NeuroImage 50, 1148–1167. doi: 10.1016/j.neuroimage.2009.12.112

Chao, Y.-P., Cho, K.-H., Yeh, C.-H., Chou, K.-H., Chen, J.-H., and Lin, C.-P. (2009). Probabilistic topography of human corpus callosum using cytoarchitectural parcellation and high angular resolution diffusion imaging tractography. Hum. Brain Mapp. 30, 3172–3187. doi: 10.1002/hbm.20739

Cooper, L. A., and Shepard, R. N. (1973). The time required to prepare for a rotated stimulus. Memory Cogn. 1, 246–250. doi: 10.3758/BF03198104

Cooper, L. A., and Shepard, R. N. (1975). Mental transformation in the identification of left and right hands. J. Exp. Psychol. Hum. Percept. Perform. 1, 48–56.

Corballis, M. C. (1997). Mental rotation and the right hemisphere. Brain Lang. 57, 100–121.

De Lange, F. P., Helmich, R. C., and Toni, I. (2006). Posture influences motor imagery: an fMRI study. Neuroimage 33, 609–617. doi: 10.1016/j.neuroimage.2006.07.017

Decety, J., and Sommerville, J. A. (2003). Shared representations between self and other: a social cognitive neuroscience view. Trends Cogn. Sci. 7, 527–533. doi: 10.1016/j.tics.2003.10.004

Fabri, M., Polonara, G., Del Pesce, M., Quattrini, A., Salvolini, U., and Manzoni, T. (2001). Posterior corpus callosum and interhemispheric transfer of somatosensory information: an fMRI and neuropsychological study of a partially callosotomized patient. J. Cogn. Neurosci. 13, 1071–1079. doi: 10.1162/089892901753294365

Fabri, M., Polonara, G., Mascioli, G., Paggi, A., Salvolini, U., and Manzoni, T. (2006). Contribution of the corpus callosum to bilateral representation of the trunk midline in the human brain: a fMRI study of callosotomized patients. Eur. J. Neurosci. 23, 3139–3148. doi: 10.1111/j.1460-9568.2006.04823.x

Fabri, M., Polonara, G., Mascioli, G., Salvolini, U., and Manzoni, T. (2011). Topographical organization of human corpus callosum: an fMRI mapping study. Brain Res. 1370, 99–111. doi: 10.1016/j.brainres.2010.11.039

Fabri, M., Polonara, G., Quattrini, A., Salvolini, U., Del Pesce, M., and Manzoni, T. (1999). Role of the corpus callosum in the somatosensory activation of the ipsilateral cerebral cortex: an fMRI study of callosotomized patients. Eur. J. Neurosci. 11, 3983–3994. doi: 10.1046/j.1460-9568.1999.00829.x

Franz, E. A., Ford, S., and Werner, S. (2007). Brain and cognitive processes of imitation in bimanual situations: making inferences about mirror neuron systems. Brain Res. 1145, 138–149. doi: 10.1016/j.brainres.2007.01.136

Fujino, J., Takahashi, H., Miyata, J., Sugihara, G., Kubota, M., Sasamoto, A., et al. (2014). Impaired empathic abilities and reduced white matter integrity in schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 48, 117–123. doi: 10.1016/j.pnpbp.2013.09.018

Hardan, A. Y. (2000). Corpus callosum in autism. Neurology 55, 1033–1036.

Iachini, T., Ruggiero, G., Bartolo, A., Rapuano, M., and Ruotolo, F. (2019). The effect of body-related stimuli on mental rotation in children, young and elderly adults. Sci. Rep. 9:1169. doi: 10.1038/s41598-018-37729-7

Ishikura, T., and Inomata, K. (1995). Effects of angle of model-demonstration on learning of motor skill. Percept. Mot. Skills 80, 651–658. doi: 10.2466/pms.1995.80.2.651

Jansen, P., and Kaltner, S. (2014). Object-based and egocentric mental rotation performance in older adults: the importance of gender differences and motor ability. Aging Neuropsychol. Cogn. 21, 296–316. doi: 10.1080/13825585.2013.805725

Karnath, H. O., and Baier, B. (2010). Right insula for our sense of limb ownership and selfawareness of actions. Brain Struct. Funct. 214, 411–417. doi: 10.1007/s00429-010-0250-4

Koski, L., Iacoboni, M., Dubeau, M. C., Woods, R. P., and Mazziotta, J. C. (2003). Modulation of cortical activity during different imitative behaviors. J. Neurophysiol. 89, 460–471. doi: 10.1152/jn.00248.2002

