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Modular Organization of Spinal Motor Systems E. BIZZI, A. D’AVELLA, P. SALTIEL, and M. TRESCH Department of Brain and Cognitive Sciences and McGovern Institute for Brain Research Massachusetts Institute of Technology Cambridge



The vertebrate nervous system produces a wide range of movement flexibly and efficiently, even though the simplest of these movements is potentially highly complex. The strategies by which the nervous system overcomes these complexities have therefore been of interest to motor physiologists for decades. In this review, the authors present a number of recent experiments that propose one strategy by which the nervous system might simplify the production of movement. These experiments suggest that spinal motor systems are organized in terms of a small number of distinct motor responses, or “modules.” These distinct modules can be combined together simply to produce a wide range of different movements. Such a modular organization of spinal motor systems can potentially allow the nervous system to produce a wide range of natural behaviors in a simple and flexible manner. NEUROSCIENTIST 8(5):437–442, 2002. DOI: 10.1177/107385802236969 KEY WORDS Spinal motor systems, Spinal force fields, Motor primitives, Spinal interneurons



In the natural world, some complex systems are discrete combinatorial systems—they utilize a finite number of discrete elements to create larger structures. The genetic code, language, and perceptual phenomena are examples of systems in which discrete elements and a set of rules can generate a large number of meaningful entities that are quite distinct from those of their elements. A question of considerable importance is whether this fundamental characteristic of language and genetics is also a feature of other biological systems. In particular, whether the activity of the vertebrate motor system, with its impressive capacity to find original motor solutions to an infinite set of ever-changing circumstances, results from the combinations of discrete elements. The ease with which we move hides the complexity inherent in the execution of even the simplest tasks. Even movements we make effortlessly, such as reaching for an object, involve the activation of many thousands of motor units in numerous muscles. But is this hidden complexity simply the result of combinations of a small number of discrete building blocks? This idea, which is central to our understanding of the neural control of movement, has been offered over the years by a number of investigators. Reflexes (Sherrington 1910), elements of central pattern generators (Grillner 1981), simple movement strokes, spinal force fields (Bizzi and others 1991), and synergistic muscle contractions (Saltiel and others 2001) have variously been suggested as possible building blocks. The problem for the experimentalists that have made these suggestions, however, has been to establish qualitatively and quantitatively the existence of these conjectured building blocks, and most important, Address correspondence to: Emilio Bizzi, MIT/E25-526, Department of Brain and Cognitive Sciences, 45 Carleton St., Cambridge, MA 02139 (e-mail: [email protected]).
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to state the rules subserving the combinations of the discrete elements into behaviorally significant movements. In the last few years, our group and collaborators have asked a specific question: Are there simple units (motor primitives) that can be flexibly combined to accomplish a variety of motor tasks? We have addressed this fundamental and longstanding question in experiments that utilize spinalized frogs (Bizzi and others 1991; Giszter and others 1993) and rats (Tresch and Bizzi 1999), whereas other investigators have generated corroborative evidence in cats (Lemay and Grill 2000). With an array of approaches such as microstimulation of the spinal cord, NMDA iontophoresis, and cutaneous stimulation of the hindlimb, we have provided evidence for a modular organization of the frog’s and rat’s spinal cord. In the present context, we use the term module to mean a functional unit in the spinal cord that generates a specific motor output by selecting a specific pattern of muscle activation. The original evidence suggesting a modular organization of frog spinal motor systems came from experiments using microstimulation. In these experiments, the motor responses evoked by spinal microstimulation were characterized in terms of force fields. A force field is a mapping that associates each position of the frog’s hindlimb with a corresponding force generated by the neuromuscular system. Force fields were measured by placing the frog’s ankle in different locations in the leg’s workspace and recording at each location the isometric force evoked in response to microstimulation of the same site in the spinal cord. The majority of force fields generated by stimulation of different areas of the lumbar gray were found to converge toward an equilibrium point (Fig. 1). In addition, such convergent force fields (CFFs) could be grouped into only a small number of classes (Giszter and others 1993). In a series of control experi-
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Fig. 2. Topography of spinal cord sites where NMDA elicited a tonic force response. Depth is vertical with the dorsal and ventral surfaces at depths of 0 and 2000 µm, respectively. Rostrocaudally dorsal roots DR6-DR10 delimit the positions of segments 7-10. Note the different scales for the dorsoventral and rostrocaudal axes. All sites were located 150-350 µm from the midline. The four different kinds of tonic responses are indicated by the different letter symbols. Outlines have been drawn to suggest how these tonic responses define a coarse topography. c = caudal extension, r = rostral flexion, a = adduction, l = lateral extension. Reproduced from Saltiel and others (1998).



