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Preface 

 

 

Planning and execution of a reaching movement under visual guidance toward a target 

located in the peripersonal space seem to be simple operations in healthy subjects. They are 

apparently performed with no evident effort and often automatically carried out, with no 

conscious cognitive control by the performer. 

Planning and execution of reaching movements under visual guidance are part of a large 

cognitive field in neuroscience, usually referred to as visuo-motor integration. These operations 

involve almost all brain cortical regions, where diffuse and overlapped systems are located, 

which allow the elaboration and the exchange of several types of information. More 

specifically, these systems elaborate visual, spatial, propioceptive and motor information in 

order to obtain a final and unique representation that permits the correct execution of a 

reaching movement. 

It becomes clear, therefore, that planning and execution of reaching movements are 

complex cognitive processes carried out by the central nervous system and they involve, not 

accidentally, mostly cortical structures, i.e. the part of the brain where complex cognitive 

elaborations are usually performed. As a consequence, cognitive neuroscience has always been 

very interested in the study of visuo-motor processing and integration. 

Progress in these fields started from anatomical and functional studies on monkey brain, 

where a structural and functional similarity with the human brain became evident. 

Before the availability and the development of in-vivo and non-invasive methods of 

study of the human central nervous system - such as functional magnetic resonance - or the 

application of existing methodologies - such as electroencephalographic techniques - in the 

study of visuo-motor integration the monkey model provided a large amount of information 

about the organization of this cognitive process.  

Today, neurophysiological features of the monkey and of the human brains respectively 

show that transformation of visuo-motor coordinates is related to the activation of a distributed 

and complex population of parietal, premotor and motor neurons. We can imagine these 

circuits as different cortical areas activated at different times during reaching and grasping 

planning and execution, with different types of relations and communications between them 

(Battaglia-Mayer et al., 1998). 

Parieto-frontal circuits are not segregated and activation could follow not only caudal to 

rostral, but also rostral to caudal directions (Battaglia-Mayer et al., 1998), as if to respond to 
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the necessity of on-line movement control. More specifically, Milner and Goodale (2006) 

describe two different ways to elaborate visual information starting from the occipital cortex 

and reaching the frontal cortex: a ventral stream, useful in the recognition of objects, and a 

dorsal stream, useful for visuo-motor transformation and responsible for reaching and grasping 

planning and execution. 

Progress in the field, as previously mentioned, has been achieved not only as concerns 

the acquisition of new knowledge about the functional and anatomical organization of the 

central nervous system, but also as concerns the methodologies and techniques which can be 

used to obtain this new information. 

A relevant example is undoubtedly the development of Transcranial Magnetic 

Stimulation (TMS), an amazing and user-friendly neuroscientific tool capable of specifically 

combining spatial and temporal resolution and of refining information obtained from other 

neuroscientific methodologies, such as functional Magnetic Resonance or 

Electroencephalography.   

In this theoretic field, my PhD project focused on investigating visuo-motor processing, 

and specifically the organization of planning and execution of reaching movements in the 

human dorsal stream, by means of TMS in healthy subjects. I tried to obtain a temporal and 

spatial map of both hemispheres, in order to refine available information about this complex 

system and to investigate the possible intercommunication between different regions of the 

brain during the planning and execution of a reaching task. 

Briefly, when delivering TMS during planning of reaching movements, findings show 

significant results in reaction times. In the parieto-occipital cortex, a specific stream of cortical 

points was found. Firstly, I found an acceleration in reaction time when delivering TMS at 50% 

of the mean reaction time, on the superior occipital lobe, without reaching direction preference 

in the peripersonal space. Successively, with the same stimulation time, an acceleration of 

reaction times was evident with the stimulation of the dorsal parieto-occipital sulcus, but only 

in straightforward reaching. Finally, in the posterior superior parietal lobule, I found slower 

reaction times with TMS delivered at 75% of the mean reaction time, only in straight-forward 

reaching again.  

In the left dorsal parietal cortex, another facilitation was evident in reaction time in one 

of the five points stimulated with TMS at 75% of the mean reaction time, with no peripersonal 

space preferences. This indicates the presence of a specific and very dorsal stream for the 

planning of reaching, with a caudal to rostral temporal activation. 
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In the dorsal premotor cortex, another facilitation in reaction time is evident, with TMS 

delivered at 75% of the mean reaction time, in a position situated about 2 cm in front of the 

representation of the muscles of the left hand in the motor cortex, with no peripersonal space 

preferences.  

Finally, I investigated the right hemisphere in cortical points homologue to those of the 

left hemisphere investigations. Results indicate that only dorsal parieto-occipital activity is 

bilateral. In fact, slower reaction times are evident at 75% of the mean reaction time. This 

indicate temporal differences in activation between left and right parieto-occipital regions. In 

all the effective points, the execution of control experiments showed that findings are 

specifically related to the planning of reaching movements, excluding the possibility of 

attentional, motor or perceptual effects, and that they were not due to diffusion of current to the 

primary motor cortex. 

When delivering TMS during the execution of reaching movements, effects were evident 

only when pulses were applied at 50% of the mean movement time. In particular, a delay in 

movement time was evident in the parietal region and in the same premotor point already 

indicated as affected in planning experiments. In this case also, control experiments excluded 

that effects may be due to current diffusion to the primary motor cortex and assured the 

specificity of the effect for visually-guided reaching. 

Globally, planning of reaching with the right hand in healthy right-handed subjects, starts 

early in the left superior occipital cortex and in the parieto-occipital region. Later, a parallel 

and diffuse pattern of activation is evident. This pattern involves a specific point of superior 

parietal lobule in a ventral and rostral left parietal position, and a more anterior point of the 

premotor dorsal cortex, where a parallelism in activation could be speculated, probably useful 

to transform spatial information in motor planning.  

Furthermore, I interfered with late motor planning in right and ipsi-lateral parieto-

occipital cortex activity, which could be in strict functional and temporal relation with the 

homologue results obtained in the left parieto-occipital region. Consequently, it could be 

suggested that planning of reaching movements relies principally on the contra-lateral 

hemisphere, but, at least in the parieto-occipital cortex, a bilateral involvement might occur, 

confirming previous evidence. 

On the other hand, cortical structures in the contro-lateral hemisphere seem to be 

involved in the control of on-line reaching movements only when the hand is approaching the 

target, suggesting that this process could require a higher degree of  involvement of cortical 

regions.  
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Interestingly, effects were reported only for the parietal and premotor cortices and not for 

parieto-occipital regions. This suggests that the affected areas could be more involved in the 

control of on-line movements, confirming the pivotal role of the parietal cortex in managing 

visuo-motor information, successively transformed in motor programs by the premotor cortex. 

This research project contributes to the understanding of the cortical dynamics involved 

in the planning and control of reaching movements. Specifically, new insights are provided 

about the temporal involvement of the different cortical regions participating in the process. 
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Cortical structures involved in visuo-motor processing 

 

 

Progress in neuroscience demonstrated that functional specialization at different levels 

exists in the central nervous system, and it is a fundamental principle of brain organization. 

In this sense, two ideas developed among neuroscientists (Brovelli, 2002): relevant 

entities in the environment and motor behaviours are represented in the brain in terms of 

activation of specialized neurons (Barlow, 1972; Hubel and Wiesel, 1962) or of assemblies of 

nervous cells (Hebb, 1949).  

Specific activations of specialized neurons or assemblies of neurons are fundamental in 

order to permit perception and interaction with the surrounding environment. In this sense, it 

would be difficult to decide which sense is the most important for our survival and 

development. Olfactory, gustatory, and tactile senses are evidently less developed in humans 

than in other species. Consequently, hearing and vision are the principal senses, providing the 

largest amount of information to the human brain. However, although hearing can provide 

some cues about the individuation and the localization of the source of stimuli, it is vision that 

developed the major accurateness both in spatial orientation and in the recognition of objects 

and their location in space (Muzur, 2000). 

Object manipulation under visual guidance is consequently a very important human skill, 

based principally on visual perception and elaboration of the surrounding environment. Object 

manipulation under visual guidance relies, in this sense, on two partially distinct motor 

processes. We can find a transport phase, indicated as “reaching”, which is responsible for the 

movement of the arm toward a target. This process, involves different steps of elaboration of 

information, such as understanding, planning and execution of actions (Jeannerod, 1995). It has 

been demonstrated that, in order to compute a reaching movement, neurons need to codify 

various visuo-spatial and visuo-motor variables, such as the position of the object and the 

starting position of the arm and of the hand. It is necessary, moreover, to plan the movement 

toward the target and continuously monitor the position of the hand during its execution. The 

position of the visual stimuli on the retina and all the possible eye-movement executed during 

this process also have a significant importance in the effectiveness of the action (Caminiti et 

al., 1990; Caminiti et al., 1991; Caminiti et al., 1996; Johnson et al., 1996). Specifically, all 

these events might influence parietal and premotor activity during the planning and execution 

of a reaching movement.  
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It has been demonstrated that the starting position of the arm and the direction of the 

movement involve activity in the premotor dorsal cortex (Caminiti et al., 1990; Caminiti et al., 

1991; Johnson et al., 1996), in Brodmann parietal areas 5 (Ferraina and Bianchi, 1994) and 7 

(Ferraina et al., 1997a,b) and in the V6 complex (Fattori et al., 2001; Fattori et al., 2005; 

Galletti et al., 1996; Galletti et al., 1999a,b). 

Although this evidence clearly shows which areas are involved in the processing of 

visuo-motor information, the temporal involvement of these areas and the dynamics of 

activation among them during the process is not fully understood. The correct execution of 

reaching movements is actually related to the activation of very distributed pathways in the 

cortical surface, expanding from the parietal to the premotor cortex. One of the most important 

roles of these pathways is to transform the information about reachable object positions in the 

peripersonal space in an effective motor command (Battaglia-Mayer et al., 2003). In this sense, 

electrophysiological studies in monkeys have contributed, for example, to the discovery of 

visuo-motor neurons in the parieto-occipital sulcus (Galletti et al., 1996; Fattori et al., 2001; 

Fattori et al., 2005) and in the intraparietal sulcus (Grefkes and Fink, 2005), strictly related to 

activation in the premotor cortex (Caminiti et al., 1990; Caminiti et al., 1991; Caminiti et al., 

1996). In the human brain, notwithstanding strong similarities with the monkey brain, the 

situation is not as clear. Many doubts, in fact, still exist on how occipital, parietal and premotor 

cortices work together in order to combine visuo-motor information. 

Some models propose a sequential activation flowing from parietal to frontal areas (Fox 

and Simpson, 2002), where the central nervous system should analyze the location of the target 

in space and, successively, determine the possible motor plan to execute in order to reach it. 

Finally, it should activate motor areas related to muscular control and involved in the selected 

action. In this case, activation should flow from visual areas in the occipital lobe, through 

associative areas in the parietal lobe and, finally, toward premotor and motor areas, in order to 

execute the selected movement. 

On the other hand, a number of studies suggest that neurons in the various brain regions 

involved in this task tend to fire with clear temporal overlapping, suggesting a parallel and 

distributed activation during the integration of visuo-motor information (Battaglia-Mayer et al., 

1998; Kalaska et al., 1992; Kalaska et al., 1998; Marconi et al., 2006; Naranjo et al., 2007). 

Naranjo et al., (2007), for example, showed the simultaneous activation of parietal and 

premotor areas in humans during a pointing task, with some evidence of rebounding activation 

between parietal and premotor regions, suggesting the idea of a system composed by areas 

cooperating in every step of the process. 
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The same seems to apply also to monkeys: a number of studies contributed to develop 

this idea of cooperation between different brain regions during the planning and execution of 

reaching movements (Fattori et al., 2001; Fattori et al., 2005; Galletti et al., 1999b).  

For all these reasons, since the aim of this work is the study of the cortical organization 

of the planning and execution of reaching movement, a description of all the cortical structures 

involved in this process will be given, starting from the first cerebral region that is thought to 

be involved in the process, i.e. the visual cortex. Successively, a brief description of the visuo-

motor region next to the visual areas - the V6 complex - will be given. This will be followed by 

a description of areas constituting the parietal and premotor cortices. First of all, though, a 

definition of the subdivision between dorsal and ventral streams in the brain should be given. 

 

 

1.1 Visual information is elaborated by ventral and dorsal visual streams in the brain 

 

The proposal of a ventral and a dorsal stream for the elaboration of visual information 

(Ungerleider and Mishkin, 1982; Fig. 1) received, since the eighties, a great consideration, and 

its verifications and implications are still being investigated. 

Studies by Mishkin et al. (1983) suggested the existence, in monkeys, of a double 

dissociation between object discrimination and elaboration of spatial locations, if the lesions 

are given in proper temporal and parietal areas. The idea developed, therefore, that visual 

information can follow two different streams: the ventral one, towards inferotemporal areas, 

and the dorsal one, via the parietal cortex. Both circuits are strongly connected with the 

premotor cortex. In the original conception, the ventral stream is responsible for information 

related to the identity of objects, while their position in space is elaborated by the dorsal one. 

Milner and Goodale (2006) later proposed that both channels process the same information, but 

the aim of information processing is different: the dorsal stream would be mainly responsible 

for the preparation of motor action, while the ventral stream would be more involved in object 

perception (see Muzur, 2000) .  

These cortical pathways carry, in this sense, all the information elaborated in the primary 

visual cortex (V1, Brodmann area 17). In the ventral stream, visual information is directed 

toward the inferior temporal cortex (IT), where neurons respond to features as colour or shape 

or to complex patterns as faces. On the other hand, in the dorsal stream, visual information is 

directed toward the posterior parietal cortex (PPC). In this region, neurons respond both to 

saccadic control and to visually guided arm movements. Successively, information flows from 
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parietal and temporal regions toward the premotor cortex, where neurons that are specialized in 

planning and executing actions are located (see Carriero, 2005). 

The ventral stream participates to processes related to the recognition of objects, thanks 

to different areas that are specific for scenes and tools (Beauchamp et al., 2002; Chao et al., 

1999; Martin et al., 1996), faces (Allison et al., 1994; Ishai et al., 1999; Kanwisher et al., 

1997), animals (Chao et al., 1999; Martin et al., 1996) and body parts (Downing et al., 2001; 

Grossman et al., 2002). The ventral stream links the primary visual cortex to the IT toward a 

wide series of routes involving areas V2, V3 and V4 (see Carriero, 2005).  

It should be also noted that object information on shape, orientation and size are needed 

to perform a variety of tasks normally executed by the dorsal stream (Culham et al., 2003; 

Goodale et al., 1991). Indeed, the ventral stream seems to be directly interconnected with the 

dorsal stream by common projections connecting the inferior parietal lobule with the anterior 

part of the inferior-temporal cortex (Borra et al., 2008). In this sense, it is also suggested that 

divisions between the two pathways are not fully segregated, as demonstrated from a wide 

range of elaboration processing that seem to activate both circuits (Jeannerod, 1997). Finally, 

objects information on shape, orientation and size activate some specific dorsal sub-regions of 

the ventral stream during specific tasks involving actions (Culham et al., 2003). 

The dorsal stream projects mainly to the PPC. This region receives inputs from a series 

of cortical and sub-cortical structures (Carriero, 2005). In this sense, inputs come from the 

prestriate cortex (corresponding to Brodmann area 19), the temporal cortex (Brodmann area 20 

and 21), and from somatosensory and auditory brain areas (Cavada, 1984). In fact, PPC is 

located among the visual, auditory and tactile cortices and it has been demonstrated as 

fundamental for the integration of visual, auditory and tactile information. Moreover, PPC 

activity is indicated as fundamentally related to movement planning. In this sense, it is possible 

to individuate neurons in PPC that elaborate specific types of movements (Gallese et al., 1994; 

Murata et al., 1996; Murata et al., 2000; Sakata et al., 1995; Snyder et al., 1997). Besides the 

planning of movements, neurons in PPC code also for other cognitive functions mediating 

sensorimotor transformations, such as decision making (Platt et al., 1999; Shadlen and 

Newsome, 1996; 2001) or attention (Goldberg et al., 1990; McDonald and Green, 2008; 

Rushworth et al., 2003). 

Furthermore, in the dorsal stream, a dorsomedial circuit, involved in reaching planning 

and execution, and a dorsolateral stream, involved in reaching and grasping planning and 

execution, seem to exist (Galletti et al., 2001; Jeannerod et al., 1995; Rizzolatti and Matelli, 

2003). The first sub-circuit should project to the dorsal premotor cortex, while the second sub-
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circuit should project principally to the ventral premotor cortex (Galletti et al., 2001; Jeannerod 

et al., 1995; Rizzolatti and Matelli, 2003). Lesion studies in patients have highlighted that 

lesions in the posterior part of PPC are compatible with both reaching and grasping deficits 

(Perenin and Vighetto, 1988). 

Since the aim of the present work is the study of the cortical organization of the 

structures devoted to the planning and execution of reaching movements, attention will be 

focused on the brain regions and circuits composing the dorsal stream for action. 

 

           

Fig. 1: Representation of the dorsal and ventral visual streams in a human brain model. 

 

 

1.2 Cortical organization of visual structures 

 

Visual information is elaborated in the cortical structures of the occipital lobe. More 

specifically, this elaboration is performed principally in the primary visual area, indicated also 

as V1 or striate cortex, placed around the calcarine fissure.  

About 70-80% of V1 cells in monkeys demonstrate orientation selectivity (Muzur, 2000). 

Binocular vision permits the reconstruction of depth and, consequently, 3D perception in 
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relation to the disparity between the information elaborated from the two eyes (Ohzawa et al., 

1997). 

The secondary or associative visual areas, are both architectonically and functionally less 

known than V1. Specifically, area V2 (Brodmann area 18) is located closer to V1 and, through 

specific afferent fibres from V1, maintains the retinal topography as well as all the other visual 

functions (as for example colour, movement, and form). Neurons in the area V2 of primates 

have been found to represent complex information on shape (Hedgè and Van Essen, 2000; see 

also Muzur, 2000).  

Area V3 is still positioned in Brodmann area 18 and it is placed very close to V2. It 

receives its input from V1, again with retinotopic precision, and from V2. Its most significant 

outputs are directed toward V4, V5, and the ventral intraparietal area (VIP; Van Essen and 

Deyoe, 1995). Area V3A is positioned next to V3. It receives fibres from V3 and projects to 

various higher-order occipital and parietal regions. In area V3A, neurons are sensitive to the 

orientation and the motion of stimuli: some of them have been reported to be direction 

sensitive while others are indicated as real-motion cells (Galletti et al., 1990).  

Area V5 contains a representation of the lower visual field and is positioned within the 

superior temporal sulcus. It receives fibres from V1, V2 and V3 and projects to various parietal 

and temporal areas (Muzur, 2000).  

It should be noted that in visual cortex, each new area is noticeably smaller than the 

previous one, receives input from all lower areas, comprising a direct input from V1, and 

projects both backwards and to higher areas. Moreover, all visual areas project also to the 

premotor cortex. In high-order regions, more inconsistency is reported in mapping the visual 

field, finally ending in the loss of topography. Each visual area is connected with the analogue 

area of the opposite hemisphere via the corpus callosum, and, in higher-order visual regions, 

connections become more complex and elaborated (Battaglini et al., 1982). Consequently, 

reactions to visual stimuli and their features become more complex and global (Muzur, 2000). 

In conclusion, it is evident that while the position of the lower visual areas is determined both 

in monkeys and humans quite precisely, questions still remain regarding the localization of 

higher visual areas in humans (Ungerleider and Haxby, 1994). 
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1.3 V6 and V6A (V6 complex) 

 

The V6 complex - composed by areas V6 and V6A (Fig. 2) - is the first visuo-motor 

region which can be observed starting from the visual areas. 

Area V6 is positioned between areas V3 and V6A, and contains a wide range of visually 

responding neurons (Galletti et al., 1996; Galletti et al., 1999a). The dorsomedial part, 

indicated as area V6A, borders on areas V6 ventrally and on the medial intraparietal area 

(MIP) laterally (Galletti et al., 1999b). It contains a wide series of neurons reacting to visual or 

non-visual signals (Fattori et al., 2001; Fattori et al., 2005; Galletti et al., 1991; Galletti et al., 

1999a; Galletti et al., 2003). The V6 complex receives direct inputs from V2, V3 and V5 and it 

projects principally to the frontal eye fields and to the premotor regions (Caminiti et al., 1999). 

In this context, the efferent fibres to the premotor cortex are very important, since they 

transport the visuo-spatial and visuo-motor information required for the control of visually 

guided reaching movements (Matelli et al., 1998).  

Area V6A is, in this sense, especially involved in the visually or non-visually guided 

control of arms (Fattori et al., 2001; Fattori et al.,  2005; Galletti et al., 1991; Galletti et al., 

1999a,b; Galletti et al., 2003). In V6, both central and peripheral parts of the retina are 

represented, with no specific representation of the central part. In area V6A, both foveal and 

peripheral receptive fields have been found (in relation to the whole visual field), while in area 

V6 the receptive fields are restricted mainly to the controlateral hemifield (Galletti et al., 

1999a,b). In this sense, while a specific order could be individuated in the visual topography of 

area V6, it seems there are no particular rules when considering organization of receptive-

fields in V6A neurons, bringing the neurons of remote receptive fields very close or next to 

each other (Galletti et al., 1994; 1999a,b). The main difference between areas V6 and V6A is, 

consequently, that V6 may be indicated as organized in a retinotopic way, while V6A is 

absolutely not retinotopically organized, with some neurons specifically involved in the 

movement of the arms. As a consequence, V6A could be considered as a bimodal area, 

elaborating both visual and somatosensory information. 