Kosslyn, S. M. (1988). Aspects of a cognitive neuroscience of mental imagery. Science 240, 1621–1626. doi: 10.1126/science.3289115

Lesourd, M., Osiurak, F., Baumard, J., Bartolo, A., Vanbellingen, T., and Reynaud, E. (2018). Cerebral correlates of imitation of intransitive grestures: an integrative review of neuroimaging data and brain lesion studies. Neurosci. Biobehav. Rev. 95, 44–60. doi: 10.1016/j.neubiorev.2018.07.019

Mascioli, G., Berlucchi, G., Pierpaoli, C., Salvolini, U., Barbaresi, P., Fabri, M., et al. (2015). Functional MRI cortical activations from unilateral tactile-taste stimulations of the tongue. Physiol. Behav. 151, 221–229. doi: 10.1016/j.physbeh.2015.07.031

Meltzoff, A. N. (2007). ‘Like me’: a foundation for social cognition. Dev. Sci. 10, 126–134. doi: 10.1111/j.1467-7687.2007.00574.x

Meltzoff, A. N., and Decety, J. (2003). What imitation tells us about social cognition: a rapprochement between developmental psychology and cognitive neuroscience. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 491–500. doi: 10.1098/rstb.2002.1261

Milivojevic, B., Hamm, J. P., and Corballis, M. C. (2009). Functional neuroanatomy of mental rotation. J. Cogn. Neurosci. 21, 945–959. doi: 10.1162/jocn.2009.21085

Mühlau, M., Hermsdörfer, J., Goldenberg, G., Wohlschläger, A. M., Castrop, F., Stahl, R., et al. (2005). Left inferior parietal dominance in gesture imitation: an fMRI study. Neuropsychologia 43, 1086–1098. doi: 10.1016/j.neuropsychologia.2004.10.004

Parsons, L. M. (1994). Temporal and kinematic properties of motor behavior reflected in mentally simulated action. J. Exp. Psychol. Hum. Percept. Perform. 20, 709–730. doi: 10.1037//0096-1523.20.4.709

Parsons, L. M. (2003). Superior parietal cortices and varieties of mental rotation. Trends Cogn. Sci. 7, 515–517. doi: 10.1016/j.tics.2003.10.002

Paul, L. K. (2011). Developmental malformation of the corpus callosum: a review of typical callosal development and examples of developmental disorders with callosal involvement. J. Neurodev. Disord. 3, 3–27. doi: 10.1007/s11689-010-9059-y

Pierpaoli, C., Fabri, M., and Polonara, G. (2020a). Cortical activation during imitative behavior: an fMRI study. J. Syst. Integr. Neurosci. 7, 1–12. doi: 10.15761/JSIN.1000226

Pierpaoli, C., Ferrante, L., Berlucchi, G., Manzoni, T., and Fabri, M. (2014). Anatomical or mirror – mode imitation? a behavioral approach. Arch. Ital. Biol. 152, 20–31.

Pierpaoli, C., Ferrante, L., Foschi, N., Lattanzi, S., Sansonetti, R., Polonara, G., et al. (2020b). Mental rotation ability:right or left hemisphere competence? what we can learn from callosotomized and psychotic patients. Symmetry 12:1137.

Pierpaoli, C., Foschi, N., Cagnetti, C., Ferrante, L., Manzoni, T., Polonara, G., et al. (2018). Imitation strategies in callosotomeized patients. Arch. Ital. Biol. 156, 12–26.

Pierpaoli, C., Foschi, N., Fabri, M., and Polonara, G. (2021a). Cortical activation during imitative behavior: an fMRI study in callosotomized patients. J. Syst. Integr. Neurosci. 7, 1–15. doi: 10.15761/JSIN.1000253

Pierpaoli, C., Ghoushi, M., Foschi, N., Lattanzi, S., Fabri, M., and Polonara, G. (2021b). Cortical activation in mental rotation and the role of the corpus callosum: observations in healthy subjects and split-brain patients. Symmetry 13:1953.