Fig. 1. Force fields evoked from microstimulation of the interneuronal regions of the frog spinal cord. a, The ankle of spinalized frogs was attached to a force transducer and fixed at different locations in the workspace of the leg, indicated by the filled circles in the figure. The same site in the spinal cord was electrically stimulated with the ankle in each location, and the resulting isometric force was measured. b, shows an example of a force field resulting from the stimulation of one such site in the spinal cord. Reproduced from Bizzi and others (1991).



ments, we have shown that this pattern of forces is not the result of current spread or random activation of the motor neurons. Neither can it result from activating the fibers of passage of the descending fibers and those of the sensory systems. On the basis of these results, Giszter and others (1993) and Saltiel and others (1998) concluded that distinct interneuronal networks of the spinal cord must be the source of specific types of CFFs. In subsequent work obtained by evoking motor responses with focal iontophoresis of NMDA to the interneuronal regions of the spinal cord, we have confirmed the findings derived from electrical microstimulation. As with the forces evoked by electrical stimula-
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tion, the forces evoked by NMDA stimulation fell into a small number of distinct classes. The distinct classes defined by NMDA stimulation of interneuronal sites were very similar to those defined by electrical stimulation of the same sites. Moreover, there was a topographic organization of the different classes of forces, such that each class was preferentially evoked from a distinct region of the spinal cord (Fig. 2). Taken together, the discreteness of force orientations emitted by the spinal cord and their organized mapping in the spinal cord, first noted with electrical stimulation and subsequently confirmed with NMDA stimulation, supports the concept of a modular organization of the spinal cord motor circuitry. In addition to a single tonic force response, focal NMDA stimulation of the spinal cord more commonly elicited a rhythmic sequence of forces, where the force alternated between two or three directions. Remarkably, the directions of these rhythmic forces fell in the same classes as the tonic forces. Moreover, the topographic organization in the spinal cord of the rhythmic forces paralleled that of the tonic forces. Most of the NMDAelicited rhythms could be grouped in a few classes characterized by the directions between which the force alternated. Each class of rhythms was elicited from two or three separate regions in the cord, and these were located close to those areas producing tonic forces of the same directions as those characterizing the rhythm (Saltiel and others 1998). Taken together, the similarity between the rhythmic and tonic forces and their related topography suggest that one mechanism for the nervous system to produce a complex (here rhythmic) behavior is through the sequential activation of spinal modules. Another observation derived from electrical microstimulation of the frog’s and the rat’s spinal cord is that the fields induced by the focal activation of the cord follow the principle of vector summation. Bizzi and others (1991), Mussa-Ivaldi and others (1994), and more recently, Lemay and others (2001) showed that the simultane-
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Fig. 3. Vector summation of force vectors when costimulating sites at different activation levels. The top panel shows the individual fields obtained when site A was stimulated at the lower pulse duration (PD) and site B at the higher one, and the actual (site A and B activated simultaneously) and predicted (from linear summation of the forces at each position) fields obtained from costimulation of the two sites. The bottom panel shows the results when the levels of activation were switched. Similarity between fields is indicated by a black arrow indicating no difference in average angular deviation across the measured vectors, and a white arrow indicating that the force magnitude ratio across positions is not different than 1. The fields produced by the two combinations of activation levels (top and bottom panel) were different from each other, showing the possibility of creating a variety of fields by modulating the contribution of each original site to the summated response. Reproduced from Lemay and others (2001).