More specifically, visual cells in area V6A are 60-70% of the total neurons present in this 

area and they are sensitive to direction, dimension and orientation of the visual stimulus 

(Galletti et al., 1996; Galletti et al., 1999b). Area V6A, moreover, contains real-position cells 

representing the real position of the visual stimulus in space, independently by its position on 

the retina.  
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Neuronal activity in area V6A starts well before the initiation of a movement indicating a 

clear role for this area in planning of reaching movements (Fattori et al., 2001; Galletti et al., 

2003). It has been demonstrated that area V6A contains also neurons responding to 

somatosensorial stimulation (Breveglieri et al., 2002; Galletti et al., 1997) and to arm 

movements carried out in darkness (Fattori et al., 2004). Responsiveness of a higher number of 

neurons is obtained when the movement is carried out in natural and illuminated conditions 

rather than with reaching movements executed in the complete darkness. Finally, it has been 

demonstrated that V6A’s activity is specific for reaching movements, because no activation 

was found with passive movements of the arm (Galletti et al., 1997). 

V6 and V6A, therefore, do not differ in their sensitivity to orientation and direction of 

movement and they both contain gaze-dependent cells (Muzur, 2000). Area V6A contains also 

some visually unresponsive cells, that preferably respond to motor signals (Fattori et al., 2001; 

Galletti et al., 2003), and its neurons have usually receptive fields that are less-ordered and 

larger than those in V6. In this sense, the main difference between V6 and V6A is the presence 

of real-position cells in the latter (Galletti et al., 1996). Moreover, a relative hyper-

representation of the lower visual field in V6A has been reported (Galletti et al., 1999b). This 

situation might be easily explained by the fact that arms moving towards visual targets pass 

through the lower visual field (Galletti et al., 1999b). In addition, while area V6 has direct 

inputs from V1 and no outputs to the premotor cortex, the opposite is true for area V6A 

(Matelli et al., 1998). It has, therefore, been suggested that area V6 may provide V6A with the 

visual information needed for visuo-spatial and visuo-motor transformations (Galletti et al., 

1999a). Thus, the V6 complex seems to be located in a very strategic position, where it can 

start the elaboration of visual information in order to compute an action. 

 

 

 

            

Fig. 2: Representation and localization of the V6 complex in a monkey brain (Galletti et al., 1999b). 
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1.4 The parietal cortex 

 

The most significant structures supporting dorsal stream functions are situated in the 

parietal lobe (Fig. 3). The parietal lobe usually occupies 25% of the cerebral hemisphere 

(Damasio, 2005). It is evident that strong similarities exist in these structures between humans 

and monkeys, but uncertainty must also be noticed about the exact correspondence among 

human and monkey areas. However, visuo-motor integration processes are structured similarly 

in monkeys and in humans, even though some specific differences between the two species 

could be found including in the organization of these circuits, as for example in the 

organization of grasping movements. In monkeys, in fact, the anterior part of the posterior 

parietal cortex (PPC) is devoted to the organization of grasping movements, while the posterior 

part is more involved in the organization of reaching movements. In humans, the posterior part 

of PPC seems to be involved in both functions (Iacoboni, 2006).  

 The subdivision into anterior and posterior parietal lobe is functionally crucial. Anterior 

parietal lobe is constituted by Brodmann areas 1, 2, and 3, indicated as somatosensory areas. In 

humans, the posterior parietal lobe is constituted by the superior parietal lobule (SPL; 

Brodmann areas 5 and 7) above the intraparietal sulcus, and the inferior parietal lobule (IPL; 

Brodmann areas 39 and 40) below it; in monkeys, SPL consists of areas 5a and 5b, while IPL 

contains areas 7a and 7b, suggesting the possibility of an anatomical and functional difference 

with the human brain (Muzur, 2000). 

Data on functional properties of parietal areas derive mainly from electrophysiological 

and lesion studies in primates, imposing a specific differentiation of areas in the parietal lobe. 

In the parieto-occipital sulcus, areas V6 and V6A have already been indicated and described in 

monkeys, while the human homologue areas have not yet been clearly identified. In the 

intraparietal sulcus, a wide range of areas have been found: lateral intraprietal area (LIP), 

medial intraparietal area (MIP), and anterior intraparietal area (AIP). Moreover, area 7 has 

been principally divided in areas 7a, 7b (both on the lateral surface), 7ip (intra-parietal) and 7m 

(medial), while subdivisions of area 5 have already been indicated (area 5a and 5b in SPL). 

A wide range of regions in the parietal cortex contribute to the planning and execution of 

reaching movements. More specifically, reaching and grasping processes could be divided into 

two different stages of visuo-motor integration (Daprati and Gentilucci, 1997). Initially, the 

elaboration of object characteristics occurs in an object-coded frame of reference. 

Subsequently, the object is transported into an egocentric frame of reference, where the 

significance of surrounding cues is less expressed. In this sense, it is also suggested that initial 
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planning of reaching movements is formed in eye-centred coordinates, while later stages of 

reaching processing are translated into head-, body-, and limb- coordinates (Batista et al., 

1999). Desmurget et al. (1999) demonstrated that the functioning of posterior parietal cortex is 

in relation with the trajectory adjustment of the arm based on comparison of hand and target 

position.  

In this sense, real-motion cells and gaze-dependent visual neurons have been 

individuated and described also in the parietal cortex. More specifically, they were found 

mainly in area 7a (Andersen and Mountcastle, 1983). Successively, another type of neurons 

was found in higher-order visual areas, the “real-position cells”, that elaborate the actual 

location of visual stimuli in space, with no reference to the position of their retinal images 

(Muzur, 2000). However, before the description of real-position neurons, the parietal neurons 

depending from gaze were thought to be sufficient for the detection of the positions of objects 

in space, and, as a consequence, also those neurons had been described as “real-position” cells 

(Battaglini et al., 1989; Galletti and Battaglini, 1989).  

Thanks to the execution of various lesions studies, Rushworth and colleagues (1997a) 

demonstrated that areas 7a and LIP are fundamental for visuo-motor transformations. On the 

contrary, areas 5, 7b and MIP proved to be important for the elaboration of  proprioceptive-

motor transformations. In this sense, Rushworth et al. (1997b) also define that areas 5, 7b, and 

MIP do not contain a motor and/or sensory representation of the arm, but they may better 

represent the limb in terms of its spatial position.  

A clear subdivision is shown in the intraparietal sulcus that suggests its involvement in 

the control of specific effectors or body parts, like eyes (LIP), head (VIP), arms, and hands 

(AIP). It has been suggested, furthermore, that in monkeys a mosaic of sensori-motor areas 

exists around the intraparietal sulcus (Culham, 2006b).  

In this sense, a number of neuroimaging studies tried to functionally identify some of the 

human homologue areas corresponding to the monkey areas involved in visuo-motor 

processing, especially in the parietal cortex. 

In humans, brain regions such as the posterior and the anterior part of the intraparietal 

sulcus are reported to be activated by saccadic eye movements and attention (Corbetta et al., 

1998), suggesting functional homologies with lateral intraparietal area (LIP). However, the 

posterior part of the human intraparietal sulcus in particular could be considered to be the 

homologue of the monkey’s LIP region (Corbetta et al., 1998). 

A clearer homology between monkey and human brain is evident when considering 

monkey’s anterior intraparietal area (AIP) which is usually activated by grasping. In this sense, 
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the human region best responding to visually-guided grasping is the anterior part of the 

intraparietal sulcus. (Binkofski et al., 1998), even though also reaching movements related 

activation has been noticed in this region (Culham et al., 2000).  

The ventral intraparietal area (VIP) in the monkey also seems to have a clear homologue 

in the human parietal region. Again, this has been found in the intraparietal sulcus, a region 

responding to presentation of faces and to tactile stimulation of this part of the body (Bremmer 

et al., 2001). 

The monkey’s parietal reach region (PRR), normally situated in the posterior part of 

SPL, has also been suggested to have its human homologue in the intraparietal sulcus 

(Andersen et al., 1985). 

In this sense, on the medial part of the parietal lobe we can individuate the precuneus 

region (PCu), an area posteriorly delimited by the occipito-parietal sulcus and anteriorly by the 

paracentral lobe (Damasio, 2005). In monkeys, the posterior part of PPC seems to be more 

related to the implementation of reaching movements, in relation to particular brain regions, 

such as the PRR and V6A, but the exact homologue of these regions has not yet been 

individuated in humans. 

 

 

Fig. 3: Representation and localization of cortical structures constituting the parietal lobe in the monkey 

and human brain (Culham and Kanwisher, 2001). 

 

 



 20 

1.4.1 The parietal reach region (PRR) 

 

In order to successfully reach a target in the peripersonal space, the spatial location of the 

target must be elaborated by the brain and a signal based on this information must be 

transmitted to the motor cortex, then to the muscles. Target location is elaborated by the retina 

and then transmitted to the visual regions, where it is encoded in a retino-centric frame of 

reference (Chang et al., 2008). 

Successively, this spatial information must be transformed into a joint or muscle-based 

frame of reference, that, consequently, may be indicated as a limb-dependent representation 

(Chang et al., 2008). The activity of neurons situated in the PPC and in the premotor cortex is 

consistent with their suggested involvement in transforming representations, linked to target 

and space, from sensory into motor coordinates (Andersen et al., 1997; Chang et al., 2008; 

Cisek et al., 2003; Galletti et al., 1997; Hoshi and Tanji, 2000; Kalaska et al., 1997; Medendorp 

et al., 2005). In this sense, a wide range of neurons in the parietal reach region (PRR) in PPC 

elaborate the spatial location of targets for reaching movements that are visually-guided 

(Calton et al., 2002; Snyder et al., 1997). It is still unclear, however, whether the representation 

of the target to be reached in PRR is limb independent or if, instead, it actually depends on the 

limb to be moved (Chang et al., 2008). 

In primates, the PRR is located in and around the intraparietal sulcus (IPS), very close to 

the intersection with the parieto-occipital sulcus (POS; Snyder et al., 1997; Chang et al., 2008). 

Specifically, it is located on the medial bank of the IPS and the anterior bank of POS, but it 

also extends into a portion of the POS lateral bank (Calton et al., 2002; Chang et al., 2008). It 

probably overlaps portions of the medial intraparietal area (MIP; Colby et al., 1988; Colby and 

Duhamel, 1991), the posterior occipital area (PO; Lewis and Van Essen, 2000a), and the dorsal 

part of PO (V6A; Galletti et al., 1999b). 

PRR neurons have been reported to respond to spatial information, as for example the 

location of targets in space, non-spatial information (as for example instructions related to the 

effector to be used), and arm versus eye movements. PRR absolves this elaboration in relation 

to on-line programmed arm movements to both visual and auditory targets (Chang et al., 2008; 

Cohen and Andersen, 2000; Cohen et al., 2002). 

PRR projects directly to the ipsi-lateral dorsal premotor cortex (PMd; Tannè et al., 1995; 

Johnson et al., 1996), where the great number of neurons are activated for both contra-lateral 

and ipsi-lateral movements of the limbs with a greater representation for moving the contra-

lateral limb (Chang et al., 2008; Cisek et al., 2003; Hoshi and Tanji, 2000, 2006). On the other 
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hand, the PMd projects to the primary motor cortex, that contains neurons responding to 

contra-lateral limb movements (Cisek et al., 2003; Muakkassa and Strick, 1979). 

It is not known, nevertheless, whether PRR provide limb-independent or limb-dependent 

information to PMd neurons (Chang et al., 2008).  

In humans, the PCu has been suggested to be the homologue of primates’ PRR (Connolly 

et al., 2003; Culham et al., 2006), based on anatomical and functional evidence, but, as 

previously described, there still is no firm agreement among scientists on this topic. 

It has been demonstrated, however, that a parietal lesion, especially in this region of the 

cortex, is related to a specific disruption of visually-guided hand movements. This deficit is 

usually indicated as optic ataxia, and is usually mostly evident in peripheral vision, suggesting 

that reaching in foveal vision and reaching in peripheral vision could be based on two different 

neural substrates. Studies carried out so far in this sense are ambiguous, yet an important 

contribution on this topic was given by the study of Prado et al. (2005).  

This study actually showed, by means of functional Magnetic Resonance, the existence 

of two distinct cortical systems. The first was indicated as useful for reaching with centrally 

located targets, and the second for reaching with targets located in the periphery of the visual 

field. The first circuit involves a strict pathway that, as has been suggested, seems to connect 

the intraparietal sulcus with the premotor dorsal cortex, while the peripheral vision circuit 

could involve, in addition, the bilateral parieto-occipital junction and a larger part of the 

premotor dorsal cortex. 

Finally, studies of temporal inactivation of brain areas and lesion studies in human 

patients showed the presence of specific deficits when the PRR or the posterior parietal cortex 

are involved. More commonly, these deficits include misreaching, optic ataxia, apraxia, neglect 

and deficits related to the correct execution of grasping movements. 

 

 

1.4.2 Parietal cortical damage in humans 

 

It is evident that experiments in animals with recordings and stimulation of single cells as 

well as lesion studies can be quite precise, while the extension of accidental damage in humans 

are often hard to be correctly evaluated. Disorders often appearing to be in connection with 

SPL damage are misreaching and misgrasping. In this sense, it has been found that patients 

with SPL damage show a specific set of disturbances, as for example optic ataxia, considered 
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as the impairment in reaching objects under visual guidance (Perenin and Vighetto, 1988; 

Rizzolatti et al., 1997; Wolpert et al., 1998).  

The main symptom is, consequently, a clear impairment in reaching a target under 

visual-guidance, with no other motor or somatosensory deficits (Denes and Pizzamiglio, 1996). 

Moreover, a clear over-regulation, and an over- or under-estimation of the final position of the 

target is usually observed in patients with optic ataxia. This syndrome could affect the entire 

visual field or only a part of the hemifield. It could involve, furthermore, either both arms or 

only one arm. When the syndrome involves the ipsi-lateral hand with respect to the affected 

visual hemifield, we can define this deficit as direct ataxia. When it involves, instead, the 

contra-lateral hand with respect to the affected visual hemifield, we call this syndrome crossed 

ataxia. In this sense, Rondot (1977) shows that the connections between occipital areas 

involved in visual perception and frontal areas are both ipsi-lateral and crossed. Symptoms of 

optic ataxia could, consequently, be different in relation to which type of functional connection 

is damaged. 

Two other types of optic ataxia could be individuated. In the first case, optic ataxia is 

related to a visual-field effect, where each hand has difficulties when reaching in the contra-

lateral hemifield. In the second case, optic ataxia is related to a hand effect, where the contra-

lateral hand to the brain lesion has difficulties when reaching in either visual hemifield 

(Kertzman et al., 1997; Perenin and Vighetto, 1988). In this case, it is very interesting to note 

that the action performed without eye control remains normal and unaffected. Moreover, 

patients with optic ataxia have problems in localising a visual target with respect to their body, 

but not when considering coordinates related to the external environment or when localizing 

the target in relation to other external objects.  

The cortical region involved in optic ataxia is commonly considered to be the superior 

parietal lobule (Perenin and Vighetto, 1988), even though there is evidence suggesting that 

optic ataxia is evident only when a lesion in both superior and inferior parietal lobe is present 

(Pause et al., 1989).  

It has also been proposed that optic ataxia could be viewed as a disconnection syndrome, 

where an interruption in the fibres connecting occipital to frontal areas could be at the basis of 

the disturbance. Optic ataxia could alternatively be simply due to damage in cortical areas 

involved in the integration of visuo-motor information, especially when reaching under visual 

guidance needs to be carried out (Ratcliff, 1982). 

In summary, optic ataxia is characterized by three principal symptoms: 

� A deficit in controlling movement direction of the arm and the hand; 
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� A deficit in the on-line control of reaching planning; 

� A deficit in visually-guided reaching 

Three different mechanism-levels could be disrupted in optic ataxia: the cellular, 

connection or contextual level respectively. 

At cellular level, optic ataxia could be related to the interruption of the activity of parietal 

neurons involved in the elaboration of global receptive fields.  

At connection level, the impairment is described as not affecting the single cellular units 

but specific ensembles of parietal cortico-cortical fibres devoted to the integration of eye-hand 

information and, consequently, to the execution of a correct visually guided reaching. 

Finally, the contextual level tries to explain why optic ataxia is evident only in specific 

situations, i.e. when visual control is required. A possible explanation could be related to the 

anatomical and functional composition of SPL. When a target to be reached is localized by 

vision, a dynamic process selects neural units combining visual information into a congruent 

eye-hand relation, moving first the eyes, then the hand toward the object. A deficit in this 

system will impair the transformation of the information useful to coordinate eye and hand 

movements. 

When optic ataxia is specifically associated to gaze deviation and to attention toward the 

object, this particular combination of symptoms is called Balint’s syndrome, usually caused by 

bilateral SPL damage (Moreaud, 2003). In this sense, another related disorder exists, known as 

“magnetic misreaching” (Carey et al., 1997), where the patient is able only to reach toward the 

point that he is actually looking at. 

Another particular phenomenon, also found to be related to posterior parietal lesions, is 

called visual dislocation. It corresponds to the impairment of the ability to elaborate the 

position of a stimulus by vision alone, mostly in the peripheral visual field.  

In this context, the apraxic syndrome is also related to parietal cortical damage and it 

could also be related to visuo-motor deficits. The apraxic syndrome is usually subdivided into 

ideative and ideo-motor apraxia respectively. The former is a disruption in voluntary 

movement not caused by motor weakness, paralysis or other related disturbance. More 

properly, it is an impairment in motor programming of skilled gestures: the patient knows 

exactly what he wants to do but, at the same time, he is unable to absolve the motor task in the 

correct sequence. This becomes evident through a “automation-voluntary” dissociation: the 

patient is, in fact, unable to execute the task when requested to do so, yet the same patient 

could execute the task when performed spontaneously in every-day life.  
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Ideo-motor apraxia is present preferentially when the action involves semantic gestures, 

even when no objects are used. Furthermore, this type of apraxia manifests itself when 

imitation of gestures of others is required, and in all movements requiring a complex sequence 

of actions.  

Neural coding during reaching planning and execution is, thus, based on the activation of 

a series of neurons in the parietal cortex, but the premotor cortex has also been reported to play 

a role in this sense (Battaglia-Mayer et al., 1998). The principal characteristic of neurons 

constituting all this pathway could be the possibility to combine an amount of information 

related to the spatial and motor aspects of reaching. Consequently, we can hypothesize the 

presence of specific cortical areas where the integration of signals related to reaching 

movements is carried out. This elaboration seems to take place not in a serial but in a parallel 

manner, through a series of segregated parieto-frontal circuits that could also be partially 

overlapping (Battaglia-Mayer et al., 1998; Galletti et al., 2003; Tannè-Gariepy et al., 2002).  

Reaching for an object in the visual field is a very complex process, involving several 

areas in different cortical regions. A central role in this process could be played by the parietal-

premotor network, where visual and somatosensory information tends to be primarily 

elaborated. Visual input is, consequently, important not only for the localization of the target in 

space, but also for the continuous monitoring of the position of the hand and for continuously 

controlling the trajectory of the movement. The on-line adjusting process of the arm movement 

is, in this sense, probably based on the visual input passing through the V6 complex, to MIP 

and 7m. The latter areas have connections with the dorsal premotor cortex (Lacquaniti and 

Caminiti, 1998; Tannè-Gariepy et al., 2002). Anatomical studies in monkey and structural and 

functional studies in humans have, in fact, demonstrated that the parietal cortex spreads with a 

number of afferent fibres toward different regions in the brain (Davare et al., 2006; Hagmann 

et al., 2008; Matelli and Luppino, 2001; Schmahmann et al., 2007; Tannè-Gariepy et al., 2002) 

and it has also been demonstrated that the fibres leaving the parietal cortex are mainly directed 

to the premotor cortex, probably to permit the transformation of visuo-spatial information 

(Davare et al., 2006; Hagmann et al., 2008; Matelli and Luppino, 2001; Sack et al., 2007; 

Tannè-Gariepy et al., 2002).  

The next section will be, therefore, devoted to the description of structures constituting 

the premotor cortex. 
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1.5 The premotor cortex 

 

The premotor cortex is considered the natural prosecution of the dorsal and ventral 

stream, in order to complete the elaboration of visuo-motor information and help to select the 

right movements to be executed (Battaglia-Mayer et al., 1998; Davare et al., 2006; Marconi et 

al., 2001; Tannè-Gariepy et al., 2002). In order to participate in the process of sensory-motor 

integration, the premotor cortex needs to receive afferent fibres from the parietal cortex. 

Almost each subdivision of the posterior parietal cortex is connected with a unique set of 

frontal areas. 

The architecture of the premotor and motor cortices in monkeys was largely investigated 

(Johnson et al., 1993), and it became evident that dorsal premotor and motor areas receive a 

great number of projections from ipsi-lateral parietal areas, principally area V6A, MIP and 7m 

(Johnson and Ferraina, 1996; Matelli et al., 1995). 

Consequently, the premotor cortex could be considered as a “buffer” region located 

between the prefrontal cortex and the primary motor cortex (Muzur, 2000). The medial 

premotor cortex might be divided into supplementary motor area (SMA) and cingulated motor 

areas. Lateral premotor areas are subdivided into dorsal (PMd) and ventral (PMv) regions (Fig. 

4). The premotor cortex influences the motor output both at M1 and spinal cord level. Every 

premotor area has a direct access to the spinal cord, in order to generate and control 

movements thanks to a parallel output mediated from both M1 and premotor areas. For the 

upper limb, there are six premotor areas, that are all in connection with M1, and having 

functions principally in supporting movements under visual guidance, preparation and 

selection of movements, and postural mechanisms useful to support movement and trajectory 

control (Dum and Strick, 1991; Kalaska et al., 1997; Mars et al., 2007; Velasques et al., 2007).  