Polonara, G., Mascioli, G., Foschi, N., Salvolini, U., Pierpaoli, C., Manzoni, T., et al. (2014). Further evidence for the topography and connectivity of the corpus callosum: an FMRI study of patients with partial callosal resection. J. Neuroimaging 25, 465–473. doi: 10.1111/jon.12136

Press, C., Ray, E., and Heyes, C. (2009). Imitation of lateralized body movements: doing it the hard way. Laterality 14, 515–527. doi: 10.1080/13576500802607990

Rizzolatti, G., and Sinigaglia, C. (2016). The mirror mechanism: a basic principle of brain function. Nat. Rev. Neurosci. 17, 757–765. doi: 10.1038/nrn.2016.135

Rizzolatti, G., Cattaneo, L., Fabbri-Destro, M., and Rozzi, S. (2014). Cortical mechanisms underlying the organization of goal-directed actions and mirror neuron-based action understanding. Physiol. Rev. 94, 655–706. doi: 10.1152/physrev.00009.2013

Rogers, S. J., Hepburn, S., Stackhouse, T., and Wehner, E. (2003). Imitation performance in toddlers with autism and those with other developmental disorders. J. Child Psychol. Psychiatry 44, 763–781. doi: 10.1111/1469-7610.00162

Serrati, C., Finocchi, C., Calautti, C., Bruzzone, G. L., Clucci, M., Gandolfo, C., et al. (2000). Absence of hemispheric dominance for mental rotation ability: a transcranial doppler study. Cortex 36, 415–425. doi: 10.1016/s0010-9452(08)70850-5

Shepard, R. N., and Metzler, J. (1971). Mental rotation of 3D objects. Science 171, 702–703.

Tessari, A., Mengotti, P., Faccioli, L., Tuozzi, G., Boscarato, S., Taricco, M., et al. (2021). Effect of body-part specificity and meaning in gesture imitation in left hemisphere stroke patients. Neuropsychologia 151:107720. doi: 10.1016/j.neuropsychologia.2020.107720

Thirioux, B., Mercier, M. R., Jorland, G., Berthoz, A., and Blanke, T. (2010). Mental imagery of self-location during spontaneous and active self–other interactions: an electrical neuroimaging study. J. Neurosci. 30, 7202–7214. doi: 10.1523/JNEUROSCI.3403-09.2010

Tomasino, B., and Gremese, M. (2016). Effects of stimulus type and strategy on mental rotation network: an activation likelihood estimation meta-analysis. Front. Hum. Neurosci. 9:693. doi: 10.3389/fnhum.2015.00693

Tomasino, B., Vorano, L., Skrap, M., Gigli, G., and Rumiati, R. I. (2004). Effects of strategies on mental rotation performed by unilateral brain damaged patients. Cortex 40, 197–199. doi: 10.1016/s0010-9452(08)70949-3

Wapner, S., and Cirillo, L. (1968). Imitation of a model’s hand movements: age changes in transposition of left-right relations. Child Dev. 39, 887–894.

Zacks, J. M. (2008). Neuroimaging studies of mental rotation: a meta-analysis and review. J. Cogn. Neurosci. 20, 1–19. doi: 10.1162/jocn.2008.20013


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Fabri, Pierpaoli, Foschi and Polonara. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Is the Imitative Competence an Asymmetrically Distributed Function?



		INTRODUCTION



		IMITATION



		Behavioral Studies



		Functional Studies







		MENTAL ROTATION



		Behavioral Studies



		Functional Studies







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		References

















OPS/images/cover.jpg
frontiers .
in Systems Neuroscience

Is the Imitative Competence an
Asymmetrically Distributed
Function?









OPS/images/logo.jpg
, frontiers )
in Systems Neuroscience





OPS/images/fnsys-15-791520-g001.jpg
CONTROL SUBJECTS

A q(FDR) < 0.001| B a(FDR) < 0.001| C a(FDR) < 0.050
8.00 a 8.00 ~ -0
4, -4, 53 = 3,-3,55 **M =
“ = 3,-18,57
[] []
[] L]
CS [] 5]
_ ] [
R L [] [
[] Il
3.93 I s6
t(837) t(1860)
D < 0.000093 p < 0.000255
D E F

OBSERVE

IMAGE TO IMITATE

CALLOSOTOMIZED PATIENTS

H

p(Bonf) < 1.000

p< 0.0100041 p(Bonf) < 1.000

p < 0.050000






OPS/images/fnsys-15-791520-g002.jpg
8 CONTROL SUBJECTS
THINK

q(FDR) < 0.010

8.00 .

¢ CALLOSOTOMIZED PATIENTS

MOVE, no mental rotation

p(Bonf) < 1.000

MOVE, mental rotation

p(Bonf) < 1.000