ous stimulation of two sites, each generating a different force field, results in the vector sum of the two fields in most instances (Fig. 3). When the pattern of forces recorded at the ankle following costimulation were com-
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pared with those computed by summation of the two individual fields, Mussa-Ivaldi and others (1994) found that the “costimulation fields” and the “summation fields” were equivalent in more than 87% of cases. Similar results have been obtained by Tresch and Bizzi (1999) by stimulating the spinal cord of the rat. Recently, Kargo and Giszter (2000) showed that such a principle of force field summation also underlies the control of limb trajectories in the spinalized frog during natural behaviors. Vector summation of force fields implies that the complex nonlinearities that characterize the interactions both among neurons and between neurons and muscles are in some way eliminated. More important, this result has lead to a novel hypothesis for explaining movement and posture based on combinations of few modules. These modules may be viewed as representing an elementary alphabet from which, through superimposition, a vast number of actions could be fashioned by impulses conveyed by supraspinal pathways and/or by the reflex pathways. Through computational analysis, Mussa-Ivaldi and Giszter (1992) and Mussa-Ivaldi (1997) verified that this view of generation of movement and posture has the competence for controlling a wide repertoire of movements. The force vectors that characterize the fields described by Bizzi and others (1991), Mussa-Ivaldi and others (1994), and Giszter and others (1993) are the expression of specific groups of synergistically active muscles evoked either by the microinjection of NMDA or by the electrical stimulation of the interneuronal areas of the spinal cord. Recently, our laboratory has developed a novel method to identify muscle synergies with the help of a computational analysis. The question of the existence of muscle synergies has been addressed in the past by studying the correlations between pairs of muscles involved in different forms of a motor task. This approach has failed, in many cases, to provide clear evidence for muscle synergies. For example, only a few pairs of hand muscles involved in isometric precision grip in humans appeared to be correlated at different levels of force magnitude (HeppReymond and others 1996). An earlier study of human elbow muscles during isometric force production over a range of directions also found that the patterns of coactivation of muscle pairs are in most cases more complicated than expected for a synergy (Buchanan and others 1986). One problem with the use of correlations to assess the existence of synergies is that if the same muscle is recruited simultaneously in more than one synergy, muscle correlations may be weak even within a synergy. The simple example in Figure 4 illustrates this point. If three muscles are recruited as part of a single synergy (as in Fig. 4a), their activities lie on a one-dimensional subspace (Fig. 4b), that is, these activities are all generated scaling a single vector. The activation of each pair of muscles is therefore highly correlated (Fig. 4c). When the same muscles are recruited by two synergies (Fig. 4d), each with a specific balance, their activities lie in a
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Fig. 4. Responses generated by combinations of muscle synergies may show low correlation between the activities of muscle pairs. A muscle synergy is defined here as the recruitment of a group of muscles with a specific balance of activation. If only one synergy is activated at a time (a), a set of responses obtained by changing the level of activation of a synergy is obtained by scaling a single vector in the muscle activity space (b). In this case, all pairs of muscles have highly correlated activations (c). If instead two synergies are coactivated (d), the set of responses are generated by combining two vectors and the activities of the muscles lie on a plane (e). The correlation between two of the three muscles is now much lower (f).



two-dimensional subspace (Fig. 4e) and their correlations are much weaker (Fig. 4f). Nonetheless, the fact that these activations are generated by scaling and combining two synergies is reflected by the low dimensionality of the activation subspace with respect to the total number of muscles. This simple example suggests that to recover a synergistic structure in the observed muscle patterns, it is necessary to examine their multidimensional structure. We developed a new method to extract muscle synergies from a large set of muscle patterns. This method identifies a set of N vectors {wi}i = 1...N in muscle activity space, that is, muscle synergies, which can be scaled and combined to best reconstruct all the observed patterns {mjobs}, that is, mj ≈ mj = ∑i = 1cijwi. obs