Also lesions of the premotor cortex are reported to cause pseudo-apraxic syndromes 

(Leiguarda and Mardsen, 2000). In this sense, Passingham (1985) suggests that the premotor 

cortex is probably involved in the selection of movement but not in its execution. 

In the following, particular attention will be given to the dorsal and ventral premotor 

cortex. 



 26 

 

Fig. 4: Representation of the dorsal and ventral premotor cortex in the brain. It is evident how  they are situated in 

a lateral position beyond the primary motor cortex. 

 

 

1.5.1 The dorsal premotor cortex 

 

The dorsal premotor cortex (PMd) is the structure that permits to harvest information 

from the perceptual system and transport it into the motor domain (Boussaoud et al., 1996). 

Neurons in PMd are better stimulated by motor cues. Moreover, opposite opinions exist as to 

whether PMd is involved in the control of only proximal or both distal and proximal arm 

movements (He et al., 1993).  

PMd is directly and indirectly connected mainly to parieto-occipital areas such as area 

V6A and the medial intraparietal area (MIP), thus allowing a bidirectional flow of information 

in the dorsal stream (Caminiti et al., 1998; Matelli and Luppino, 2001; Tannè-Gariepy et al., 

2002) and suggesting the flowing of both visual and somatosensory input to this area, 

confirming  possible roles for this region of the cortex in planning and controlling actions, such 

as visually guided reaching movements. Circuits including principally areas 7a, 7m, LIP and 

PMd are also reported (Battaglia-Mayer et al., 1998; Marconi et al., 2001). It would appear, 

therefore, that each parietal area is connected to one or more premotor areas, while each 

premotor area is mainly in connection with only one parietal area. The commonly connected 
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cortical areas show strong functional similarities, mostly in relation to visuo-motor processing 

(Tannè-Gariepy et al., 2002). 

 

 

1.5.2 The ventral premotor cortex 

 

The ventral premotor cortex contains neurons responding to visual and tactile stimuli. 

The visual receptive fields of these neurons are in strong connection with the tactile receptive 

fields on the head or the arms and this situation remains even when gaze direction changes 

(Graziano and Gross, 1998). Also in humans, the ventral premotor cortex is reported to be 

activated during hand manipulation of complex objects (Binkofski et al., 1999).  

A lateral circuit, opposed to the previously described medial circuit involving PMd, is 

thought to exist and to involve areas 7b, AIP and PMv (Kalaska et al., 1997). This circuit 

would be involved principally in grasping execution (Luppino et al., 1999). Area 7b is 

connected also with SMA, while area 7a results connected with frontal eye fields, but not with 

the premotor cortex. 

In primates, one of the most investigated loops is the one connecting AIP and F5, 

corresponding to the human ventral premotor cortex, providing information on the possibilities 

and selection of grasping patterns (Murata et al., 2000). Another loop regards areas VIP and F4 

and this might be principally involved in the preparation of head movements in connection 

with reaching (Rizzolatti et al., 1997). 

 

 

1.6 Hemisphere dominance during the planning and execution of reaching movements 

 

Another unresolved issue regarding the planning and execution of reaching movements is 

related to the possible dominance of one hemisphere, preferably the left one (Goodale et al., 

1988), in visuo-motor integration, independently from the used effector. The left hemisphere is 

actually thought to play a special role in the organization of eye and limb movements during 

visually guided reaching (Goodale, 1988; Mars et al., 2007; Schluter et al., 2001), yet it is not 

entirely clear whether the reach representation is limb independent or if, instead, it depends on 

the limb to be moved (Chang et al., 2008). A number of studies, in fact, investigated the 

hemispheric distribution of visuo-motor transformation skills to better understand the specific 

involvement of contra- and ipsi-lateral hemispheres in planning and execution of reaching 
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movements, although no definitive evidence was found. A strong representation of the contra-

lateral limb during planning of reaching movements was demonstrated (Grafton et al., 1992; 

Haaland and Harrington 1989; Hermsdorfer et al., 1999; Kertzman et al., 1997) as well as the 

activation of both hemispheres in this type of task (Calton et al., 2002; Mendendorp et al., 

2005; Naranjo et al., 2007; Prado et al., 2005). Activation of cells in parietal regions 

exclusively modulated by ipsi-lateral reaching movements was also reported (Chang et al., 

2008). 

It was suggested, in this sense, that speech is only one example of a great number of 

different motor patterns mediated in part by neural systems within the so-called 'dominant' left 

hemisphere (Goodale et al., 1988). However, this topic is evidently still unresolved and more 

attention should be given to the exact role of hemispheres’ intervention in visuo-motor 

processing.  

Mars et al. (2007) pointed to a left-hemisphere dominance
 
for movement selection, and a 

right-hemisphere dominance for
 
reprogramming instructed responses. Observed activations 

were reported in prefrontal, premotor and intraparietal areas, and they were all in the left 

hemisphere. In the right hemisphere, activations were observed for choice versus simple 

reaction-time tasks when the subjects used their left (contra-lateral) hand, while there were 

activations in the left prefrontal, premotor and parietal areas whether the right (contra-lateral) 

or left (ipsi-lateral) hand was used. Arguably, the results permit to hypothesize that the left 

hemisphere is dominant not only for speech but also for action in general, as suggested also by 

Goodale et al. (1988) and Schluter et al. (2001). These findings are reported to be consistent
 

with previous investigations on the dominant role of the left hemisphere
 
in the selection and 

preparation of arbitrary visuo-motor associations
 
(Schluter et al. 2001) and a

 
right-hemisphere 

dominance in inhibitory control (Garavan et
 
al. 1999). 

Event Related Potentials (ERP) studies showed a lateralization observed in relation to 

the planning of reaching movements in posterior parietal regions (Berndt et al., 2002). A 

lower event–related lateralization has also been reported in parieto-occipital regions, ipsi-

laterally to the visual stimuli. In another study, the primary motor cortex, the postcentral 

gyrus, and the superior parietal lobule (intraparietal sulcus) showed predominantly a contra-

lateral hand effect during a visuo-motor task (Kertzman et al., 1997). Moreover, a reach and 

grasp study showed greater implementation deficits after left hemisphere damage when 

greater planning was required (Hermsdorfer et al., 1999). This report revealed a left 

hemisphere advantage for representing grasping movements involving the right hand, and 

reaching movements involving the left arm. On the other hand, the right hemisphere displayed 
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moderate accuracy when representing grasping movements with the left hand, but appeared 

incapable of imagining reaching movements with either arm.  

Culham et al. (2006a) describe in their review that a number of studies reported parietal 

contra-lateral activation with respect to the hand used for reaching and pointing actions 

(Clower et al., 1996; Decety et al., 1992; Grafton et al., 1996; Inoue et al., 1998; Kawashima 

et al., 1996; Kertzman et al., 1997). They highlight how, furthermore, in right-handed subjects 

many functions related to the control of the hands could be primarily lateralized to the left 

parietal cortex. In particular, the fact that many aspects of praxis such as imitation, 

pantomiming, sequencing of gestures and tool usage are compromised with left parietal 

lesions (Leiguarda and Marsden, 2000), suggests, in their opinion, that the left hemisphere 

could play a specific role in this type of tasks. However, primates with AIP inactivation 

(Gallese et al., 1994), lesion studies on human patients (Karnath and Perenin, 2005), and 

normal humans with TMS to PPC cortex (Desmurget et al., 1999) have all shown simply 

contra-lateral deficits in reaching and grasping (Culham et al., 2006a,b). Consequently, it is 

difficult to say from these studies whether the left hemisphere is clearly dominant in tasks 

requiring visuo-motor integration. 

Neuronal activity in the PRR represents targets for reaching. Chang et al. (2008) found 

that some neurons in this region represented targets for movements of either limb, whereas 

others represented only contra-lateral limb targets. Only a few cells represented ipsi-lateral 

limb targets, giving evidence of the possibility that the ipsi-lateral hemisphere could also 

intervene in visuo-motor processing.  

In this sense, Chang et al. (2008) described as visuo-motor transformation abilities have 

usually been examined largely for the contra-lesional limb, but the spatiotemporal deficits 

seen in the ipsi-lesional limb with ideo-motor limb apraxia are an example of ipsi-lesional 

deficits in visuo-motor transformations.   

A part of the described findings evidently contradicts the idea that motor lateralization 

reflects a global advantage of one "dominant" hemisphere/limb system. Instead, such results 

suggest that each hemisphere/limb system could be specialized for stabilizing different aspects 

of task performance. (Chang et al., 2008; Wang and Sainburg, 2007). In terms of hand actions, 

reach- and grasp-related processing appears to be largely driven by the contra-lateral 

hemisphere, yet there is also ambiguous evidence that often shows bilateral activation. 

 

 

 



 30 

1.7 Control of the reaching movement during its execution 

 

Reaching movements are monitored during their execution, by visual or non-visual 

feedback
 
loops. Control of the trajectory during the reaching movement should be mainly 

based on sensorial and motor loops compared with propioceptive signals. This process is 

performed through visual signals related to the movement or visual information about the 

position of the target with respect to head, eye, arm and the position of the body (Grea, 2002).  

Goodale and Milner (1992) suggested that the dorsal stream
 
mediates the sensory motor 

transformations necessary for visually
 
guided movements, but motor plans must be generated, 

executed, and compared with ongoing movement (Saunders and Knill, 2005). It has been 

suggested, in this sense, that humans use continuous visual feedback from the hand to control 

both the direction and distance of reaching movements, even for relatively fast movements 

(Saunders and Knill, 2003).  

 Desmurget and Grafton (2000), instead, describe how delays in sensorimotor loops 

have led to the conclusion that reaching movements could be primarily under pre-programmed 

control and that sensory feedback loops exert an influence only at the very end of a trajectory, 

when hand velocity is low. Feedback models suggest, on the other hand, that the pattern of 

muscle activation required to point to the target is not defined prior to the onset of movement, 

but rather during the course of arm displacement. There should, thus, be no pre-planned motor 

plans and the muscle command should be generated on-line through an error signal that 

continuously compares the relative locations of the hand and target (Flanagan et al., 1993; 

Hinton, 1984). This loop should rely on a forward model integrating the sensory inflow and 

motor outflow to evaluate the consequence of the motor commands sent to a limb. Desmurget 

and Grafton (2000) also suggest that the parietal lobe and cerebellum should play the most 

significant role in managing this process.  

Three considerations allow to state that sensorial feedback should play only a marginal 

role in the on-line control of movements: somatic deafferentation is not sufficient to impair 

accurate movements in the darkness; very fast movements could be completed before the time 

requested to process sensorial information; on-line corrections based only on sensorial 

feedback could produce poor accuracy in high velocity trajectories. 

A motor plan should, consequently, be carried out before the movement in order to 

assure a fast transport phase toward the target. Successively, feedback loops should permit 

corrections of trajectories in the second part of the movement, when the hand is approaching 

the target (Desmurget and Grafton, 2000). However, Saunders and Knill (2003) provide direct 
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evidence that the human brain uses also visual feedback from the hand in a continuous fashion 

to guide fast reaching movements throughout their extent. 

Hybrid models represent, in this context, a trade-off between the feedforward and 

feedback hypotheses (Desmurget and Grafton, 2000). In a hybrid model, a raw motor plan is 

assembled prior the onset of movement, but it is very imprecise (Pelisson et al. 1986; Prablanc 

and Martin, 1992). Moreover, it should remain under the constant supervision of internal 

feedback loops that adjust and refine it in real time. Consequently, in the hybrid model of 

motor control, preplanning and feedback control are both used by the nervous system.  

Although the functional anatomy of internal feedback loops is not fully known, one 

cortical area within the distributed sensorimotor system is hypothesized to be mainly critical 

for updating hand trajectory, the PPC in the region of the IPS. In addition, the cerebellum is 

also thought to have a role in this process (Inoue et al., 1998). On the other hand, the PPC may 

only be responsible for updating the motor plan, and other structures might contain the state 

estimator and/or comparator. In this case too, the cerebellum is a likely candidate (Imamizu et 

al., 2000; Martin et al., 2000). Some studies using small target perturbations without visual 

feedback of arm position have emphasized rapid modification of the response that has been 

attributed to feedforward processing through internal feedback loops (Goodale et al., 1986) 

and appears to be dependent upon the contra-lateral parietal cortex (Desmurget et al., 1999).  

In literature, loops devoted to the control of on-line movements are reported to be 

related to a restricted network involving mainly the left posterior parietal
 
cortex, the right 

anterior intermediate cerebellum, and the left
 
primary motor cortex. No activation within the 

motor, premotor, and
 
parietal cortices of the hemisphere ipsi-lateral to the moving

 
arm has 

been identified (Desmurget et al., 2001). 

This way, including in controlling reaching movements, a left hemisphere superiority in 

right-handers has been suggested (Keulen et al., 2007). More specifically, a left hemisphere 

specialization in movement trajectory control and a right hemisphere specialization in position 

control was also suggested (Haaland et al., 2004). 

However, the exact contribution of visual feedback to the on-line control of fast 

reaching movements is still a matter of considerable debate. Whether feedback is used 

continuously throughout movements or only in the "slow" end-phases of movements remains 

an open question. 
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Transcranial Magnetic Stimulation 

 

 

2.1 What is Transcranial Magnetic Stimulation and how does it work? 

 

Progress in cognitive neurosciences in the last decades was made possible also by 

advance in available techniques and by the development of new methodologies of 

investigation, such as functional Magnetic Resonance and Electroencephalography. 

The development of new and different non-invasive techniques for the study of the 

central nervous system has also been continued in this sense, as for example Transcranial 

Magnetic Stimulation (TMS).  

Walsh and Pascual-Leone (2003) provide a satisfactory description of the state-of-the-art 

in the TMS field, comprising a well defined description of the principles behind the 

functioning and the effectiveness of TMS, which will be summarized in this chapter.  

More specifically, TMS permits to interact directly and non-invasively with cortical 

structures by means of the properties of electromagnetic induction (Walsh and Pascual-Leone, 

2003). Electromagnetic induction relies on the concept that an electric current always produces 

a magnetic field around itself. If this magnetic field interacts with a conducting tissue, it will 

produce an electric field in it too. Electromagnetic induction was observed for the first time in 

1831 by Michael Faraday (Walsh and Pascual-Leone, 2003).  

This concept is fundamental to understand the correct functioning of TMS. TMS is 

essentially based on the usage of a current generator and of a copper-wire coil. When the 

generator discharges the current on the coil, a magnetic field is created around it. 

Consequently, if the coil is positioned on a conducting tissue, it induces (whether or not it is 

possible to actually observe it) an electric current in it too. Since neurons in cortical brain 

structures are activated by electric current and tend to communicate among themselves also 

through electric current, TMS could successfully stimulate cortical neurons by means of 

electromagnetic induction (Walsh and Pascual-Leone, 2003). 

This is the fundamental concept to keep in mind in order to understand TMS functioning. 

In fact, TMS can intervene on cortical functioning, inducing an electric field in neurons, 

activating them when they are not activated or adding interference when they actually 

participate to a cognitive process, thus disturbing their correct functioning (Walsh and Pascual-

Leone, 2003). 
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It has already been indicated how the generic circuitry of magnetic stimulators is based 

on a capacitor charged at a high voltage that is then discharged into the stimulating coil via an 

electronic switch. This system can also be improved in order to obtain rapid and repetitive 

pulses, usually used in repetitive TMS (rTMS). When a TMS pulse is delivered, a significantly 

large current is usually required to produce a magnetic field of sufficient intensity to stimulate 

the cortex and, furthermore, the electric field induced in the cortex is dependent upon the rate 

of exchange and on the intensity of the magnetic field. To obtain these requirements, the 

current must be delivered to the coil with a very short rising time (200 µs) and the pulse usually 

is completely discharged in less than 1 msec (Walsh and Pascual-Leone, 2003).  

Magnetic stimulators can produce two types of pulses, monophasic or biphasic. The 

biphasic pulse differs from the monophasic in two ways. First, in the biphasic stimulation up to 

60% of the original energy in the pulse is returned to the capacitor, rendering TMS more 

efficient and permitting the capacitors to recharge after a brief period of time (Barker, 1999; 

Jalinous, 1991; Walsh and Pascual-Leone, 2003). The biphasic waveform seems to require 

lower field intensities to induce a current in neural tissue (Mc Robbie and Foster, 1984; Walsh 

and Pascual-Leone, 2003). 

Neurons are not perfect capacitors, and so the rising time of the magnetic field is very 

important. In this sense, the quicker the rise to peak intensity of the magnetic field, the less 

time is available for the tissue to lose charge. A fast rising time has been demonstrated to 

decrease both the energy required by the stimulator and the heating of the coil (Barker, 1999; 

Walsh and Pascual-Leone, 2003). 

When applying TMS, an electric field is induced both inside and outside the axons 

(Nagarajan et al., 1993; Walsh and Pascual-Leone, 2003). The electric field induced by 

magnetic stimulation has been shown to be perpendicular to the surface of the skull. This 

implies that the axons positioned perpendicularly with respect to the magnetic field will be 

those mainly influenced by the stimulation (Walsh and Pascual-Leone, 2003). TMS, in fact, is 

more likely to interact with neurons that are situated in a parallel position, with respect to the 

cortical surface, whereas electrical stimulation directly influences pyramidal output neurons 

that are positioned in an orthogonal way with respect to the cortical surface. To produce neural 

activity, the induced field must differ across the cell membranes. On the contrary, if the field is 

uniform with respect to the cell membrane, no current will be induced (Walsh and Pascual-

Leone, 2003).  

TMS may have excitatory or inhibitory effects in the cortex. In fact, TMS can induce 

movements or phosphenes, but it also can interfere with performance. Considering the 
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mechanisms of TMS induction, it is evident that it should be very difficult that TMS may 

distinguish between excitatory and inhibitory neurons within a stimulated region (Walsh and 

Pascual-Leone, 2003). In fact, delivery of a TMS pulse will randomly interact with neurons 

that are situated within the effective induced electrical field. Consequently, TMS should be 

considered as operating in two ways, one inhibitory and one facilitatory. In its inhibitory mode, 

TMS applied during the execution of a task induces neural noise into the signal-processing 

system. In recent years, a further elaboration of how neurons are stimulated or inhibited by 

TMS (Silvanto and Muggleton, 2008; Walsh and Pascual-Leone, 2003) is being developed. 

This idea is also based on the fact that stimulation is likely to be random with respect to the 

direction of current as well as to the inhibition and excitation of neurons. Thus, stimulation can 

be presumed to be random also with respect to the organization of the neural cells that 

participate to any particular task. Consequently, the physiological effects that produce 

phosphenes may be identical to those that produce visual deficits. In both cases, the final result 

could be the production of simple addition of neural noise to cortical structures (Walsh and 

Pascual-Leone, 2003). 

 

 

2.2 TMS in history 

 

In the Middle Ages, magnets were attributed great medicinal powers. They were, for 

example, thought to relieve arthritis and cure epilepsy (Walsh and Pascual-Leone, 2003). 

Today, the link between ancient and modern magnetic stimulation lies only in the irrationality 

of some of the beliefs accompanying them. In fact, the difference between the modern age of 

TMS and the ancient age of magnetic therapies is that the applications of TMS are based on 

physics and physiology (Walsh and Pascual-Leone, 2003). 

Therefore, magnetic stimulation of the brain is grounded into the physical sciences and 

has its origins in the elegant discoveries of Michael Faraday in 1831. In his pioneer 

experiments, Faraday wound two pieces of wire on the opposite sides of an iron ring. He 

observed the disturbance of a magnetic needle placed near one wire coil (coil A) when an 

electric current was connected to or disconnected from another coil (coil B). This observation 

demonstrated that an electric current had been induced in A by letting a current through B. 

Later, Faraday showed that the iron ring, which enhanced the induction of current in coil A by 

guiding the magnetic field between the two coils, was non-essential and that action at a 
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distance could be reproduced with two closely positioned air-cored coils (Walsh and Pascual-

Leone, 2003). 

In the years following this experiment, numerous researchers attempted to induce 

physiological effects using magnetic fields with poor reproducibility. Documentation about 

low-effective stimulators and rudimental coils is available with often inconsistent reported 

effects and with the consequent development of various ideas and theories about the effect of 

magnetism on the central nervous system (Walsh and Pascual-Leone, 2003). 

In 1896, for instance, physician Arséne d’Arsonval reported the induction of phosphenes 

by magnetic fields. In the early twentieth century, alternating current replaced direct current as 

a source of energy, and it became easier to generate alternating magnetic fields, and with this 

possibility the field of magnetically induced phosphenes became a popular research area. In 

1911, Magnusson and Stevens constructed two coils with elliptical cross sections. With this 

device no sensation was perceived when the current was flowing, but a visual sensation was 

usually experienced when the current flow was initiated or arrested, confirming the possibility 

to induce phosphenes in healthy humans (Walsh and Pascual-Leone, 2003). 

After these reports, a very long period of time passed before further progress was made 

in this field. Until then, research involving magnetic stimulation was related principally and 

almost exclusively to the study of perception and more specifically, to the study of visual 

sensations that could be produced stimulating the retina, optic nerve, and occipital cortex 

(Geddes, 1991). In the end, progress was obtained, permitting to the contemporaneous 

neuroscientists to work in the era of modern TMS,  with the consequential explosion in its use 

in cognitive neuroscience (Walsh and Pascual-Leone, 2003). 

In fact, in 1976, Barker and colleagues were investigating the possibility of obtaining 

selective nerve stimulation, with the possibility of using magnetic stimulation for clinical 

purposes. Unfortunately, the technical problems connected to the generation of the rates of 

exchange of magnetic fields, as were necessary to cause stimulation, were of considerable 

entity and little knowledge was available about the required fields. In the end, in 1981, the first 

stimulation of the superficial peripheral nerves (using a short-duration single pulse of 

stimulation) was conducted, with action potentials being recorded by surrounding muscles 

(Polson et al., 1982; Walsh and Pascual-Leone, 2003). 