pre



N



Because muscle activation is a nonnegative quantity, we imposed a nonnegativity constraint on both synergies and combination coefficients. These synergies are obtained by minimization of the total squared reconobs pre struction error E 2 = ∑jmj – mj 2 using an iterative optimization procedure. After initializing synergies and coefficients with random positive values, the following two steps are iterated until the error stops decreasing. obs First, given the synergies, for each observed pattern mj , a nonnegative least-squares minimization is used to find
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a set of nonnegative coefficients cij for which the predicted pattern is closest to the observed one. Second, given the coefficients, a new set of synergies is constructed, muscle by muscle, using again nonnegative least-squares minimization. This iterative procedure is terminated when the reconstruction error stops decreasing. Using these computational methods, a recent study has examined whether the muscle activation patterns evoked by noxious cutaneous stimulation consist in the combination of a small number of muscle synergies. Tresch and others (1999) examined the muscle activation patterns produced in the withdrawal reflexes evoked by noxious cutaneous stimulation of the hindlimb of spinalized frogs. By scratching different regions of the hindlimb skin surface, they evoked a range of muscle activation patterns. These patterns varied systematically with the location of the stimulation, such that the muscle activations tended to move the limb away from the site of stimulation. Figure 5a shows an example of responses evoked from stimulation of one site of the hindlimb, on the front of the leg near the knee. Figure 5b shows the averaged EMG activity for each muscle in the responses shown in Figure 5a. This stimulation evoked responses that, although generally similar, showed a degree of variability from one response to the next. Tresch and others (1999) then examined whether this variability in
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Fig. 5. Example of muscle covariation patterns within evoked responses. (a) shows the raw EMGs for five responses evoked from stimulation of the same skin region near the rostral surface of the knee. (b) shows the averaged, normalized activation for the muscles recorded in each of the responses shown in (a). Note that each muscle was normalized to the maximal value observed for that muscle across all responses evoked from any stimulation site in this animal. As a result, the muscle balances seen in (a) are slightly different than those shown in (b). (c) shows how these responses could be explained as a linear combination of a set of muscle synergies. The synergies obtained from applying the algorithm described in the text to the entire set of responses obtained from this animal are shown to the left. The weightings of each of these synergies used to reconstruct the responses in (b) are shown to the right. (d) shows the responses resulting from the combination of muscle synergies shown in (c). Reproduced from Tresch and others (1999).



responses evoked at a particular site, as well as the systematic variation between responses from different sites, could be explained as the combination of a small number of muscle synergies. Figure 5c shows the four synergies extracted using the methods described above and how they reconstructed the responses observed in Figure 5a. For example, in reconstructing the first response, the algorithm used 0.65 times the first synergy plus 2.47 times the second synergy, 0 times the third synergy, and 1.09 times the fourth synergy. This weighted sum of these synergies gave the predicted responses shown in the Figure 5d, using equation 1 of the previous section. As can be seen from the figure, the algorithm reconstructed the observed responses with a high degree of fidelity, predicting greater than 90% of the variance over the entire set of responses in all frogs examined. Thus, the results of this study suggested that the muscle activation patterns evoked from noxious cutaneous stimulation of the frog hindlimb could be explained as the combination of a small number of muscle synergies.
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Also of interest is the fact that Tresch (1997) compared the distinct muscle synergies derived from cutaneous stimulation with the patterns of muscle activation evoked by microstimulation of the frog spinal cord (the CFFs identified by our previous research). Tresch found that the two sets of EMG responses were very similar to one another. In addition, the synergies evoked by NMDA (Saltiel and others 2001) appear to be qualitatively similar to those described by Tresch. There remains the concern as to whether the synergies that we have extracted might simply represent the outcome of a statistical fitting technique rather than synergies genuinely encoded by the spinal cord. Again the comparison of our synergies to those extracted from many natural behaviors should help address this question. In particular, finding substantial sharing of synergies extracted from different EMG data sets, for example, NMDA, a broad range of cutaneous behaviors, and locomotion, would support the idea that these synergies represent building blocks for the construction of movement by the spinal cord. The preliminary finding of sim-
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ilarity between the synergies extracted from two data sets, NMDA and cutaneous as mentioned above, is a first step in that direction. In summary, the experiments described in this review provide evidence for a modular organization of spinal motor systems. Using a range of behavioral, physiological, and computational techniques, these experiments identified a small set of “modules” organized by spinal motor systems. From this limited set, a wider range of movements could be produced utilizing simple combinatorial mechanisms, and recent experiments have provided evidence that such combinations are in fact utilized during natural behaviors in the frog. Taken together, this work suggests that, similar to other complex systems in nature, the vertebrate motor system utilizes the flexible combination of discrete elements to produce a wide range of motor behaviors. References Bizzi E, Mussa-Ivaldi FA, Giszter SF. 1991. Computations underlying the execution of movement: a biological perspective. Science 253:287–91. Buchanan TS, Almdale DP, Lewis JL, Rymer WZ. 1986. Characteristics of synergic relations during isometric contractions of human elbow muscles. J Neurophysiol 56:1225–41. Giszter SF, Mussa-Ivaldi FA, Bizzi E. 1993. Convergent force fields organized in the frog’s spinal cord. J Neurosci 13:467–91. Grillner S. 1981. Control of locomotion in bipeds, tetrapods and fish. In: Brookhart JB and Mountcastle VB. Handbook of physiology. Vol. 2, The nervous system. Bethesda (MD): American Physiological Society. p 1179–236. Hepp-Reymond MC, Huesler EJ, Maier MA. 1996. Precision grip in humans. Temporal and spatial synergies. In: Wing AM, Haggard P, and Flanagan JR, editors. Hand and brain: the neurophysiology and
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psychology of hand movements. San Diego (CA): Academic Press. p 37–68. Kargo WJ, Giszter SF. 2000. Rapid correction of aimed movements by summation of force-field primitives. J Neuorosci 20:409–26. Lemay MA, Galagan JE, Hogan N, Bizzi E. 2001. Modulation and vectorial summation of the spinalized frog’s hindlimb end-point force produced by intraspinal electrical stimulation of the cord. IEEE Trans Neural Syst Rehabil Eng 9(1):12–23. Lemay MA, Grill WM. 2000. Endpoint force patterns evoked by intraspinal stimulation—ipsilateral and contralateral responses in the cat. World Congress on Medical Physics and Biomedical Engineering. Mussa-Ivaldi F, Giszter S. 1992. Vector field approximation: a computational paradigm for motor control and learning Biol. Cybernet 67:491–500. Mussa-Ivaldi FA. 1997. Nonlinear force fields: a distributed system of control primitives for representing and learning movements. Proc 1997 IEEE International Symposium on Computation Intelligence in Robotics and Automation, p 84–90. Los Alamitos (CA): IEEE Computer Society Press. Mussa-Ivaldi FA, Giszter SF, Bizzi E. 1994. Motor learning through the combination of primitives. Proc Natl Acad Sci. U S A 91:7534–8. Saltiel P, Tresch MC, Bizzi E. 1998. Spinal cord modular organization and rhythm generation: an NMDA iontophoretic study in the frog. J Neurophysiol 80:2323–39. Saltiel P, Wyler-Duda K, d’Avella A, Tresch MC, Bizzi E. 2001. Muscle synergies encoded within the spinal cord: evidence from focal intraspinal NMDA iontophoresis in the frog. J Neurophysiol 85(2):605–19. Sherrington CS. 1910. Flexion reflex of the limb, crossed extension reflex, and reflex stepping and standing. J Physiol (Lond) 40:28–121. Tresch MC. 1997. Discreteness in spinal motor systems in the rat and frog. PhD thesis, Massachusetts Institute of Technology. Tresch MC, Bizzi E. 1999. Responses to spinal microstimulation in the chronically spinalized rat and their relationship to spinal systems activated by low threshold cutaneous stimulation. Exp Brain Res 129:401–16. Tresch MC, Saltiel P, Bizzi E. 1999. The construction of movement by the spinal cord. Nature Neurosci 2(2):162–67.



Spinal Modularity



























des documents recommandant







[image: alt]





NEW PERSPECTIVES ON SPINAL MOTOR SYSTEMS 

of paralytic agents. This paralysis is often accompanied by a precollicular decerebration in which all brain regions rostral to the superior colliculus are removed.










 


[image: alt]





Sophisticated spinal contributions to motor control - CiteSeerX 

a motor primitive (Fig. 2). Such data suggest that motor ... tromyography (EMG) activity in six leg muscles reveals a difference pattern corresponding to a motor ...










 


[image: alt]





Sophisticated spinal contributions to motor control - CiteSeerX 

been compromised by injury or disease. .... emerging areas of research, and to present new models and hypotheses relating to a particular viewpoint.










 


[image: alt]





Miall (2002) Modular motor learning 

and the transition between contexts is probabilistic. .... during transitional moments in the field's evolution ... analysis of human behavior, and during the next few ...










 


[image: alt]





Miall (2002) Modular motor learning 

and the transition between contexts is probabilistic. .... during transitional moments in the field's evolution ... analysis of human behavior, and during the next few ...










 


[image: alt]





Self-organization in Manufacturing Systems 

Oct 20, 2008 - maintaining the system behavior predictable and stable. â€¢ Interoperability in heterogeneous environments. â€“ Semantics and ontologies seem to ...