In 1985, Barker’s group attempted for the first time to magnetically stimulate the human 

brain with a more powerful and efficient stimulator (Barker et al., 1985). Previously, Merton 

and Morton (1980) had demonstrated the possibility of depolarizing neurons in the human 

motor cortex transcranially, thanks to the application of direct current to the scalp. That 
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technique, though,  proved to be very painful. Also in this case, Barker’s group was able to 

resolve the problem, placing an excitation coil on subjects’ scalp over the motor cortex and 

recording twitch muscle-action potentials from the contra-lateral abductor digit minimi muscle 

using skin-surface electrodes. This experiment was immediately successful, with clear muscle 

contractions being observed in both hands without discomfort to the subjects. The first report 

describing stimulation of the brain was consequently published shortly after these pioneer 

experiments (Barker et al., 1985; Walsh and Pascual-Leone, 2003). 

This demonstration of magnetic stimulation in the motor cortex was related to a fast 

increase of clinical and experimental interest in the field. As a consequence, the interest in 

TMS and its availability grew very quickly. Barker and colleagues introduced manufacturers to 

the technique and, consequently, stimulators have become commercially available. Initially, 

TMS was used principally for clinical investigation, but magnetic stimulation also permits to 

discover new facts about brain functions, and the relation between brain activity and the 

observed behaviour (Walsh and Pascual-Leone, 2003). 

 

 

2.3 Focality of magnetic stimulation, depth of stimulation and different types of coils 

 

The previous section described how magnetic stimulators consist of a generator of 

electric current which flows in a coil (Fig. 5). This current is capable of producing a magnetic 

field, which induces (whether it is possible to proceed to the observation of it or not) another 

electric current in a surrounding conducting tissue (Walsh and Pascual-Leone, 2003).  

Two types of coil are commonly used in TMS: a circular coil and a figure-of-eight coil. 

The regions of effective stimulation produced by these two configurations depend mainly on 

the geometry of the coil and of the neurons lying under the coil. 

Circular coils show the maximal intensity of their magnetic field in correspondence of 

their border. These types of coils usually have a diameter of about 15 cm, thus, when using 

circular coils, the cortex is stimulated in a diffuse manner only, with no possibility of 

focalizing on a specific brain cortical region (Walsh and Pascual-Leone, 2003). 

On the other hand, focality of stimulation can be easily obtained when using coils in the 

shape of a figure-of-eight (Fig. 6). In this case, we can observe two coils, measuring 7 cm in 

diameter each, positioned next to each other, in order to create the maximal strength of the 

magnetic field in correspondence of their contact-point, i.e. in the centre of the eight. This 
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permits the creation of a very focal magnetic field in correspondence of this location, with the 

possibility of a more precise brain stimulation (Walsh and Pascual-Leone, 2003).  

Increasing evidence now suggests that there is great confidence in the anatomical focality 

and in the functional focality of TMS (Walsh and Pascual-Leone, 2003). In this sense, surface 

validity of TMS, with demonstration of selective motor cortex stimulation of the hand muscles, 

is suggestive of relatively selective supra-threshold stimulation (Walsh and Pascual-Leone, 

2003). It should be reminded that stimulation intensity is usually expressed as a percentage of 

the motor threshold, to ensure that safety guidelines are being observed (Wassermann, 1998). 

 In this context, the findings of Barker et al. (1985) should again be mentioned, when 

they applied a magnetic pulse over the vertex of the human scalp and successfully elicited clear 

hand movements and electromyography activity (EMG) recorded from intrinsic hand muscles, 

that permitted to a cortical input to evoke a measurable motor output. Although there could be 

some spreading of current to the arm, shoulder and face regions of the motor cortex, the 

absence of movements in these parts of the body may mean that the stimulation can be 

considered to have been effectively precise or that the stimulation of the other areas was sub-

threshold to produce a behavioural effect (Walsh and Pascual-Leone, 2003). In this sense, the 

description of the effect of TMS at lower intensities should be more convincing, since the 

probability that the effect itself may be due to current spreading or to other non-specific 

variables is reduced by the use of lower intensities of stimulation (Walsh and Pascual-Leone, 

2003). It also permits to perform better control experiments, since the position of the control 

sites, useful to prove the functional specificity of a cortical region, can be closer to the 

effective sites. The control condition could be stimulation of a non-effective site, but it can also 

be a different type of control task (Walsh and Pascual Leone, 2003; Walsh and Rushworth, 

1999).  

Other examples are those related to phosphenes, that are more likely evoked if the coil is 

placed over the visual cortex (Kammer, 1999; Marg, 1991; Meyer et al., 1991), or when 

referring to speech arrest. The latter should be more likely if the stimulation is applied over the 

facial motor or frontal cortex (Epstein et al., 1996; Pascual-Leone et al., 1991a,b; Stewart et al., 

2001). Moreover, neglect and extinction-like deficits may be evident if the coil is positioned in 

the right parietal lobe (Fierro et al., 2000; Pascual-Leone et al., 1994). Finally, Walsh and 

Pascual-Leone (2003) also explain how the mapping of the motor cortex with EMG-recorded 

responses shows discrete representations of the fingers, hand, arm, face, trunk and legs in a 

pattern matching the organization of the motor homunculus (Singh et al., 1997; Wasserman et 

al., 1992). 
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The capacity of penetration in depth of TMS is another important question, but, also in 

this case, there are good reasons to think that approximation may be significant and may be 

used to obtain a good interpretation of results (Walsh and Pascual-Leone, 2003). Models of the 

electric field at different depths from the coil suggest that relatively large areas could be 

stimulated close to the coil, decreasing in surface area as the field is measured at distances 

farther from the coil (Walsh and Pascual-Leone, 2003). This is considered as the result of an 

interaction between the decrease in magnetic field and a progressive loss of focality (Walsh 

and Pascual-Leone, 2003).  

 

                                   

                Fig. 5: TMS capacitor with its figure-of-eight coil.                        Fig. 6: A focal coil. The magnetic field is     .                         

                                                                                                             stronger in the centre of the coil. 

 

 

2.4 Where to stimulate? 

 

In general, the degree to which TMS will interfere with processing is a function of the 

stimulation delivered to the scalp and the probability that neurons in that area might be 

involved in the task (Walsh and Pascual-Leone, 2003). It was previously indicated that the 

cycle of a single pulse of TMS is approximately 1 msec (Walsh and Pascual-Leone, 2003), 

which determines the temporal duration of the delivery of TMS. On the other hand, the 

duration of the effect in the cortex is very difficult to determine, since the stimulated neurons 

may need time to recover their normal functional state as well as to return in a situation of 

normal interaction with the other neurons (Walsh and Pascual-Leone, 2003).  

The motor and visual cortex may be considered easy targets for TMS since there are 

clear marks, such as motor evoked potentials (MEPs) and phosphenes, of where stimulation is 

delivered (Walsh and Pascual-Leone, 2003). In cognitive neuroscience, however, the brain 

regions of interest are often areas that not permit to obtain clear stimulation signs (such as 
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phospenes or MEPs). In this case too, it is not always necessary to use anatomical magnetic 

resonance in order to localize the focus of stimulation. In fact, behavioural effects might 

nevertheless be defined. In this sense, the site for application of TMS may be chosen on the 

basis of previous studies which published coordinates or included reference to ERP electrode 

sites likely to be relevant to a specific cognitive task (Walsh and Pascual-Leone, 2003). That 

point may then be marked on the subject’s head and should form the center of a grid of 

stimulation points on the scalp. Therefore, if investigators decide to stimulate all points at all 

single-pulse intervals, this would bring to a combinatorial explosion of trials caused by not 

having a specific temporal hypothesis of TMS delivery (Walsh and Pascual-Leone, 2003), with 

some methodological problems during consequent data analyses. A solution to this problem 

may be the carrying out of pilot experiments, where a researcher may select one or two 

stimulus-onset times and stimulate all the points for ten to twenty trials until an effective site is 

found (Walsh and Pascual Leone, 2003). 

 

 

2.5 TMS and “virtual lesions” only? 

 

Walsh and Pascual-Leone (2003) suggest that there is no reason to believe that one part 

of the brain is excitable while another is not. The real problem is to define how the effect of the 

stimulation manifests itself. 

The use of TMS in experimental cognitive neuroscience to better understand brain 

physiology and functioning in healthy humans has been mainly based on the possibility to 

obtain “virtual patients” and consequently “virtual lesions” in the brain, by means of magnetic 

stimulation (Walsh and Pascual-Leone, 2003). 

More specifically, the first use of the virtual lesion methodology was performed by Day 

et al. (1989a,b), who applied single-pulse TMS to the motor cortex while subjects were asked 

to perform a simple motor instruction, i.e. flexing or extending their wrist. The subjects were 

cued with an auditory go signal, followed by the TMS pulse 100 msec later, thus before the 

predicted onset of voluntary EMG activity, usually occurring 30-40 msec later. The effect of 

TMS was to increase reaction times when subjects had to flex or extend the wrist. This 

experiment contains the basis for some of the most important principles in understanding the 

effects of TMS and applying it for experimental purposes (Walsh and Pascual-Leone, 2003). 

Moreover, the previously described study suggested that the choice of dependent 

variables in a TMS experiment should depend on the function to be investigated, but reaction 
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times normally prove to be a more versatile and reliable dependent measure than error rates in 

various types of experiments (Walsh and Pascual-Leone, 2003). 

In fact, TMS might cause reaction times to increase more often than errors, and the 

increase is usually around 50 msec. It should be considered as if the brain shut down for tens of 

milliseconds (Walsh and Pascual-Leone, 2003). 

It was therefore suggested that virtual lesions could act as adding “neural noise” to the 

normal elaboration processes of the brain. Walsh and Pascual-Leone (2003) clearly state that 

they do not suggest that the transmission of information is blocked or stored, waiting for the 

recovery of the central nervous system. On the contrary, the latter is carrying out its normal 

function, trying to complete further elaboration of information. In the great number of cases, 

TMS only adds noise to delay the process. Yet, if the task is difficult enough and the magnetic 

stimulation intensity is high enough, errors in the execution of the requested task might also 

occur (Walsh and Pascual-Leone, 2003).  

This does not resolve, however, the question of how the temporal resolution of a virtual 

lesion may be linked to the temporal information obtained from Electroencephalography 

(EEG) or Magnetoencefalography (MEG) studies. In this sense, one of the features of TMS 

studies is that the time-window of application of the pulse could be earlier than the time of the 

critical differences in ERP studies, and closer to the latencies observed in studies that 

registered from single neurons (Ashbridge et al., 1997; Corthout et al., 1999; Walsh and 

Pascual-Leone, 2003), even though it is not yet clear how long the TMS pulse actually interact 

with neural processing (Walsh and Pascual Leone, 2003).  

In this sense, the evaluation of the correspondences between the times of TMS effects 

and timing information from other investigation techniques should be very careful. Some 

studies showed a close correspondence between ERP times and delivery of TMS (Zangaladze 

et al., 1999) or between MEG and TMS times (Ganis et al., 2000), yet the number of studies 

that made comparisons between different techniques, considering also the same type of 

stimulus and the same response conditions is very small. In this sense, it is very early to define 

whether a strong relationship between recording techniques and TMS times should be expected 

or whether the relationship could be mutable, considering how and where TMS causes 

disruption and on which neural generators could be the source of the ERP or MEG information 

(Walsh and Pascual-Leone, 2003).  

With respect to brain lesions in patients, virtual lesions temporarily created by TMS did 

not permit the central nervous system to act in order to compensate this deficit. The deficit 

produced by TMS should indeed be pure and not influenced by cerebral reorganization. 
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Consequently, the eventual deficit observed might be strictly related to the functioning of the 

stimulated area and it should not be influenced by the intervention of other non-stimulated 

areas in the investigated process (Walsh and Pascual-Leone, 2003). 

Facilitatory effects induced by magnetic stimulation have been also described and were 

initially explained as inhibition of inhibitory processes which, consequently, permitted the 

controlled areas to enhance their activation and functioning (Walsh and Pascual-Leone, 2003). 

For example, Walsh et al. (1998), stimulated visual area V5 in an attempt to replicate 

“motion blind” patient L.M. (McLeod et al., 1989; Zihl et al., 1983) in healthy humans. V5 

stimulation did impair performance on visual search tasks involving complex motion 

elaboration. When motion was absent or not related to task performance, subjects were faster 

with TMS than in control trials. This result was interpreted as evidence showing that separate 

visual modalities may compete for resources: the disruption of area V5 may have liberated 

other visual areas from its influence. In literature, this concept of competition is normally 

accepted when considering competitive stimuli within a receptive field (Desimone and 

Duncan, 1995; Moran and Desimone, 1985) and also between hemispheres. However, potential 

competition between areas within a hemisphere has received less attention (Walsh and Pascual-

Leone, 2003). 

In conclusion, the definition of a virtual lesion could be still valid but it is more properly 

viewed as the possibility of delivering neural noise to a task at a stage of processing that may 

correspond to the onset and the execution of the critical cognitive operations. If TMS can act as 

a virtual lesion by disrupting organized neural firing, though, how can TMS lead to 

enhancements rather than deficits in behaviour on defined types of tasks? 

 

 

2.5.1 Performance enhancement by means of TMS 

 

The improvement of performance caused by the stimulation is one of the most amazing 

and interesting effects of  TMS. This improvement is usually measured as the reduction of 

response time (Walsh and Pascual-Leone, 2003). 

In this sense, Walsh and Pascual-Leone (2003) explained in their book that when this is a 

specific functional improvement, it can lead to new suggestions on cortical functions. 

However, the first response to improvements caused by TMS should be always very cautious, 

because there is also evidence that TMS can decrease reaction times, including through non-

specific auditory, visual or somatosensory stimuli (Pascual-Leone et al. 1992), acting by 
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mechanisms related to a phenomenon known as “intersensory facilitation” (Sawaki et al., 1999; 

Terao et al., 1998a,b). 

TMS might, for example, speed up reaction time by sub-threshold stimulation of the 

motor representation of the responding hand when simple motor responses are requested to be 

performed (Walsh and Pascual-Leone, 2003).   

Furthermore, if the obtained enhancement is to be considered as task specific, then 

investigations should be carried out to assess whether the magnetic stimulation of an area may 

decrease the inhibitory effect that the area has on anatomically connected surrounding regions, 

as previously indicated (Walsh et al., 1998; Walsh and Pascual-Leone, 2003).  

On the other hand, repetitive TMS can be used to change the excitability of the cortex, in 

a period of several minutes after the application of the cortical stimulation (Walsh and Pascual-

Leone, 2003). In this case, however, researchers may have some problems with the 

phenomenon of cortical reorganization.  

In one type of paradigm, rTMS could be applied during the performance of a task, easily 

permitting to interpret the effects of TMS as being due to addition of noise to the neural 

activity. In the second type of paradigm, TMS might be applied for several minutes before the 

subject is tested on the task, and the effect of TMS should be interpreted as due to the residual 

physiological changes caused by the stimulation (Walsh and Pascual-Leone, 2003).  

Facilitation in TMS effects was usually related to the concept of an inter-hemispheric 

competition of cortical or sub-cortical structures. In this sense, the study by Oliveri et al. 

(1999) provides a significant example of the above. In that research, transient disruption of the 

healthy hemisphere restores spatial attention and reduces neglect. These findings provide the 

first clear example of restorative paradoxical functional facilitation induced by TMS and 

suggest that such strategies might be applicable to speed up neuro-rehabilitation (Walsh and 

Pascual-Leone, 2003). 

An increasing number of studies reporting the utility of rTMS when applied in 

depression (Anderson et al; 2007; Bretlau et al., 2008; Dell’Osso and Altamura, 2008; Lam et 

al., 2008; Schutter, 2009), schizophrenia (Goyal et al., 2007; Prykryl et al., 2007; Tranulis et 

al., 2008) or stroke (Dafotakis et al., 2008; Mally and Dinya, 2008; Takeuchi et al., 2008), also 

exists. It is suggested that rTMS could restore, at least temporarily, the neural deficit related to 

the above mentioned disturbances affecting the excitability of the stimulated areas (Cardoso et 

al., 2008; Di Lazzaro et al., 2008; Jung et al., 2008;). Moreover, it is suggested that the 

neurotransmitters’ balance could also be affected by means of the stimulation, helping to 
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explain a part of its restorative effects (Khedr et al., 2007; Lang et al., 2008; Pogarell et al., 

2007). 

Consequently, the possibility of modulating cortical excitability also offers the possibility 

of applying TMS to normalize cortical excitability externally (decreasing or increasing it, 

depending on the underlying dysfunction) and of assessing possible therapeutic effects (Walsh 

and Pascual Leone, 2003). In this context, work was carried out also in relation to obsessive-

compulsive disorder, post-traumatic stress disorders, Parkinson’s disease, dystonia, tic 

disorders, and epilepsy (Burt et al., 2002; George and Belmaker, 2000; Martin et al., 2003; 

Munchau et al., 2002; Paulus et al., 1999; Rotenberg et al., 2009; Wu et al., 2008). Most of this 

studies, however, are preliminary and often proved difficult to reproduce (Walsh and Pascual 

Leone, 2003). It is actually unlikely that effects of TMS may last sufficiently long to have a 

therapeutic significance for any neuro-psychiatric disorder through direct modulation of 

cortical excitability (Walsh and Pascual-Leone, 2003). 

In summary, the most parsimonious explanation of the effects of TMS in cognitive tasks 

has always been thought to be the neural noise theory. If TMS might cause improvements in 

specific tasks, the mechanism should be more likely related to the introduced neural noise into 

an inhibitory component of the processing, rather than to a purely enhanced activity of the 

cognitive processes (Walsh and Pascual-Leone, 2003). In the next section, a new vision of 

TMS functioning will be presented: this new approach permits to explain directly the 

facilitatory effects of magnetic stimulation and states how they should not be viewed only as 

“inhibition of inhibitory components of the process”. 

 

 

2.5.2 A new vision of TMS functioning: TMS state dependent approach 

 

TMS behaviour-modulating mechanisms were described in the previous section, 

highlighting how its effects can be either facilitatory or disruptive depending on the time of 

stimulation.  

While disruptive mechanisms of TMS seem clear, some doubts still remain when 

considering its facilitatory effects. In this sense, a series of works have found specific 

facilitations on behaviour when TMS was delivered just before the onset of a cognitive process 

(Silvanto and Muggleton, 2008). Topper et al. (1998), showed that healthy subjects had a 

shorter latency for naming objects when TMS over Wernicke’s area was delivered before 

object presentation. A similar finding was indicated in the study by Grosbras and Paus (2003) 
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who reported an enhancement in detection of visual target when stimulation was applied over 

the frontal eye fields before the onset of the stimulus. All these results were interpreted as due 

to an increase in cortical excitability induced by TMS. On the other hand, the “virtual lesions” 

paradigm, that is related to a disruption in cognitive processes, are generally obtained when 

TMS is applied during the elaboration of information (Cowey, 2005; Walsh and Pascual-

Leone, 2003; Silvanto and Muggleton, 2008).  

Thus, when TMS is applied just before the start of a cognitive process, all neural 

populations should be at their baseline level of activity and, consequently, there should be no 

differences in the activation states of neurons (Silvanto and Muggleton, 2008). On the other 

hand, when TMS is delivered during cognitive processes, a lack of balance should exist in the 

activity of the stimulated region, and, therefore, all the neural populations involved in that 

process are activated, while neural populations not directly involved in the task should be less 

active or inhibited (Silvanto and Muggleton, 2008). 

Silvanto et al. (2007a,b) recently investigated the relevance of this initial activation state 

by using a visual adaptation paradigm in order to interact with the activity levels of distinct 

neural populations just before TMS was delivered to the cortical structures. The interaction 

between the neural activation state and the effects of TMS was evaluated by TMS-induced 

phosphenes, usually colourless. Findings indicated that phosphenes induced from the primary 

visual cortex after colour adaptation took on the colour qualities of the adapting stimulus. In 

the Author’s opinion, neurons elaborating the colour of the adapting stimulus were less active 

after adaptation, so the finding that phosphenes strictly corresponded to the colour of the 

adapting stimulus should imply that TMS may have facilitated the less active neural 

populations rather than the more active one (Silvanto et al., 2007a,b; Silvanto and Muggleton, 

2008).  

These data suggest that the observable effects of TMS on behaviour may depend on the 

relative activity state of functionally distinct neural populations within a determined region of 

cortex (Silvanto and Muggleton, 2008). Consequently, the initial cortical activation state 

should explain why the time point of stimulation is very important, and it should also reveal 

some of the mechanisms and some of the principles by which TMS induces its effects on the 

human cortex (Silvanto and Muggleton, 2008).  

Considering all this evidence, the TMS state-dependent approach was proposed in order 

to explain facilitatory and inhibitory effects induced by TMS: when TMS is delivered before 

the onset of a cognitive process, all neural populations are at their baseline level of activity and 

are therefore facilitated in a similar manner (Silvanto and Muggleton, 2008). This results in an 
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enhancement in cortical excitability, and in a heightened sensitivity to subsequent sensory 

stimulation. On the other hand, when TMS is applied during the cognitive process, a lack of 

balance exists in the activity of the stimulated region. In this case, neurons not involved in the 

process are less active compared to neurons that are important for the cognitive function under 

investigation. As a consequence of this imbalance, attributes codified by all neural populations 

are not similarly facilitated. Therefore, TMS activates attributes elaborated by neurons that are 

not involved in the process, as these neurons are relatively inactive, when compared to the 

already active neurons that should be critically related to the investigated cognitive function. 