 


[image: alt]





Modular Specification and Compositional Analysis of Stochastic Systems 

Interval Markov Chains. Constraint Markov Chains. Probabilistic Assume/Guarantee Contracts. 3. Stochastic Abstraction and Analysis of Large Heterogeneous.










 


[image: alt]





Analysis of Self-Reconfigurable Modular Systems A Design Proposal 

control hardware, internal sensors, and connexion mechanisms. Autonomous mobile .... intrinsic wheel motions, without the need of specialized wheeled units.










 


[image: alt]





Johnson (1998) Cerebral organization of motor imagery ... - CiteSeerX 

Thirty-one right-handed college students (16 female and 15 male) were presented on each trial with a graphically rendered dowel, half of which was colored ...










 


[image: alt]





The extraocular motor nuclei: organization and 

made up of four slips of muscle which insert prox- imal to the ...... NVI abducens nerve. OMN-INT oculomotor internuclear neuron. PC posterior canal. PMT.










 


[image: alt]





Analysis of Self-Reconfigurable Modular Systems A Design Proposal 

INTRODUCTION. In the last years, many ... Furthermore, a self-reconfigurable system has even more advantages: ..... programming language. A. Kinematics and ...










 


[image: alt]





The extraocular motor nuclei: organization and 

Chen, B. and May, P.J. (2000) The feedback circuit connecting the superior ..... chemistry and projections to spinal cord and trigeminal nucleus in the cat.










 


[image: alt]





Ablaut and the organization of Cushitic verbal systems 

Mar 22, 1997 - [8] Somali strong verb Ablaut : PAST. PRES "INF" / IMPER i a o. [9] Apophony theory [1] : Classical Arabic [CA] (GUERSSEL & LOWENSTAMM ...










 


[image: alt]





ORGANIZATION OF AFRICAN UNITY 

Resolution sur la Cooperation Af ro--/,t:-i;:>e. Resolution relative i; ). ..... 1 ' Organisation pour assurer une utilisation plus judicicusc des fonds dispo- i,* i ••» t. 










 


[image: alt]





The organization of movement 

Multimodal integration. â€¢ Reference frames. â€“ Target position: in fixed frame (earth), but perceived in moving frame (body). â€“ Arm position: in body-related frame.










 


[image: alt]





CARE OF SPINAL CORD INJURY VICTIMS 

Nov 29, 2010 - association. â€¢ Reflex movements, balance control, standing and .... Uncontrolled muscle activity: spasm (extension or flexion) and spasticity ...










 


[image: alt]





R oles of primate spinal interneurons in 

flexionâ€“extension torques about the wrist most task-related spinal INs exhibited some activity during .... input and their possible role in mediating motor reflexes.










 


[image: alt]





Different motor systems use similar damped 

remapping with a dim background was less than half ... torted the curve fits and saccade-related change initia- tion times. ... zontally in a curved plywood surface.










 


[image: alt]





Construction of modular curves and computation of 

curves X0(N) and further more on its Jacobian and on its homology. In con- ... correspondence between the homology group and cusp-forms. An important.










 


[image: alt]





Multi-Station Manifold for Modular Systems Series ... - Parker Hannifin 

4. 235. 215. 8.0. SA 065 HD1. 5. 285. 265. 9.7. SA 066 HD1. 6. 335. 315. 11.4. SA 067 HD1. 7. 385. 365. 13.1. SA 068 HD1. 8. 435. 415. 14.8. SA 069 HD1. 9.










 


[image: alt]





Computational aspects of motor control and motor 

theory and signal processing, however, and many of the basic ideas that they describe can be developed ...... Progress has been made, however, and the topic.










 


[image: alt]





Self-Organization of Cognitive Performance 

intrinsic sources of variability, the intrinsic dynamics of mind and body, and ...... SolÃ©, R. V., & Goodwin, B. (2001). Signs of life: How complexity pervades biology.










 


[image: alt]





Models of motor control 

Muscle + reflex. â€“ Basic circuit for motor ... muscle/reflex behaves as nonlinear spring with variable threshold length. ... Incompatible with data on forearm flexion.










 


[image: alt]





Anatomy of Medial Gastrocne Nuclei in Cat Spinal Cord ... - Research 

Sep 13, 1976 - cells than expected on the basis of random dis- .... in two cats (MNP4 and MNPS, see Table 1). ... The results to be reported are based on de-.










 














×
Report Modular Organization of Spinal Motor Systems





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