Consequently, this should reduce the signal-to-noise ratio, and should bring to an observable 

behavioural disruption (Silvanto and Muggleton, 2008). 

It has been generally stated in cognitive neuroscience that, when considering TMS 

effects, stimulation should preferentially inhibit the more active groups of neurons. This is 

referred as unlikely by Silvanto and Muggleton (2008), because in most neurons TMS induces 

an initial period of excitation lasting up to half a second, covering the duration of the brief 

cognitive processes usually studied using single-pulse TMS. Consequently, the effects of TMS 

should be reported in terms of facilitation rather than inhibition. Moreover, the proposed 

inhibition effect does not explain why TMS facilitates behaviour when stimulation is delivered 

just before the onset of a cognitive process (Silvanto and Muggleton, 2008). 

As previously stated, TMS induces an increase in neural discharge in most neurons, 

lasting up to half a second. This initial excitation is reported as related to a longer lasting 

period of suppression (Moliadze et al., 2003). Moreover, it has been indicated that, for some 

neurons, firing rate is facilitated only when TMS is applied before the onset of neural firing 

(Moliadze et al., 2003). This should be considered as consistent with the behavioural findings 

reported above, whereby TMS increases sensitivity to subsequent stimulation only when 

applied just before the onset of a cognitive process (Silvanto and Muggleton, 2008).  

Moreover, Silvanto et al. (2008) interestingly demonstrate that TMS can have an 

unexpected facilitatory effect on behaviour when the targeted neural population is in a 

suppressed state after a session of 1-HZ inhibitory rTMS. On the other hand, when they 

intervened on the targeted neural population with on-line TMS only, and with no precedent 

sessions of 1-Hz inhibitory rTMS, they demonstrated that stimulation was able to disrupt 

behaviour. Specifically, they concentrated their investigations on area V5/MT and they 

measured the ability of subjects in a motion-detection task, an ability typically related to the 

correct functioning of this cortical region. 
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Again, these findings suggest that the initial activation state of the investigated neurons 

modulates the effects of TMS. Studies on the impact of rTMS on cortico-spinal excitability 

show that the baseline level of excitability of the targeted motor cortex may be very critical in 

order to influence the findings (Silvanto et al., 2008). In this sense, Siebner et al. (2004) 

showed that if the excitability level of the cortico-spinal projection is enhanced using 

transcranial DC stimulation, a subsequent period of 1-HZ rTMS causes a reduction in cortico-

spinal excitability. On the other hand, when cortico-spinal excitability is reduced prior to the 

delivery of rTMS, 1-Hz rTMS causes an increase in cortico-spinal excitability (Silvanto et al., 

2008). 

 

 

2.6 TMS safety 

 

For the execution of TMS experiments, approval by the local ethical committee is 

usually required, and a series of precautions should be utilized in all studies using this tool. 

While the safety of single-pulse TMS is well tested, further precautions should be considered 

especially when using rTMS (Walsh and Pascual-Leone, 2003).  

Generally speaking, the magnetic field produced by TMS causes a loud noise, and a 

temporary elevation in the auditory threshold may be experienced by the subjects (Pascual-

Leone et al., 1993). Consequently, it would be advisable to recommend the use of ear plugs 

(Walsh and Pascual-Leone, 2003). In addition, some subjects may experience also headaches 

or nausea or may feel face twitches and other peripheral effects of TMS as uncomfortable.  

Instead, rTMS may induce epileptic seizures in predisposed subjects (Walsh and Pascual-

Leone, 2003). In this case, any subject with any personal or family history of seizures should 

be excluded from experiments (Walsh and Pascual-Leone, 2003). In this sense, Pascual-Leone 

et al. (1993) evaluated the safety of rTMS and they noted that seizures could be induced also in 

subjects who had no pre-existing risk factors. However, specific guidelines to be followed in 

the TMS community also exist, and they are reported in a more recent paper (Wasserman, 

1998). This work indicates that the adverse effects until now reported included seizures, though 

rare, and effects on the mood. In fact, some subjects have cried and others have laughed 

following application of rTMS to the left prefrontal cortex, stimulating research about rTMS 

effects on psychiatric illness, such as depression, in order to evaluate possible rehabilitation 

effects of this technique. 
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However, there still is poor information about the potential long-term problems with 

magnetic stimulation. If rTMS is reported as potentially useful in the therapy of depression 

(George et al., 1995, 1996; Pascual-Leone et al., 1996), it must be considered that it can also 

have longer lasting effects in time (Walsh and Pascual-Leone, 2003). However, improvements 

in mood are usually related to very long sessions of magnetic stimulation, and the effects 

appear to be cumulative, but transitory. In this sense, Walsh and Pascual-Leone (2003) suggest 

that a simple advisable precaution is to prevent individual subjects from taking part in repeated 

experiments over a short period of time. 

 

 

2.7 TMS and visuo-motor integration 

 

Transcranial magnetic stimulation (TMS) has largely been used in different cognitive 

fields, as, for instance, in research investigating the relationship between various cortical 

structures and visuo-motor processing (Culham et al., 2006) in healthy humans. Apart from 

studies on attention and/or eye movements (Muri et al., 1996; Rushworth et al., 2001; 

Terao et al., 1998a), TMS was applied over the left posterior parietal cortex during 

reaching movements, and showed that subjects were unable to correct the ongoing 

movement following a leap of the target (Desmurget et al., 1999). More specifically, 

subjects pointed to visual targets with their right hand, but vision of the arm was not 

allowed during this movement. In some trials, the target location was displaced during the 

saccadic response, whereas in other trials it remained stationary. Earlier studies (Pelisson et 

al., 1986; Prablanc and Martin, 1992) showed that the leap of the target elicited a precise 

and progressive adjustment of the hand path. In this experiment, when a single TMS was 

applied over the left intraparietal sulcus (IPS) at the onset of the hand movement, these 

path corrections were disrupted and the subjects pointed always to the first target location. 

However, the hand trajectory to stationary targets did not show impairments, suggesting 

that relatively accurate movements can be performed without on-line feedback loops and 

when no on-line correction of the movement is required (Desmurget et al., 1999).  

On the other hand, Tunik et al. (2005) showed that TMS might elicit deficits in the on-

line adaptation of a grasping movement, within 65 ms after object perturbation, when 

stimulation was delivered to the anterior IPS. No aperture deficits were produced when TMS 

was applied to a more caudal region within the IPS, to the parieto-occipital complex (putative 
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V6A region) or to the primary motor cortex. They concluded that anterior IPS may be critical 

for error detection during visually guided reach-to-grasp actions.  

Finally, the possibility to interfere with early stages of spatial processing after TMS of 

the posterior parietal cortex was also demonstrated in a study on memory-delayed reaching 

movements (Vesia et al., 2006).  

TMS could evidently be successfully used in the investigation of the role played by 

the cortices involved in visuo-motor processing. Other studies investigating both parietal 

and premotor cortex during visuo-motor association also exist (Candidi et al., 2008; 

Desmurget et al., 1999; Koski et al., 2005; Lee and van Donkelaar, 2006; Van Donkelaar et 

al., 2000; Van Donkeelar et al., 2002). TMS demonstrated, for example, that the disruption 

of an early stage of movement selection in the premotor cortex caused symptoms similar to 

apraxia, also suggesting dominance of the left hemisphere. TMS applied to the left 

hemisphere, in fact, caused a delay in action both in the left and in the right limb, while, 

when magnetic stimulation was applied to the right hemisphere , the delay was limited only 

to the contra-lateral side (Schluter et al., 1998).  

However, in spite of the available data, uncertainty on causality-timing activation of 

these regions in humans during planning of reaching movements still exists.  
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Experimental section 

 

 

3.1 Experimental hypotheses 

 

Starting from the above reported assumption, the role of the occipital, parietal and 

premotor cortices was investigated in the present study, assessing their involvement in the 

planning and execution of reaching movements in humans during different time windows and 

with respect to different target locations in space. In particular, we evaluated the effects of 

TMS on closely spaced regions of the cortex in both hemispheres and on central vs. peripheral 

target positions during planning and execution of reaching movements. We hypothesized that 

TMS might intervene with different effects in relation to the stimulation point, to central vs. 

peripheral location of target and to different stimulation time-windows. Results confirmed this 

hypothesis, supporting the existence of a discrete dorso-medial stream for the processing of 

visuo-motor information in the contra-lateral hemisphere. 

 

 

3.2 Materials and Methods 

 

3.2.1 Participants 

 

A total of 269 subjects participated in the research project (age range 19-56 yrs, mean 

age and standard deviation  26.1 ± 6.4 years) and were subdivided into a total of twenty-two 

sets of experiments, in addition to a total of eleven control experiments.  

All participants were right-handed, as was verified through the Oldfield test (Oldfield, 

1971). Participants gave written informed consent after receiving information about TMS and 

related risks, in compliance with the Declaration of Helsinki. Permission from the Local Ethic 

Committee was also obtained. Participants could have left the study at any point, although all 

of them completed the experiment.  

Six brain regions were studied: the left parieto-occipital region, parietal cortex and 

premotor cortex, as well as the homologue regions of the right hemisphere. 

In the left parieto-occipital regions, TMS was delivered at 25% of subjects’ mean 

reaction time (m-RT), 50% of m-RT and 75% of m-RT. In addition, magnetic stimulation was 

applied also at 25% of subjects’ mean movement time (m-MT) and 50% of m-MT. 
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In the left parietal and premotor cortices, TMS pulses were delivered at 50%, 75% and 

90% of m-RT and at 25% and 50% of m-MT. 

In the right parieto-occipital region, magnetic stimulation was applied at 50%, 75% and 

90% of m-RT, whereas in the right parietal and premotor cortices pulses were delivered at 0% 

and 50% of m-RT. In this last case, as will be later described in further detail, a slightly 

different experimental paradigm was used. Control experiments, however, demonstrated that 

stimulation times corresponding to 0% and 50% of m-RT used in this new paradigm are fully 

comparable with 50% and 75% of m-RT in the previous paradigm respectively. 

 

 

3.2.2 TMS and localization of stimulation 

 

A figure-of-eight coil (each wing measuring 7 cm; Medtronic C-B60), oriented 

tangentially to the scalp, was used for TMS (pulse duration: 280 µs). The coil was positioned 

and secured in place on the scalp by fixing it to a mechanical arm and its position was 

continuously checked and readjusted by the operator when necessary. The heads of subjects 

were not fixed in position, even though they were asked to maintain the same position for the 

entire duration of the trial. The coil handle was positioned perpendicular to the midline, on the 

left of the skull and oriented to the right when stimulating the left parieto-occipital region; 

parallel to the midline, with the handle pointing backward when stimulating the bilateral 

parietal and premotor cortices; perpendicular to the midline, on the right of the skull and 

oriented to the left when stimulating the right parieto-occipital region. In both TMS and NO-

TMS conditions, the stimulation coil was always maintained in the same position on the scalp, 

including when sham and control experiments were performed. 

TMS pulses (Medtronic MagPro R30) were delivered on the skull on different points, 

determined according to the 10-20 EEG coordinate system (Herwig et al., 2003; Okamoto et 

al., 2004) and marked with stickers on a lycra cap. This allowed stimulation of the presumed 

underlying cortical points, with an accuracy of  ± 8 mm (Okamoto et al., 2004). Stimulated 

points with the presumed underlying main sulci are illustrated in Fig. 7 and Tab. 1. In every 

experiment, scalp locations were always stimulated in a pseudo-random order.  

In each subject, the best cortical point activating the first dorsal interosseal muscle (FDI) 

was determined and the motor threshold was set as the stimulus intensity triggering at least 50 

µV response on EMG recording in at least 50% of 10 consecutive stimulations. Intensity of 

TMS pulses was then set at 120% of the FDI motor threshold in every experiment. Exception 
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was  made when stimulating the premotor cortex. In this case, the intensity of TMS pulses was 

set at 110% of the motor threshold in order to limit current diffusion to the neighbouring 

primary motor cortex. Safety guidelines for TMS were strictly observed (Wassermann et al., 

1998). When stimulation intensity is set at 120% of the resting motor threshold, the magnetic 

field penetrates 2 cm below the skull, thus effectively reaching the cerebral cortex (Roth et al., 

2007). The radius of the electric field induced by a 10-15 cm figure-8 coil is less than 1.5 cm 

(Thielscher and Kammer, 2004), thus allowing separate stimulation of cortical regions spaced 

1.5 cm or more.  

 

Fig. 7: Representation of all stimulated points and underlying main sulci in a head model of the International 10-

20 system. 
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Points of 

stimulation 
10-20 EEG system localization on the scalp 

A 
Half of the distance between PzOz and Oz, 5% of the bi-auricolar distance to 

the left 

B 10% of the bi-auricolar distance to the left of PzOz 

C 5% of the bi-auricolar distance to the left of PzOz 

D PzOz electrode 

E 
Half of the distance between Pz and PzOz, 5% of the bi-auricolar distance to 

the left 

F 
Half of the distance between PzOz and Oz, 5% of the bi-auricolar distance to 

the right 

G 5% of the bi-auricolar distance to the right of PzOz 

H 10% of the bi-auricolar distance to the right of PzOz 

I 
Half of the distance between Pz and PzOz, 5% of the bi-auricolar distance to 

the right 

J 5% of the bi-auricolar distance to the left of Pz 

K 15% of the bi-auricolar distance to the left of Pz 

L P3 electrode 

M CP3 electrode 

N 15% of the bi-auricolar distance to the left of CPz 

O 
Half of the distance between CPz and Pz, 10% of the bi-auricolar distance to 

the left 

P 5% of the bi-auricolar distance to the left of CPz 

Q 
Half of the distance between CPz and Pz, 10% of the bi-auricolar distance to 

the right 

R 15% of the bi-auricolar distance to the right of CPz 

S P4 electrode 

T CP4 electrode 

U 15% of the bi-auricolar distance to the right of CPz 

V 10% of the bi-auricolar distance to the left of Cz 

W 15% of the bi-auricolar distance to the left of Cz 

X 
Half of the distance between FCz and Cz, 15% of the bi-auricolar distance to 

the left 

Y 
Half of the distance between FCz and Cz, 5% of the bi-auricolar distance to 

the left 

Z 
Half of the distance between FCz and Cz, 20% of the bi-auricolar distance to 

the left 

A1 10% of the bi-auricolar distance to the left of FCz 

B1 
Half of the distance between Fz and Fcz, 5% of the bi-auricolar distance to the 

left 

C1 10% of the bi-auricolar distance to the right of Cz 

D1 
Half of the distance between FCz and Cz, 5% of the bi-auricolar distance to 

the right 

E1 
Half of the distance between FCz and Cz, 15% of the bi-auricolar distance to 

the right 

F1 
Half of the distance between FCz and Cz, 20% of the bi-auricolar distance to 

the right 

G1 10% of the bi-auricolar distance to the right of FCz 
 

Tab. 1: Correspondence between points of stimulation on the scalp and 10-20 EEG system electrodes localization. 
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3.2.3 TMS delivered during the planning of reaching movements: experimental set-up 

 

During these experiments, each subject was comfortably seated at a table. They were 

asked to place their right hand on a light detector (Fig. 8) placed on a table 5 cm away from 

their chest. A cross, drawn on the table 35 cm far from the subject along the midline, was used 

to maintain steady fixation during the execution of the experiment. A small metal cylinder was 

placed on the fixation cross or at an angle of 40° with respect to it, to the left or to the right of 

the midline (Fig. 9). The cylinder was connected to an impedance detector allowing 

measurements of the time elapsed between the starting of the movement (signalled by the light 

sensor) and its completion (signalled by the touch of the cylinder). The subject’s arm and eye 

movements were continuously recorded with a digital video camera (Sony DCR-SR30E, 

sampling rate 25 HZ) to permit subsequent discarding of incorrectly performed trials (see data 

analysis). At the beginning of each trial, the subject was asked to close his/her eyes. A tone 

from a loudspeaker signalled subjects to open their eyes and to reach and touch the target 

cylinder as soon as possible, while maintaining, independently from the position of the cylinder 

itself, a steady fixation on the cross. Since complete darkness is difficult to obtain, experiments 

were performed in a normally illuminated environment. To avoid possible visual disturbance 

from the surrounding environment before initiating the task, subjects were asked to start the 

trial with their eyes closed, to permit a real-time planning of reaching movements at the go-

signal. Timing of TMS delivery and all other events of the trial were monitored by a PCMCIA 

acquisition board (NI-DAQ 6024E, National Instruments, Texas, USA) controlled by a 

LABVIEW PC software which also signalled where to randomly place the cylinder and 

recorded both reaction times (RT) and movement times (MT).  

Before TMS experiments, subjects were asked to perform a series of 21 reaching trials 

with targets randomly distributed to the centre, right and left respectively, in order to measure 

their m-RT. This value was then used to calculate the timing of TMS delivery in the actual 

experiments.  

Only one of the cortical regions and only one of the TMS times was applied in each 

subject, in order to minimize fatigue and avoid lengthy exposition to magnetic stimulation. 

 Subjects had to perform 42 randomized trials for each stimulated point: 21 trials with 

TMS and 21 without TMS (NO-TMS condition). Of the 21 trials, 7 had a target on the right, 7 

on the left and 7 in the central position. Each subject underwent 210 trials (42 trials for 5 

stimulation points). If after the stimulation of a point on the scalp the skill improvement 

reduced m-RT more than 20%, a new m-RT was measured from all 21 NO-TMS trials 
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performed and the timing of TMS delivery was modified. This was done since it was noticed 

that practice trials were not sufficient to obtain constant reaction times during the entire 

experiment.  

M-RT were somehow long, since a “double” reaction time parameter was adopted, as 

shown in Fig. 10. Indeed, the time elapsed from the acoustic signal to the arm movement 

(reaction time) included the time required by subjects to open their eyes and to move towards 

the target. As shown in video recordings, the TMS stimulus reached the subject before he/she 

could open their eyes when it was applied at 25% of m-RT, around eye opening when applied 

at 50% of m-RT and with steadily open eyes at 75% and 90% of m-RT. In the case of left 

parieto-occipital experiments, delivery of TMS was applied at 25% of m-RT to control for a 

possible intersensory facilitation which may affect all stimulated points on the scalp during the 

execution of the experiments. Evidence of a diffuse TMS effect in this case could give stronger 

confidence about localized scalp effects in the other stimulation times, possibly related to a 

specific interaction of TMS with cognitive processes. Successively, control experiments were 

performed on scalp locations and stimulation times resulted effective. Specifically, a sham 

experiment, a series of no reaching experiments, and sub- and supra-threshold stimulation of 

the motor cortex of the hand (90% and 110% of the resting motor threshold) were performed, 

as will be described later, to control for the specificity of effects on scalp locations. 

It could be argued that this particular acoustic-cued and eye-opening related paradigm 

could influence the exact timing of magnetic stimulation delivery. In the end, we decided for 

the more articulated paradigm because the real-purpose of the experiment was to investigate 

genuine and ecological planning of reaching, without any possible visual interference from the 

surrounding environment before the presentation of the stimulus, as it would be possible if the 

subjects waited for the go signal directly, with open eyes, in a normally illuminated 

environment. We also thought about the possibility to use a target-light on a table to absolve 

the task, but we preferred to use reachable 3D objects to maintain a more ecological execution 

of the task. In addition, it would be possible to use three permanently present objects and a 

light indicating which of them to reach on each trial. In this case, a situation of pre-planning 

based on visual information would be continuously present and the task would be finally 

reduced at a simple movement selection task, which was not the aim of this study. A dark 

screen in front of the subject’s eyes (using shuttle goggles) was considered, yet it was noticed 

that this particular device could significantly impair perception of the peripheral visual field, a 

fundamental condition in present experiments, considering that subjects have to permanently 

maintain steady fixation on a centrally located cross. Finally, we reasoned about the possibility 
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to conduct experiments in complete darkness, but this solution was also discarded, due to the 

lack of visual feedback of the moving hand. We consequently decided to adopt the present 

experimental paradigm, even though it implies the impossibility to work with very precise 

timing of TMS delivery. 

Moreover, the variability in reaction times due to eye disclosure was diminished when 

possible, discarding trials where no adequate attention or no ready answer to the acoustic signal 

was evident, as indicated in the text. 

When the ipsi-lateral parietal and premotor cortices were stimulated during the planning 

of reaching movements, however, and in order to control also for the possible variability added 

from the auditory cue and eye disclosure to timing-delivery of TMS and results, we decided to 

apply some modifications to our paradigm. Specifically, we decided to eliminate that part of 

the reaction time explicitly related to eye disclosure and to auditory stimulation.  

In this case, a control experiment (see below) executed with this “new” paradigm 

permitted to assure that the two paradigms were fully comparable and that also time-windows 

of TMS delivery could be easily adapted from one paradigm to the other.  

 

              

                  Fig. 8: Target-light device used during experiments.                  Fig. 9: Central location of the target object. 
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Fig. 10: Representation of experimental set-up where it is evident that m-RT may be considered as a “double” 

reaction time, comprising time requested to open the eyes and to accurately reach the target. 

 

 

3.2.4 TMS delivered during the planning of reaching movements without an acoustic go-          

signal: experimental set-up 

 

In this case, subjects were asked to start with open eyes on the central fixation cross and 

successively to reach a target light appearing randomly in the central, left or right area 

respectively of a metallic grid serving as an impedance detector to measure MT (Fig. 11). 

Target positions were the same as in the original experiments as were all the other 

experimental settings. TMS delivery was adjusted in relation to the appearance of the visual 

stimulus.  The only difference with the previous paradigm was in the timing of TMS delivery. 

In the original experiments, stimulation was delivered before eye disclosure at 25% of m-RT, 

around eye opening at 50% of m-RT and with steadily open eyes at 75% and 90% of m-RT. 

The elimination of the eye disclosure component halved reaction times in this “new paradigm” 

experiment. Considering that our principal interest was to compare left, contra-lateral 

hemisphere effective times of stimulation with corresponding timing of TMS delivery in the 
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right hemisphere, it was decided to investigate the ipsi-lateral hemisphere at 0% and 50% of m-

RT, corresponding to 50% and 75% of m-RT with the “old” paradigm. 

 

 

Fig. 11: Representation of the metallic grid used during “acoustic free” experiments. 

 

 

3.2.5 TMS delivered during the execution of reaching movements: experimental set-up 

 

The on-line control of executed reaching movements was investigated using the same 

paradigm as indicated for the “original” acoustic-cued experiments. Transcranial magnetic 

stimulation was delivered at 25% and 50% of the subjects’ mean movement time (m-MT) as 

recorded before the experiment with the same procedure used for m-RT. The only difference 

with respect to previous experiments was that the calculation of timing of TMS delivery started 

when the hand of the subjects moved away from the optic sensor, permitting, in this case, a 

very precise monitoring of TMS delivery. Successively, control experiments were performed 

on scalp locations and on stimulation times, which resulted effective. Specifically, a no-

reaching experiment and sub- and supra-threshold stimulation of the motor cortex of the hand 

(90% and 110% of the resting motor threshold) were performed, as will be described later, in 

order to control for the specificity of effects on scalp locations. 
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3.2.6 Control experiments 

 

3.2.6.1 Correspondence between acoustic-cued and “acoustic free” experiments: 

experimental set-up 

 

In this control experiment, effective points in the left anterior parietal lobe and in the left 

premotor cortex at the corresponding effective time of stimulation (75% of m-RT) were further 

investigated. In normal experiments, half of the reaction time was usually needed to open the 

eyes, the other half to reach the target. In order to validate the effect of TMS delivery in this 

“long” reaction time, the present control experiment was performed in illuminated conditions 

and with open eyes. This way, reaction time almost halved. TMS was applied at 50% of 

subjects’ the mean reaction time in order to obtain a timing correspondence with original 

experiments. The auditory cue and the reaction time related to eye-opening were eliminated 

from the task in order to control for the precision of TMS delivery during planning of reaching 

movements. A target-light appeared randomly on the table in one of the three locations used 

for the original experiments (centre, left and right), signalling the starting of the trial to the 

subject. For every point of stimulation, 30 reaching movements were executed: 10 toward the 

centre, 10 toward the left and 10 toward the right. TMS was randomly delivered in half of the 

trials. 

Positive results were replicated and the decision was consequently made to stimulate the 

parietal and premotor cortices in the ipsi-lateral hemisphere in correspondence of the 

appearance of the visual stimulus and at 50% of subjects’ m-RT. This was done to deliver TMS 

at the effective stimulation time obtained for the left hemisphere (50% and 75% for auditory-

cued paradigm) and evaluate the effects and differences among results.  

 

 

3.2.6.2 Sham experiment 

 

A sham TMS test (42 trials organized as described above) was also performed. The coil 

was placed vertically on the midpoint of the line between points Pz and Oz. This position did 

not allow the TMS pulse to reach the scalp, but left all other conditions unchanged.  
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3.2.6.3 No reaching experiment (planning of reaching movements) 

 

In a further control experiment, subjects had to move their thumb, instead of their arm, 

away from the light sensor only when the target was in the central position, and not when the 

target was to the left or to the right. This way, the reaching component of the task was 

eliminated, maintaining visual detection, attention and motor planning. All subjects had to 

perform a total of 24 trials for each of the stimulation points on the scalp giving positive 

results: 12 with the target in the centre, 6 to the left and 6 to the right. TMS was randomly 

delivered in half of the trials. The number of trials was different from the other experimental 

conditions since, in this case, only trials with the target positioned in the centre were 

considered for analysis.  

 

 

3.2.6.4 No reaching experiment (execution of reaching movements) 

 

A no reaching experiment was also designed in order to investigate the specificity of 

effects related to the execution of reaching movements in effective scalp locations at effective 

time of TMS delivery. Subjects had to move their arm away from the light sensor only when 

the target was in the central position, and not when the target was to the left or to the right. The 

movement was an unspecific movement. The arm was, in fact, moved toward the right side of 

the subject until touching an impedance detector placed at the border of the table, registering 

MT. Moreover, the vision of the moving hand was never permitted to the subject through a 

plastic barrier that covered the vision of the whole hand trajectory. This way, the visually-

guided reaching component of the task was eliminated, maintaining visual target detection, 

attention and motor planning. All subjects had to perform a total of 24 trials for each of the 

stimulation points on the scalp giving positive results: 12 with the target in the centre, 6 to the 

left and 6 to the right. TMS was randomly delivered in half of the trials. The number of trials 

was different from the other experimental conditions since, in this case too, only trials with the 

target positioned in the centre were considered for analysis.  
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3.2.6.5 Sub- and supra-threshold stimulation of the primary motor cortex 

 

It could be argued that findings in the dorsal premotor cortex could be biased by a current 

diffusion to the neighbouring primary motor cortex. In order to control for this possible 

confounding effect, a primary motor cortex location, corresponding to the best representation 

of the FDI muscle on the cortex, was stimulated using the same paradigm as in the original 

“acoustic-cued” paradigm. TMS was delivered at the effective stimulation times individuated 

for left dorsal premotor cortex experiments (75% of m-RT and 50% of m-MT). TMS was 

applied at 90% and 110% of the subject’s resting motor threshold, in order to control both for 

sub- and supra-threshold effects of current diffusion in the motor cortex. 

 

 

3.2.6.6 Hemisphere dominance control experiment 

 

Finally, a special control experiment was carried out  also for results obtained in the ipsi-

lateral hemisphere. In this case, the effective point on the right ipsi-lateral parieto-occipital 

cortex was investigated at the effective stimulation time as in the main experiments, but using 

the left hand to absolve the task, in order to control for possible effects on the contra-lateral 

hand induced by TMS, and possibly influencing reaction times also of the ipsi-lateral hand. 

 

 

3.2.7 Anatomical localization 

 

To assess correspondence between points of stimulation on the scalp and underlying 

cortical areas, two prototypical subjects underwent magnetic resonance scanning. More 

specifically, evaluation of effective points in the left hemisphere was precisely evaluated. 

Referring to the left parieto-occipital sulcus, and considering that all points were close to each 

other and precisely spaced, only the central point of the stimulation grid (point C, Fig. 7) was 

marked with a magnetic-resonance compatible, skin-mounted reference fiducial marker 

(Medtronic, SNT). On the other hand, effective points in the parietal and premotor cortices 

were evaluated, placing vitamin E pills on corresponding scalp locations. In every case, a T1-

weighted anatomical Magnetic Resonance (MR) image was generated with a Siemens Avanto 
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1.5 T scanner (slices thickness 1 mm, TR 2300 ms, TE 2.86 ms, IT 1100 ms, 256x256 matrix, 

flip angle 20°). 

 

 

3.2.8 Data analysis 

 

RT and MT were measured respectively as the time elapsed between tone and hand 

movement as detected by the light sensor (RT) and as the duration of the hand movement 

(MT). 

TV recordings were analyzed off-line, and all trials where eyes did not remain still on the 

central fixation cross for the entire trial duration were excluded. To avoid the influence of 

inadequate attention on movement performance, all trials with a reaction time longer than 1000 

ms or shorter than 100 ms and movement time longer than 700 ms or shorter than 100 ms were 

also excluded. This caused the elimination of about 5% of the collected data. Moreover, trials 

were considered incorrectly performed when evident trajectory corrections were made, when 

no prompt reaction to the go-signal took place or when evident hesitation was present after the 

starting of the movement. In this case, about 10% of the data was discarded.  

Data were normally distributed (Shapiro-Wilk test), both in reaction and movement 

times, and no data transformation or correction was needed, allowing us to conduct analyses 

directly on row values. Moreover, homogeneity of variance was successfully checked within 

experiments. One subject turned out to be an outlier with TMS delivered at 25% of m-RT in 

the left parieto-occipital region and was thus discarded from the following analysis. The only 

non-normally distributed data were those related to the findings obtained for the parietal 

“acoustic-free” control experiment. In this case, a non-parametrical Wilcoxon signed rank test 

was performed. 

We conducted parametrical analysis with repeated ANOVA measurements, considering 

the main effects and interactions among TMS conditions (yes/no), location of stimulation on 

the scalp (four, five or six positions) and target position in space (central, left and right). A p < 

0.05 was considered statistically significant. If the interaction among the main effects was 

statistically significant, post-hoc analyses were conducted. More specifically, if the interaction 

among all main effects resulted significant, two-way ANOVAs between main factors were 

conducted (significance level set at p < 0.05, Bonferroni corrected). Finally, when interaction 

in a two-way ANOVA or between two main effects was significant, post-hoc analyses were 

conducted with a Student’s T-test (significance level p < 0.05, Bonferroni corrected). 
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3.3 Results 

 

M-RT was a crucial measurement since it determined the timing of TMS delivery. It 

changed from one subject to another and even within the same subject, according to skill 

improvement. For this reason, it is unfeasible to provide all the values used. However, it 

ranged from 428.5 ± 23.7 ms in the fastest subject to  821.9 ± 28.8  ms in the slowest, with a 

mean value of  626.7 ± 38.4 ms, when the acoustic-cued paradigm was used, and from 289.6 ± 

16.6 ms in the fastest subject to 487.6 ± 37.9 ms in the slowest, with a mean value of 387.3 ± 

76.7 ms, when the “acoustic free” paradigm was performed.  

The same concept applied when TMS was delivered during the execution of reaching 

movements. In this case too, m-MT changed from one subject to another and even within the 

same subject according to skill improvement. It ranged from 258.6 ±  12.2 ms in the fastest 

subject to 391.0 ±  14.8 ms in the slowest, with a mean value of 302.5 ± 73.0 ms. 

It should be noticed that, when delivering TMS during the planning of reaching, 

corresponding MT were also recorded. No significant effects of stimulation were ever 

highlighted from the statistical analyses carried out on these data. In general terms, the only 

observed effect was the well-known phenomenon of “compatibility effect” (Fitts and Seeger, 

1953; Proctor and Reeve, 1990), i.e. a slowing of MT when the contra-lateral target has to be 

reached by the hand, independently from TMS conditions. As a consequence, the lack of 

effects in MT when stimulating during the planning of a reaching movement, is to be 

considered as a valid control, corroborating the specificity of effects obtained in RT. For the 

same reason, in order to avoid involving the reader in the understanding of a “greater-than-

necessary” amount of non-significant results, data regarding MT (obtained with delivery of 

TMS during the planning of reaching) will be omitted from the following sections. 

 

 

3.3.1 TMS delivered during planning of movements in left parieto-occipital region 

 

Comparison of results from the left and right target locations showed no differences 

between these conditions for reaction times when TMS was delivered at 50% of m-RT  (F1,14 

= 0.343, p = 0.567) and when it was delivered at 75% of m-RT (F 1,13 = 0.726, p = 0.410), 

allowing to merge these data in the “peripheral condition” for these sets of experiments. This 

allowed to highlight potential eccentricity effects, as suggested by deficits like optic ataxia, 
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where impairment in reaching peripheral, but not central targets is evident (Perenin and 

Vighetto, 1988). 

However, significant differences were found for reaction times when TMS was 

delivered at 25% of m-RT (F 1,7 = 18.795, p = 0.003) and for movement times with NO-TMS 

in all experiments. In these cases, analyses were conducted comparing central, left and right 

target locations.  

 

 

3.3.1.1 TMS at 25% of m-RT 

 

In this experiment, performed in 9 subjects (4 males and 5 females, age range 22-53 yrs, 

mean age and standard deviation 28.5 ± 10.2 years), TV recordings assured that TMS was 

always applied before the subject opened his/her eyes. One subject turned out to be an outlier 

and was consequently discarded from the analysis. As shown in Tab. 2, significant reduction 

of RT was found with TMS (F1,7 = 8.212; p = 0.024), together with a significant difference in 

reaction times in relation to target location (F1,7 = 12.353; p = 0.010). Specifically, reaching 

toward the left target was significantly slow (central vs. left: t = 3.527, p = 0.009; central vs. 

right: t = 0.180, p = 0.862; left vs. right: t = 2.972, p = 0.021). No interactions among the main 

factors were significant. The observed significant reduction in RT with TMS can, thus, be 

interpreted as a general effect, and hence not localized on a specific point of the scalp.  

 

points 
target 

location 
TMS NO-TMS 

central 654.2 ± 75.1 679.7 ± 86.4 
A 

peripheral 684.6 ± 97.1 711.4 ± 93.5 

central 666.9 ± 97.2 700.1 ± 71.1 
B 

peripheral 668.3 ± 99.3 711.39 ± 87.9 

central 664.3 ± 67.7 692.7 ± 58.2 
C 

peripheral 681.2 ± 91.8 722.5 ± 65.3 

central 657.8 ± 76.5 696.1 ± 68.3 
D 

peripheral 680.1 ± 89.6 705.1 ± 98.4 

central 648.1 ± 72.9 705.2 ± 77.1 
E 

peripheral 679.1 ± 83.5 723.9 ± 76.1 
 

Tab. 2: RT obtained in the left parieto-occipital region with TMS at 25% of m-RT. 
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3.3.1.2 TMS at 50% of m-RT 

 

This experiment involved 15 subjects (9 males and  6 females, age range 20-41 yrs, 

mean age and standard deviation 27.9 ± 6.1 years). TV recordings showed that TMS was 

applied around the time of eye opening. As in the previous experiment, TMS sped up RT for 

all stimulated points (F1,14 = 15.141, p = 0.002). Moreover, the main factors analysis suggested 

a significant difference in relation to target location (F1,14 = 7.557; p = 0.016), but the post-hoc 

analysis failed to highlight this difference. No significant effect was found in relation to points 

of stimulation. However, analysis of interactions among the main factors showed significant 

differences between TMS and NO-TMS conditions for stimulation points A, C, and E. 

As shown in Figs. 12A and 13, a significant interaction was found between TMS and the 

stimulation position (F4,56 =3.493, p = 0.013), i.e. when comparing the effect of TMS in the 

different scalp positions without considering target locations. No significant differences were 

found in the interaction analysis when considering target location vs. stimulation points and 

when considering target location vs. TMS. The post-hoc analysis showed significantly shorter 

RT in the TMS vs. NO-TMS for point A (t = 3.26, p = 0.005), point C (t = 3.097, p = 0.007) 

and point E (t = 3.69, p = 0.002).  

Moreover, the three-way ANOVA test showed significant interaction between TMS, 

position of scalp stimulation and target location (F4,56 = 2.581, p = 0.047). Subsequent analysis 

revealed a significant effect only for the reaching movement toward the central target location 

(F4,56 = 4.372, p = 0.004). As shown in Figs. 12B and 13,  RT were significantly shorter in the 

TMS vs. NO-TMS condition for point  C (t = 3.12, p = 0.007) and for point  E (t = 3.39, p = 

0.004). Group results regarding reaction times are summarized in Tab. 3. 

 

points 
target 

location 
TMS No-TMS 

central 631.3 ± 143.1 664.5 ± 142.2 
A* 

peripheral 633.8 ± 143.7 676.1 ± 138.1 

central 658.6 ± 105.9 641.8 ± 122.2 
B 

peripheral 651.3 ± 106.9 672.1 ±120.1 

central 624.5 ± 105.7 672.5 ± 115.4 
C* 

peripheral 659.1 ± 117.9 685.5 ± 123.2 

central 617.4 ± 145.1 638.5 ± 150.5 
D 

peripheral 641.1 ± 133.1. 652.5 ± 137.7 

central 625.5 ± 118.5 676.6 ± 148.6 
E* 

peripheral 644.5 ± 120.6 677.8 ± 118.7 
       

Tab. 3: RT obtained in the left parieto-occipital region with TMS at 50% of m-RT. Asterisks indicate significant   

effects independently from target position. Bold characters indicate specific effects on central target location. 
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3.3.1.3 TMS at 75% of m-RT 

 

In this experiment, 14 subjects (8 males and  6 females, age range 20-46 yrs, mean age 

and standard deviation 27.3 ± 7.3 years) underwent TMS. TV recordings confirmed steady 

eye-opening in all subjects at the time of TMS pulse. Group results regarding reaction times 

are summarized in Tab. 4. The main factor analysis revealed no significant differences in 

target location and TMS, while the main factor analysis of stimulation points gave statistically 

significant differences (F1,13 = 6.290; p = 0.004). No interaction was significantly different 

when considering a two-way comparison. The three-way ANOVA test revealed a statistically 

significant interaction among TMS, position of scalp stimulation and target location (F4,52 = 

3.149, p = 0.022). Subsequent analysis showed a significant interaction only for reaching 

movements to the centre (F4,52 = 3.347, p = 0.016). The only cortical point in which RT was 

influenced by TMS was point  E (Figs. 12C and 13), where TMS significantly increased RT (t 

= 5.392, p = 0.00012).  

 

points 
target 

location 
TMS No-TMS 

central 598.8 ± 120.8 606.6 ± 123.1 
A 

peripheral 617.9 ± 120.4 606.6 ± 117.9 

central 588.4 ± 92.6 579.1 ± 94.1 
B 

peripheral 598.6 ± 114.4 601.2 ± 102.9 

central 598.4 ± 123,1 594.2 ± 122,5 
C 

peripheral 608.2 ± 114.5 615.2 ± 114.2 

central 627.8 ±  109.4 644.9 ± 119.5 
D 

peripheral 631.2 ± 111.8 644.2 ± 108.3 

central 646.8 ± 103.8 611.4 ± 113.9 
E 

peripheral 631.1 ± 113.5 644.4 ± 116.1 
 

Tab. 4: RT obtained in the left parieto-occipital region with TMS at 75% of m-RT. Bold characters indicate 

specific effects on central target location. 
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Fig. 12: RT obtained when stimulating the left parieto-occipital region during planning of reaching. A) TMS at 

50% of m-RT independently from target location; B) TMS at 50% of m-RT for central target location only; C) 

TMS at 75% of m-RT for central target location only. The asterisk indicates significant differences between TMS 

conditions. 
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Fig. 13: Representation of effective scalp locations on a head model. 

 

 

3.3.1.4 No reaching experiment  

 

In this control experiment, TMS was applied only on the cortical points and stimulation 

times significantly affected in previous experiments (75% for point A, 50% for point C and 

point E). It involved 8 subjects (5 males and  3 females, age range 21-41 yrs, mean age and 

standard deviation 26.5 ± 6.3 years). 

No effect was found for any comparison (point A: TMS = 712.2 ± 72.5 ms, NO-TMS = 

725.1 ± 104.9 ms; t = 0.609, p = 0.56; point C: TMS = 699.7 ± 84.3 ms, NO-TMS = 719.5 ± 

65.9 ms; t = 1.047, p = 0.32; point E: TMS = 706.0  ± 47.2 ms, NO-TMS = 734.8 ± 50.2 ms; t 

= 1.557; p = 0.16).  

 

 

3.3.1.5 Sham experiment 

 

The sham experiment involved a group of 10 subjects (4 males and 6 females, age range 

21-33 yrs, mean age and standard deviation 25.1 ± 3.8 years). Previously described 

experiments led to the identification of three scalp positions where a significant facilitation of 

RT with TMS was found, compared to the NO-TMS condition, when TMS was delivered at 

50% of m-RT. This observation was confirmed when a sham stimulation was applied in a 

parallel experiment. In this case, no significant difference was found for any comparison 
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(TMS = 725.9 ± 114.6 ms; NO-TMS = 730.9 ± 106.1 ms; target location main effect: F1,9 = 

1.845; p = 0.207; TMS sham main effect: F1,9= 0.270; p = 0.616;  interaction: F1,9 = 0.018; p = 

0.896). 

 

 

 3.3.1.6 Anatomical localization 

 

Figure 14 shows the exact location of the marker as detected by magnetic resonance in a 

single subject in the left parieto-occipital region. The marker, corresponding to stimulation 

point C, was exactly over the left parieto-occipital sulcus. Considering that all points were 

precisely spaced and considering also a range of ± 8 mm when using a 10-20 EEG system to 

individuate the correct correspondence between the position of electrodes and the underlying 

cortex regions (Okamoto et al., 2004), it could be inferred that the same applied to points B 

and D, positioned 2 cm to the left and to the right of point C, respectively. As a consequence, 

point A, normally located 2 cm below point C, could be located over the left anterior occipital 

lobe (Brodmann area 19), while point E, located 2 cm above point C, could be located over 

the most caudal part of the left  posterior parietal cortex (Brodmann area 7) for this exemplary 

subject. 

As a consequence, considering the anatomical variability among subjects in parietal 

regions (Ryan et al., 2006), we were confident that a restricted region of the cortex, 

comprising the anterior occipital lobe (point A), parieto-occipital cortex (points B, C and D) 

and superior parietal lobule (point E) was stimulated in left hemisphere. The same reasoning 

could apply also when referring to homologue scalp locations stimulated in the right parieto-

occipital cortex. 

 



 69 

 

Fig. 14: Magnetic resonance scanning of a prototypical subject showing stimulated regions in left 

parieto-occipital regions. 

 

 

3.3.2 TMS delivered during planning of movement in the parietal and premotor cortices 

in the left hemisphere 

 

Three experiments were conducted in the parietal cortex and three in the premotor 

dorsal cortex. Statistical analysis of RT gave positive results in only two experiments, i.e. 

when TMS was delivered at 75% of m-RT both in the parietal and premotor cortices. 

 

 

3.3.2.1 TMS at 50% of m-RT in the parietal cortex 

 

This experiment involved 9 subjects (3 males and 6 females, age range 22-29 yrs, mean 

age and standard deviation 25.9 ± 2.2 years). The only significant effect was highlighted for 

the target position’s main factor (F2,16 = 11.293, p = 0.001) suggesting, again, that reaching 

movements toward the left resulted slower when compared to reaching movements toward 

central or right positions. All other statistical comparisons failed to highlight significant 

effects both in the main effects and in the interaction analyses. Results are summarized in Tab. 

5. 
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points target location TMS NO-TMS 

central 648.2 ± 125.9 637.3 ± 107.5 

left  658.5 ± 122.9 668.2 ± 112.1 J 

right 645.7 ± 114.6 656.6 ± 124.9 

central 652.1 ± 133.4 672.4 ± 135.7 

left 676.1 ± 137.1 720.7 ± 147.1 K 

right 662.5 ± 138.2 679.1 ± 123.6 

central 649.1 ± 127.5 647.7 ± 112.3 

left 659.9 ± 145.1 684.4 ± 150.7  N 

right 635.1 ± 108.9 646.5 ± 115.5 

central 654.5 ± 143.7 662.8 ± 140.2 

left 670.0 ± 163.9 700.7 ± 156.4 O 

right 629.8 ± 141.5 659.9 ± 142.6 

central 627.5 ± 101.4 649.5 ± 131.1 

left 654.2 ± 114.9 670.9 ± 122.1 P 

right 627.0 ± 124.5 652.2 ± 119.9 
 

Tab. 5: RT obtained in the left parietal cortex with TMS at 50% of m-RT.  

 

 

3.3.2.2 TMS at 75% of m-RT in the parietal cortex 

 

This experiment involved 11 subjects (5 males and 6 females, age range 22-41 yrs, mean 

age and standard deviation 25.6 ± 5.8 years). A statistically significant interaction was found 

only between TMS and position of the stimulation point on the scalp (F4,40 = 3.411; p = 

0.017). Mean RT turned out to be significantly shorter in the TMS vs. NO-TMS condition in 

the more rostral and lateral scalp location only (point N  in Fig. 7; t = 3.416; p = 0.0066).  

Tab. 6 and Figs. 15 and 17 show the data regarding mean RT for each stimulated point 

with and without TMS pulse and independently from target position. Thus, the TMS effect 

can be clearly localized on the scalp and it seems to affect all three locations in space. 
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points target location TMS NO-TMS 

central 649.9 ± 89.7 642. 5 ± 83.9 

left  673.3 ± 105.1  680.1 ± 95.6 J 

right 617.1 ± 74.1 612.8 ± 91.1 

central 641.3 ± 91.7 623.1 ± 103.5 

left 657.4 ± 103.3 664.9 ± 114.1 K 

right 619.1 ± 75.1 619.1 ± 78.4 

central 595.4 ± 72.7 637.0 ± 82.2 

left 644.9 ± 85.1  652.3 ± 89.8 N 

right 602.1 ± 80.5 613.3 ± 92.1 

central 624.0 ± 127.8 624.6 ± 117.1 

left 658.5 ± 97.3 687.7 ± 122.4 O 

right 610.9 ± 92.9 635. ± 118.9 

central 630.2 ± 88.8 598.9 ± 86.5 

left 648.0 ± 92.2 664.5  115.5 P 

right 604.2 ± 79.7 593.6 ± 57.2 
 

Tab. 6: RT obtained in the left parietal cortex with TMS at 75% of m-RT. In this case, bold characters indicate 

specific effects independently from target locations in space. 

 

 

Fig. 15: Representation of RT obtained in the left parietal cortex with TMS at 75% of m-RT. The asterisk 

indicates significant differences between TMS conditions. Data are reported considering all possible target 

locations in space. 

 

 

3.3.2.3 TMS at 90% of m-RT in the parietal cortex 

 

This experiment involved 9 right-handed subjects (4 males and 5 females, age range 21-

42, mean age and standard deviation 27.6 ± 6.1). The only significant result was obtained in 
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the target position’s main effect (F2,16 = 7.216, p = 0.006) suggesting, again, that reaching 

movements toward the left resulted slower when compared to reaching movements toward 

central or right position. All other statistical comparisons failed to highlight significant effects 

both in the main effects and in the interaction analyses. Results are, nevertheless, summarized 

in Tab 7. 

 

points target location TMS NO-TMS 

central 624.33 ± 49.6 619.5 ± 52.9 

left  648.31 ± 77.1 648.7 ± 81.2 J  

right 622.67 ± 59.5 620.0 ± 52.1 

central 602.3 ± 44.4 615. 4 ± 43.1 

left 619.1 ± 50.9 624.4 ± 66.6 K 

right 596.15 ± 61.6 597.1 ± 37.4 

central 630.6 ± 56.6 632.8 ± 54.1 

left 628.7 ± 58.4 643.8 ± 60.6 N 

right 623.2 ± 38.2 615.1 ± 37.8 

central 607.1 ± 43.9 595.3 ± 44.7 

left 623.1 ± 54.6 617.3 ± 57.5 O 

right 594.0 ± 44.7 600.2 ± 55.6 

central 612.6 ± 41.9  622.6 ± 46.1   

left 645.8 ± 43.1 628.7 ± 46.8 P 

right 623.5 ± 45.8 599.2 ± 30.8 
 

Tab. 7: RT obtained in the left parietal cortex with TMS at 90% of m-RT. 

 

 

3.3.2.4 TMS at 50% of m-RT in the premotor and motor cortices 

 

This experiment involved 9 right-handed subjects (4 males and 5 females, age range 21-

30 yrs, mean age and standard deviation 25.1 ± 2.9 years). Statistical analysis showed 

significant effects only in the target position’s and TMS’ main factors (F2,16 = 17.715, p < 

0.0009; F1,8 = 6.489, p = 0.034; respectively), showing the usual slowing of reaching 

movements toward the contra-lateral target and a diffuse facilitation of stimulation on RT. All 

other statistical analysis resulted insignificant. Results are summarized in Tab. 8. 
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points target location TMS NO-TMS 

central 624.45 ± 99.2 640.5 ± 96.8 

left  668.5 ± 114.7 665.7 ± 91.9 V 

right 631.1 ± 97.2 630.9 ± 87.7  

central 598.4 ± 116.9 624.0 ± 95.1 

left 642.5 ± 151.1 685.2 ± 142.1 X 

right 607.6 ± 118.4 645.3 ± 111.2 

central 645.9 ± 112.7 628.9  ± 86.5 

left 667.2 ± 134.2 717.1 ± 127.6 Y 

right 626.7 ± 95.5 657.6 ± 92.6 

central 637.3 ± 111.2 619.5 ± 93.9 

left 659.1 ± 125.7 695.5 ± 103.7 A1 

right 624.8 ± 108.7 640.8 ± 73.5 

central 627.2 ± 128.6 649.2 ± 120.3 

left 660.9 ± 156.5 713.4 ± 145.2 B1 

right 626.7 ± 132.1 639.5 ± 103.5 
 

Tab. 8: RT obtained in the left premotor cortex with TMS at 50% of m-RT. 

 

 

3.3.2.5 TMS at 75% of m-RT in the premotor and motor cortices 

 

This experiment involved 8 right-handed subjects (2 males and 6 females, age range 20-

52, mean age and standard deviation 25.7 ± 10.0). Results showed an interaction only between 

TMS and location of stimulation on the scalp (F5,35 = 2.651 ; p = 0.039). Moreover, the post-

hoc analysis showed that TMS statistically significantly sped up reaction times in a specific 

point of the dorsal premotor cortex (point  X in Fig. 7; t= 5.575; p = 0.0003). 

This location was situated about 2 cm rostrally to the representation of hand muscles in 

the primary motor cortex, as previously determined when stimulating the FDI muscle to 

determine the motor threshold. Tab. 9 and Figs. 16 and 17 show the data regarding mean RT 

for each stimulated point with and without TMS pulse, and with respect to target positions in 

space considered together. 
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points target location TMS NO-TMS 

central 615.6 ± 89.7 610.1 ± 81.1 

left  632.7 ± 97.9  648.7 ± 87.6 V 

right 606.6 ± 54.9 616.5 ± 81.9 

central 541.7 ± 83.5 528.5 ± 69.4 

left 547.9 ± 93.1 542.6 ± 103.6 W 

right 532.1 ± 86.7 544.6 ± 101.4 

central 570.8 ± 77.4 596.1 ± 74.7 

left 615.5 ± 112.1  661.4 ± 105.6 X 

right 588.5 ± 78.3 608.8 ± 108.8 

central 571.3 ± 97.2  585.2 ± 99.2 

left 625.3 ± 84.8 633.1 ± 121.3 Y 

right 585.4 ± 97.9 603.8 ± 101.2 

central 590.9 ± 108.6 576.4 ± 65.4 

left 627.2 ± 80.5 638.5 ± 108.6 A1 

right 579.2 ± 95.7 578.1 ± 100.6 

central 606.1 ± 79.1 616.6 ± 119.3 

left 653.9 ± 81.9  643.6 ± 72.4 B1 

right 608.3 ± 76.8  619.2 ± 74.1 
 

Tab. 9: RT obtained in the left premotor cortex with TMS at 75% of m-RT. Bold characters indicate significant 

differences between TMS and NO-TMS conditions. 

 

 

 

Fig. 16: RT obtained in the left premotor cortex with TMS at 75% of m-RT. The asterisk indicates significant 

differences between TMS conditions. Data are reported considering all possible target locations in space. 
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3.3.2.6 TMS at 90% of m-RT in the premotor and motor cortices 

 

This experiment involved 10 right-handed subjects (4 males and 6 females, age range 

21-28 yrs, mean age and standard deviation 24.1 ± 2.3 years). No significant results were 

observed in the main factors’ and in the interaction analysis. Results are summarized in Tab. 

10. 

 

points target location TMS NO-TMS 

central 632.5 ± 133.1 614.8 ± 121.3 

left  636.2 ± 141.6 638.9 ± 180.1 V 

right 618.1 ± 146.6 626.3 ± 151.8 

central 620.2 ± 139.5 593.2 ± 130.9 

left 633.8 ± 147.4 625.3 ± 144.8 X 

right 599.9 ± 124.5 618.2 ± 152.4 

central 644.5 ± 131.1 639.5 ± 160.7 

left 587.5 ± 123.6 582.9 ± 164.1 Y 

right 633.2 ± 129.5 642.6 ± 129.7 

central 613.6 ± 123.1 593.6 ± 138.2 

left 598.7 ± 138.7 605.6 ± 168.1 A1 

right 627.1 ± 149.8 614.1 ± 139.5 

central 601.8 ± 107.2 605.5 ± 111.4 

left 648.4 ± 112.3 640.3 ± 118.9 B1 

right 646.8 ± 111.6 622.3 ± 135.6 
 

Tab. 10: RT obtained in the left premotor cortex with TMS at 90% of m-RT. 
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Fig. 17: Representation of effective scalp locations on a head model. 
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3.3.2.7 No reaching experiment 

 

In the control experiment, TMS was applied to 10 subjects (6 males and 4 females, age 

range 19-52 yrs, mean age and standard deviation 25.2 ± 9.6 years) on the effective cortical 

locations (points N and X and  in Fig. 7) at the corresponding effective stimulation time (75% 

of m-RT). Statistical comparisons revealed significant differences between TMS and NO-

TMS conditions only when point  X was stimulated (point N : TMS = 673.9 ± 76.1 ms, NO-

TMS = 678.7 ± 79.2 ms; t = 0.304, p = 0.768; point X: TMS = 675.6 ± 73.9 ms; NO-TMS = 

697.7 ± 73.9 ms; t = 2.556, p = 0.031).  

 

 

3.3.2.8 Sub- and supra-threshold stimulation of the primary motor cortex 

 

In 5 subjects (5 males; age range 21-43 yrs, mean age and standard deviation 28.4 ± 8.6 

years) point X (Fig. 7) was stimulated at 110% of the resting motor threshold in order to 

investigate the possibility of current diffusion to the primary motor cortex. Motor evoked 

potentials of the hand muscles were induced in one subject only, and occasionally in another 

subject. However, present findings are not due to the direct diffusion of TMS to the primary 

motor cortex, since point W, usually corresponding to the best motor representation for the 

FDI muscle, was actually stimulated at 110% of the resting motor threshold, with no 

significant results. Moreover, point W was also stimulated at 90% of the resting motor 

threshold in 5 subjects, in order to investigate if present findings could be related to a sub-

threshold activation of the hand motor cortex. In this case too, no statistically significant result 

was obtained (TMS: 530.4 ± 78.9 ms, NO-TMS: 527.7 ± 78.6 ms; t = 0.949, p = 0.396). 

Sham stimulation was not used, since effects were observed for a specific scalp 

position only, whereby all the other stimulated points may be considered as sham stimulations 

themselves. 

 

 

3.3.2.9 No auditory-cue experiment 

 

In this control experiment, TMS was applied on 6 subjects (4 males and 2 females, age 

range 21-56 yrs, mean age and standard deviation 30.3 ± 14.1 years) on the effective scalp 

locations (points N and X  and  in Fig. 7) at the corresponding time of stimulation (75% of m-
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RT). In normal experiments, half of the reaction time was usually needed to open the eyes and 

the other half to reach the target. In order to validate the effect of TMS delivery in this “long” 

reaction time, a series of control experiments was performed in illuminated conditions and 

with open eyes. This way, reaction time almost halved and TMS was applied at 50% of the 

subjects’ mean reaction time in order to obtain a timing correspondence with original 

experiments. Statistical comparisons revealed significant differences between TMS and NO-

TMS conditions, both when point N and point X were stimulated (point N: TMS = 357.8 ± 

79.9 ms, NO-TMS = 369.3 ± 84.3 ms; z = - 2.201, p = 0.031; point X: TMS = 347.9 ± 63.0 

ms; NO-TMS = 360.5 ± 63.3 ms; t = 4.349, p = 0.007).  

 

 

3.3.2.10 Anatomical localization 

 

In the left parietal and premotor cortices, magnetic resonance imaging in a prototypical 

subject (Fig. 18) showed that point N was situated over the parietal lobe, in correspondence of 

the intraparietal sulcus. Due to coil orientation, in this case stimulation probably involved the 

immediately adjacent part of the superior parietal lobule (Brodmann area 7) rather than the 

cortex of the intraparietal sulcus or of the inferior parietal lobule respectively.  

Point X was situated clearly over the premotor dorsal cortex (Brodmann area 6) in a 

region between the superior precentral sulcus and the precentral gyrus. Considering 

anatomical variability, the left parietal experiment stimulation involved a cortex region in the 

superior parietal lobule, situated around the intraparietal sulcus, while premotor stimulation 

clearly affected the dorsal premotor cortex region.    

 

 

Fig. 18: Magnetic resonance scanning of a prototypical subject indicating effective scalp  locations and the 

underlying cortex in parietal and premotor experiments. 
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3.3.3 TMS delivered during planning of movements in the right parieto-occipital 

cortex 

 

This set of experiments involved a total of 44 healthy volunteers (15 males and 29 

females, age range 20-42 yrs, mean age and standard deviation 24.8 ± 4.2 years). More 

specifically, both TMS at 50% of m-RT and TMS at 75% of m-RT involved 10 subjects (3 

males and 7 females in both experiments; mean age and standard deviation: 25.3 ± 3.9 and 

24.6 ± 2.5 years, respectively). TMS at 90% of m-RT experiment involved 9 subjects (2 

males and 7 females; mean age and standard deviation: 23.9 ± 2.8 years). The no-reaching 

control experiment involved eight subjects (4 males and 4 females; mean age and standard 

deviation: 27.25 ± 7.0 years), while a hemisphere dominance control experiment was 

performed in a group of 7 subjects (3 males and 4 females; mean age and standard 

deviation: 24.0 ± 3.1 years). 

 

 

3.3.3.1 TMS at 50% of m-RT  

 

TMS applied at 50% of m-RT reduced RT in an unspecific way (F1,9 = 12.589, p = 

0.006; t = 3.452, p = 0.007). Significant results were obtained in the main factor analysis for 

target location (F2,18 = 18.718, p < 0.001), indicating slower RT toward the left (central vs. 

left: t = 4.352, p = 0.002; central vs. right: t = 1.471, p = 0.175; left vs. right: t = 5.232, p = 

0.0005). The stimulation points’ main factor was not significant. Likewise, no interactions 

were significant. Results are summarized in Tab. 11.  

 

 

 

 

 

 

 

 

 

 

 



 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab. 11: RT obtained in the right parieto-occipital cortex with TMS at 50% of m-RT. 

 

 

3.3.3.2 TMS at 75% of m-RT 

 

Significant results were obtained in the main factor analysis for target location (F2,18 = 

6.824, p = 0.006), indicating a slower RT towards the left (central vs. left: t = 2.832, p = 

0.019; central vs. right: t = 0.638, p = 0.486; left vs. right: t = 2.987, p = 0.015). The points of 

stimulation’s and TMS’ main factors were not significant. Likewise, no interactions were 

significant, except when considering the interaction between points of stimulation and TMS 

conditions (F3,27 = 4.493, p = 0.011). The post-hoc analysis revealed that the only point on the 

scalp influenced by TMS was point G (t = 3.302, p = 0.009; Figs 7 and 19). In particular, TMS 

caused a delay in RT for this point on the scalp and all target locations. Results are 

summarized in Tab. 12.  

 

 

 

 

 

 

points target location TMS NO-TMS 

central 636.4 ± 105.3 671.7 ± 103.9 

left 663.6 ± 111.6 691.3 ± 114.2 F 

right 640.3 ± 123.1 623.9 ± 84.7 

central 626.4 ± 103.6 654.9 ± 103.2 

left 663.9 ± 114.1 715.0 ± 119.7 G 

right 646.2 ± 125.9 655.1 ± 110.8 

central 639.9 ± 131.1 636.5 ± 113.3 

left 671.1 ± 124.3 687.3 ± 100.8 H 

right 611.8 ± 124.6 627.5 ± 122.6 

central 608.5 ± 103.1 633.4 ± 91.3 

left 642.1 ± 88.6 680.3 ± 94.1 I 

right 592.8 ± 72.4 630.7 ± 93.7 
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Tab. 12: RT obtained in the right parieto-occipital cortex with TMS at 75% of m-RT. Bold characters indicate 

significant differences between TMS and NO-TMS conditions. 

 

 

Fig. 19: RT obtained in the right parieto-occipital cortex with TMS at 75% of m-RT. The asterisk indicates 

significant differences between TMS conditions. Data are reported considering all possible target locations in 

space. 

 

points target location TMS NO-TMS 

central 574.2 ± 123.7 573.6 ± 116.2 

left 582.5 ± 120.5 594.6 ± 130.7 F 

right 565.9 ± 110.6 575.8 ± 124.1 

central 595.9 ± 110.9 587.2 ± 120.2 

left 644.5 ± 156.1 614.2 ± 130.0 G 

right 595.1 ± 111.6 587.5 ± 114.4 

central 560.7 ± 117.9 569.1 ± 116.5 

left 580.4 ± 132.0 604.5 ± 132.1 H 

right 562.4 ± 122.8 564.4 ± 123.1 

central 582.0 ± 113.8 588.1 ± 124.5 

left 582.5 ± 120.5 594.6 ± 130.7 I 

right 579.3 ± 100.8 577.1 ± 93.9 
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3.3.3.3 TMS at 90% of m-RT 

 

Significant results were obtained in the main factor analysis for target location (F2,16 = 

11.522, p = 0.001), indicating a slower RT towards the left (central vs. left: t = 2.579, p = 

0.033; central vs. right: t = 0.727, p = 0.488; left vs. right: t = 3.643, p = 0.007). Points of 

stimulation’s and TMS’ main factors were not significant, and no significant interactions were 

found. Results are summarized in Tab. 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab. 13: RT obtained in the right parieto-occipital cortex with TMS at 90% of m-RT. 

 

points target location  TMS NO-TMS 

central 584.9 ± 80.5 578.2 ± 90.6 

left 612.2 ± 121.2 610.5 ± 72.5 F 

right 603.4 ± 101.9 569.1 ± 49.1 

central 584.2 ± 141.9 566.8 ± 86.9 

left 616.7 ± 105.6 623.9 ± 139.1 G 

right 568.3 ± 91.2 601.4 ± 123.7 

central 599.3 ± 105.2 576.9 ± 60.9 

left 618.8 ± 100.1 647.6 ± 97.2 H 

right 591.8 ± 76.8 586.6 ± 69.2 

central 585.7 ± 106.3 581.8 ± 97.0 

left 605.5 ± 85.7 616.9 ± 98.1 I 

right 568.3 ± 79.7 590.8 ± 103.6 
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Fig. 20: Representation of effective scalp locations on a head model. 

 

 

3.3.3.4 No reaching experiment 

 

In this control experiment, point G was stimulated at 75% of m-RT with no significant 

differences (TMS = 702.1 ± 82.9 ms; NO-TMS = 701.9 ± 118.0 ms; t = 0.01, p = 0.99). 

 

 

3.3.3.5 Hemisphere dominance control experiment 

 

In the second control experiment, subjects were stimulated on point G at its effective 

time (TMS at 75% of m-RT), but the reaching task had to be absolved with the contra-lateral, 

left hand. No significant differences were found (TMS = 632.9 ± 107.6 ms; NO-TMS = 623.9  

± 109.7 ms; t = 1.01, p = 0.35). 

Sham stimulation was not used, since effects were observed for a specific scalp position 

only, so that all the other stimulated points may be considered as sham stimulations 

themselves. 
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3.3.3.6 Anatomical localization 

 

Starting from evidence obtained in left parieto-occipital region (Fig. 14), it could be 

clearly stated that also point G is located in the parieto-occipital cortex, but in the right 

hemisphere.  

 

 

3.3.4 TMS during planning of movements in the parietal and premotor cortices in the 

right hemisphere. 

 

In this case, a total of 31 subjects was involved in the execution of experiments (15 

males and 16 females; age range 20-33 yrs, mean age and standard deviation 23.4 ± 2.8 

years). More specifically, 7 subjects were involved in parietal experiments when TMS was 

applied at 0% of m-RT, and 8 subjects when it was applied at 50% of m-RT (3 males and 4 

females, mean age and standard deviation 22.9 ± 1.6 years; 4 males an 4 females, mean age 

and standard deviation 24.5 ± 4.2 years, respectively). Eight subjects were involved in both 

premotor experiments, when TMS was applied at 0% and 50% of m-RT (4 males and 4 

females, mean age and standard deviation 22.8 ± 2.1 years; 4 males an 4 females, mean age 

and standard deviation 23.4 ± 2.3 years, respectively). 

 

 

3.3.4.1 TMS at 0% of m-RT in the parietal cortex 

 

Statistical analysis revealed a significant effect of the target position’s main factor (F2,12 

= 28.103, p < 0.0009) suggesting that, again, RT corresponding to reaching movements 

toward the left side were slower than the other. TMS main effect resulted also significant (F1,6  

= 60.618, p < 0.0009), suggesting a diffuse facilitatory effect of stimulation. Moreover, 

interaction analysis showed the statistical significance of target position and TMS interaction 

(F2,12 = 3.099, p = 0.034) and the statistical significance of TMS and scalp location interaction 

(F4,24 = 6.079, p = 0.015), but post-hoc analysis failed to show specific effects of TMS on 

target positions or on scalp locations. Results are summarized in Tab 14. 
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points target location TMS NO-TMS 

central 372.5 ± 33.6 427.1 ± 47.1 

left  408.3 ± 54.3 471.6 ± 71.4 Q 

right 346.7 ± 35.2 394.1 ± 28.8 

central 363.9 ± 42.3 411.9 ± 35.5 

left 388.9 ± 57.4 444.1 ± 47.3 R 

right 357.7 ± 47.5 391.8 ± 32.3 

central 356.6 ± 52.2 424.0 ± 42.3 

left 375.1 ± 72.4 450.1 ± 60.1 S 

right 344.0 ± 57.2 409.9 ± 49.4 

central 356.8 ± 49.3 424.6 ± 36.2 

left 407.3 ± 73.8 456.3 ± 73.8 T 

right 350.2 ± 53.9 389.8 ± 40.0 

central 348.9 ± 42.2 400.1 ± 31.7 

left 352.6 ± 44.1 440.3 ± 27.2 U 

right 331.4 ± 38.8 385.7 ± 34.1 
 

Tab. 14: RT obtained in the right parietal cortex with TMS at 0% of m-RT. 

 

 

3.3.4.2 TMS at 50% of m-RT in the parietal cortex 

 

 In this case, statistical analysis failed to highlight significant effects both in the main 

effects and in the interaction analysis. The only significant effect was highlighted in the target 

position’s main effect analysis (F2,14 = 23.281, p < 0.0009), revealing, again, a “compatibility 

effect” (Fitts and Seeger, 1953; Proctor and Reeve, 1990) for targets positioned on the left. 

Results are summarized in Tab 15. 

 

points target location TMS NO-TMS 

central 366.9 ± 76.1 364.3 ± 73.1 

left  395.8 ± 84.7 394.9 ± 72.9 Q 

right 366.5 ± 77.4 371.3 ± 78.7 

central 372.6 ± 66.9 370.9 ± 61.9 

left 392.9 ± 57.5 394.7 ± 73.0 R 

right 367.3 ± 70.3 368.9 ± 73.9 

central 376.3 ± 81.1 392.6 ± 88.4 

left 406.9 ± 95.0 413.1 ± 102.4 S 

right 370.1 ± 83.4 386.0 ± 89.6 

central 381.8 ± 76.9 388.6 ± 71.1 

left 424.2 ± 96.9 413.3 ± 90.6 T 

right 385.0 ± 83.4 388.7 ± 76.6 

central 349.5 ± 74.9 363.6 ± 73.7 

left 384.4 ± 78.4 388.4 ± 75.9 U 

right 366.9 ± 70.6 352.9 ± 52.5 
Tab. 15: RT obtained in the right parietal cortex with TMS at 50% of m-RT. 
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3.3.4.3 TMS at 0% of m-RT in the premotor and motor cortices 

 

Statistical analysis revealed the usual significance of the target position’s main effect 

(F2,14 = 29.803, p < 0.0009). Again, the presence of a “compatibility effect” (Fitts and Seeger, 

1953; Proctor and Reeve, 1990) may be suggested. A significant and general reduction of RT 

related to the delivery of TMS is also highlighted. TMS main effect actually resulted 

statistically significant (F1,7 = 39.296, p < 0.0009). Moreover, an interaction between TMS 

and target location in space (F2,14 = 3.956, p = 0.043) and among all main effects (F8,56 = 

2.290, p = 0.034) were initially found. Again, the post-hoc analysis failed to found specific 

and localized effects, suggesting that present results could be mainly related to an intersensory 

facilitation caused by TMS on RT. Results are summarized in Tab. 16. 

 

points target location TMS NO-TMS 

central 343.6 ± 40.9 394.1 ± 32.8 

left  381.2 ± 64.3 455.7 ± 62.6 C1 

right 351.4 ± 46.9 377.2 ± 34.4 

central 357.3 ± 56.8 412.1 ± 54.8 

left 382.0 ± 78.3 429.4 ± 55.3 D1 

right 338.2 ± 48.2 391.1 ± 23.2 

central 343.1 ± 58.1 384.2 ± 53.7 

left 370.8 ± 62.9 433.1 ± 55.3 E1 

right 328.5 ± 51.0 382.8 ± 40.0 

central 359.1 ± 76.7 414.2 ± 59.2 

left 393.9 ± 82.5 459.6 ± 72.5 F1 

right 334.5 ± 74.1 392.4 ± 51.3 

central 356.3 ± 57.7 400.9 ± 53.4 

left 389.9 ± 55.0 442.5 ± 82.5 G1 

right 348.2 ± 58.6 388.8 ± 43.5 
 

Tab. 16: RT obtained in the right  premotor cortex with TMS at 0% of m-RT. 

 

 

3.3.4.4 TMS at 50% of m-RT in the premotor and motor cortices 

 

Statistical analysis failed to highlight significant effects both in the main effects and in 

the interaction analysis. The only significant effect was highlighted in the target position’s 

main effect analysis (F2,14 = 21.871, p < 0.0009), revealing, again, a “compatibility effect” 

(Fitts and Seeger, 1953; Proctor and Reeve, 1990) for targets positioned on the left. Results 

are summarized in Tab. 17. 
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points target location TMS NO-TMS 

central 364.1 ± 52.9 367.4 ± 57.0 

left  401.4 ± 40.1 425.6 ± 44.6 C1 

right 353.8 ± 55.3 354.4 ± 59.5 

central 369.3 ± 66.9 375.7 ± 63.7 

left 425.2 ± 74.4 431.4 ± 67.5 D1 

right 352.0 ± 68.9 352.6 ± 50.4 

central 365.8 ± 48.9 364.5 ± 55.7 

left 407.6 ± 63.4 405.2 ± 62.6 E1 

right 353.9 ± 51.2 349.5 ± 50.7 

central 379.1 ± 70.2 378.1 ± 72.3 

left 422.5 ± 53.2 424.7 ± 54.0 F1 

right 356.1 ± 60.6 365.3 ± 60.4 

central 353.0 ± 46.9 353.9 ± 43.3 

left 417.2 ± 53.7 411.2 ± 56.8 G1 

right 351.3 ± 53.8 346.9 ± 40.9 
 

Tab. 17: RT obtained in the right premotor cortex with TMS at 50% of m-RT. 

 

 

3.3.5 TMS delivered during the execution of reaching movements in the left parieto-

occipital region 

 

In this set of experiments, 8 subjects (3 males and 5 females, age range 20-31 yrs, mean 

age and standard deviation 24.5 ± 3.4 years) were involved in the stimulation of the left 

parieto-occipital region at 25% of m-MT. Eight subjects (1 male and 7 females, age range 21-

26 yrs, mean age and standard deviation 23.9 ± 1.5 years), were also involved in the 

stimulation of the left parieto-occipital region at 50% of m-MT. 

  

 

3.3.5.1 TMS at 25% of m-MT  

 

In this experiment, statistical analysis revealed significant results only for the target 

position’s main factor and for the stimulation’s main factor (F2,14 = 19.262, p < 0.0009; F1,7 = 

9.885, p = 0.016), suggesting a “compatibility effect” (Fitts and Seeger, 1953; Proctor and 

Reeve, 1990) and a diffuse facilitation of TMS also on MT. All the other statistical 

comparisons revealed no significant findings. Results are summarized in Tab. 18. 
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points target location TMS NO-TMS 

central 383.4 ± 78.1 400.7 ± 85.1 

left  442.8 ± 67.7 450.6 ± 110.2 A 

right 334.7 ± 75.9 382.5 ± 104.3 

central 375.8 ± 75.9 401.4 ± 95.3 

left 429.8 ± 110.7 458.4 ± 122.1 B 

right 360.2 ± 108.5 371.6 ± 96.3 

central 378.2 ± 86.6 393.5 ± 105.4 

left 447.6 ± 120.3 459.4 ± 120.4 C 

right 342.6 ± 88.4 360.4 ± 95.2 

central 370.1 ± 71.4 391.2 ± 72.5 

left 410.5 ± 87.6 435.7 ± 99.5 E 

right 344.6 ± 78.1  357.9 ± 86.7 
 

Tab. 18: MT obtained in the left parieto-occipital cortex with TMS at 25% of m-MT. 

 

 

3.3.5.2 TMS at 50% of m-MT  

 

In this experiment too, statistical analysis revealed significant results only for the target 

position’s main factor and for the stimulation’s main factor (F2,14 = 4.380, p = 0.033; F1,7 = 

8.091, p  = 0.025), suggesting a “compatibility effect” (Fitts and Seeger, 1953; Proctor and 

Reeve, 1990) and a diffuse facilitation of TMS on MT. All other statistical comparisons 

revealed no significant findings. Results are summarized in Tab. 19. 

 

points target location TMS NO-TMS 

central 331.5 ± 44.1 354.9 ± 50.1 

left  369.3 ± 72.0 392.9 ± 78.9 A 

right 332.9 ± 51.0 332.3 ± 50.4 

central 346.5 ± 36.9 362.1 ± 52.1 

left 398.1 ± 67.9 398.9 ± 62.3 B 

right 339.9 ± 53.8 345.8 ± 57.8 

central 361.1 ± 62.8 369.5 ± 54.1 

left 382.9 ± 61.4 388.6 ± 49.1 C 

right 337.5 ± 39.5 353.6 ± 57.2 

central 343.2 ± 42.7 350.5 ± 45.8 

left 364.7 ± 54.9 377.7 ± 63.8 E 

right 321.1 ± 38.2 340.3 ± 37.5 
 

Tab. 19: MT obtained in the left parieto-occipital cortex with TMS at 50% of m-MT. 
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3.3.6 TMS delivered during the execution of reaching movements in the parietal and 

premotor cortices in the left hemisphere 

 

In this set of experiments, 8 subjects (2 males and 6 females, age range 21-31 years, 

mean age and standard deviation 24.3 ± 3.2 years) were stimulated in the parietal cortex at 

25% of m-MT. Seven subjects (4 males and 3 females, age range 21-27 years, mean age and 

standard deviation 24.0 ± 2.0 years) were also stimulated in the parietal cortex at 50% of m-

MT, while 9 subjects (5 males and 4 females, age range 24-52 years, mean age and standard 

deviation 28.2 ± 9.6 years) were stimulated at 25% of m-MT in premotor cortex. Finally, 8 

subjects (5 males and 3 females, age range 23-42 years, mean age and standard deviation 27.7 

± 5.9 years) were stimulated at 50% of m-MT in premotor cortex. 

 

 

3.3.6.1 TMS at 25% of m-MT in the parietal cortex 

 

Statistical analysis revealed significant results only for the target position’s main factor 

and for the stimulation’s main factor (F2,14 = 18.775, p < 0.0009; F1,7 = 46.676, p < 0.0009), 

suggesting a “compatibility effect” (Fitts and Seeger, 1953; Proctor and Reeve, 1990) and a 

diffuse facilitation of TMS on MT. All other statistical comparisons revealed no significant 

findings. Results are summarized in Tab. 20. 

 

points target location TMS NO-TMS 

central 313.7 ± 72.1 364.4 ± 77.3 

left       350.2 ± 102.6 395.9 ± 105.4 K 

right 316.4 ± 72.3 346.6 ± 89.9 

central 318.9 ± 75.9 373.4 ± 83.1 

left 421.3 ± 93.7 420.2 ± 101.5 L 

right 322.3 ± 76.1 338.9 ± 70.7 

central 315.7 ± 87.7 371.7 ± 86.2 

left 391.3 ± 84.8 421.8 ± 97.1 M 

right 337.3 ± 87.9 352.4 ± 92.9 

central 314.9 ± 90.2 358.8 ± 85.6 

left 389.7 ± 133.3 409.8 ± 120.8 N 

right 323.6 ± 77.8 336.8 ± 80.7 

central 321.1 ± 77.7 376.8 ± 89.4 

left 411.7 ± 114.3 436.7 ± 110.9 O 

right 328.8 ± 84.1 341.8 ± 85.2 
 

Tab. 20: MT obtained in the left parietal cortex with TMS at 25% of m-MT. 
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3.3.6.2 TMS at 50% of m-MT in the parietal cortex 

 

In this case, statistical analysis showed the usual significance of the target position’s 

main effect (F2,10 = 14.998, p = 0.001), but also the significance of the interaction between 

TMS and stimulation position on the scalp (F4,20 = 5.268, p = 0.005). Post-hoc analysis 

showed that a specific slowing of MT was evident in point M (Fig. 7), independently from 

target position in space (t = 3.69, p = 0.01). Results are summarized in Tab. 21 and in Figs. 21 

and 23. 

 

points target location TMS NO-TMS 

central 289.2 ± 75.7 304.6 ± 84.4 

left  326.7 ± 115.0       319.5 ± 107.5 K 

right 257.4 ± 74.7 286.5 ± 78.6 

central 292.3 ± 68.3 285.9 ± 52.9 

left 307.1 ± 80.5 328.7 ± 94.6 L 

right 248.8 ± 72.7 276.8 ± 69.9 

central 306.3 ± 75.0 302.8 ± 86.2 

left 375.3 ± 105.6 338.1 ± 92.1 M 

right 286.1 ± 51.2 275.9 ± 67.2 

central 276.8 ± 66.2 287.2 ± 69.2 

left 330.2 ± 80.4 326.2 ± 82.2 N 

right 255.3 ± 54.8 267.9 ± 59.6 

central 303.3 ± 90.4 320.4 ± 98.1 

left 314.4 ± 79.3 333.9 ± 79.9 O 

right 274.6 ± 70.3 289.5 ± 66.8 
 

Tab. 21: MT obtained in the left parietal cortex with TMS at 50% of m-MT. Bold characters indicate significant 

differences between TMS conditions. 
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Fig. 21: MT obtained in the left parietal cortex with TMS at 50% of m-MT. The asterisk indicates significant 

differences between TMS conditions. Data are reported considering all possible target locations in space. 

 

 

3.3.6.3 TMS at 25% of m-MT in the premotor and motor cortices 

 

Statistical analysis revealed significant results only for the target position’s main factor 

and for the stimulation’s main factor (F2,16 = 5.382, p = 0.016; F1,8 = 5.652, p = 0.045), 

suggesting a “compatibility effect” (Fitts and Seeger, 1953; Proctor and Reeve, 1990) and a 

diffuse facilitation of TMS on MT. All other statistical comparisons revealed no significant 

findings. Results are summarized in Tab. 22. 

 

 

 

 

 

 

 

 

 

 

 

 



 91 

points target location TMS NO-TMS 

central 293.7 ± 57.7 302.8 ± 67.0 

left  318.4 ± 65.4 328.5 ± 67.6  V 

right 279.8 ± 31.3 283.9 ± 43.4 

central 296.4 ± 48.5 299.3 ± 57.3 

left 329.6 ± 72.5 317.0 ± 81.7 X 

right 287.2 ± 53.5 275.7 ± 47.4 

central 284.4 ± 40.3 302.5 ± 35.6 

left 319.9 ± 77.5 299.7 ± 76.9 Y 

right 273.3 ± 45.0 281.6 ± 40.3 

central 288.3 ± 30.4 300.7 ± 33.1 

left 304.4 ± 80.9 312.9 ± 73.6 Z 

right 264.8 ± 38.8 277.2 ± 41.9 

central 297.4 ± 47.5 309.7 ± 47.5 

left 305.7 ± 50.8 326.6 ± 64.0 A1 

right 277.2 ± 47.9 291.6 ± 43.3 
 

Tab. 22: MT obtained in the left premotor cortex with TMS at 25% of m-MT. 

 

 

3.3.6.4 TMS at 50% of m-MT in the premotor and motor cortices 

 

In this case too, statistical analysis showed the usual significance of the target position’s 

main effect (F2,14 = 5.700, p = 0.015), but also the significance of the interaction between TMS 

and stimulation position on the scalp (F4,28 = 3.331, p = 0.024). The post-hoc analysis showed 

that a specific slowing of MT was evident in point X (Fig. 7), independently from target 

position in space (t = 3.54, p = 0.009). Results are summarized in Tab. 23 and in Figs. 22 and 

23. 
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points target location TMS NO-TMS 

central 321.6 ± 52.4 333.0 ± 54.3 

left  342.1 ± 80.5 352.2 ± 50.9 V 

right 300.7 ± 62.8 317.7 ± 64.7 

central 333.6 ± 64.9 322.8 ± 61.0 

left 367.7 ± 64.3 330.9 ± 61.3 X 

right 302.2 ± 64.0 297.7 ± 61.9 

central 303.9 ± 72.4 326.2 ± 83.9 

left 343.7 ± 65.3 357.9 ± 80.8 Y 

right 283.1 ± 60.4 290.7 ± 59.9 

central 320.6 ± 63.1 323.6 ± 67.1 

left 350.4 ± 104.8 334.9 ± 89.9 Z 

right 296.6 ± 64.6 302.6 ± 67.1 

central 314.2 ± 58.9 325.9 ± 57.1 

left 342.0 ± 87.4 352.2 ± 86.6 A1 

right 291.7 ± 50.4 306.2 ± 62.4 
 

Tab. 23: MT obtained in the left premotor cortex with TMS at 50% of m-MT. Bold characters indicate significant 

differences between TMS conditions. 

 

 

 

 

Fig. 22: MT obtained in the left premotor cortex with TMS at 50% of m-MT. The asterisk indicates significant 

differences between TMS conditions. Data are reported considering all possible target locations in space. 
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Fig. 23: Representation of effective scalp locations on a head model. 

 

 

3.3.6.5 No reaching experiment 

 

In this set of controls, 6 subjects (4 males and 2 females, age range 20-28 yrs; mean and 

standard deviation 24.0 ± 2.5 years) were involved in the parietal no-reaching experiment and 

5 (3 males and 2 females, age range 20-28 yrs; mean and standard deviation 24.0 ± 2.8 years) 

participated in the no-reaching experiment in the premotor cortex. No significant results were 

obtained in either experiment (parietal cortex: TMS = 250.2 ± 70.0 ms; NO-TMS = 256.3 ± 

71.5 ms; t = 1.09, p = 0.32; premotor cortex: TMS = 234.9 ± 71.6 ms; NO-TMS = 238.3 ± 

58.3 ms; t = 0.25, p = 0.81). 

 

 

3.3.6.6 Sub- and supra-threshold stimulation of the primary motor cortex 

 

In this control experiment, 7 subjects (3 males and 4 females, age range 21-28, mean age 

and standard deviation 25.3 ± 2.6) were stimulated at 110% of the resting motor threshold in 

point W, while 6 participants (3 males and 3 females, age range 21-28, mean age and standard 

deviation 25.0 ± 2.7) were stimulated in the same point at 90% of the resting motor threshold, 

in order to control for possible effects related to current diffusion in the primary motor cortex. 

No significant results were observed in either experiment (110% of the resting motor 

threshold: TMS = 346.6 ± 116.6 ms; NO-TMS = 323.5 ± 83.8 ms; t = 1.30, p = 0.24; premotor 

cortex: TMS = 349.3 ± 82.2 ms; NO-TMS = 345.3 ± 74.9 ms; t = 0.34, p = 0.74). 
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3.3.6.7 Anatomical localization 

 

Point M is normally located about 2 cm to the left of point N. The latter resulted 

significantly affected by TMS at 75% of m-RT and is located in the superior parietal lobule, in 

a region around the intraparietal sulcus. Considering this evidence and also a range of ± 8 mm 

when using a 10-20 EEG system to individuate the correct correspondence between the 

position of electrodes and the underlying regions of cortex (Okamoto et al., 2004), it could be 

inferred that point M too should be located in a cortex region around the intraparietal sulcus. 

Point X in the premotor cortex resulted affected also when TMS was delivered at 75% 

of m-RT. Magnetic resonance scanning, previously obtained in a prototypical subject, 

confirmed that this point is clearly located in the dorsal premotor cortex. 

In summary, present findings confirm the existence of a discrete dorso-medial stream 

involved in the planning and execution of reaching movements, with a larger involvement of 

the contra-lateral left hemisphere. Particular suggestions could be made also about the 

temporal involvement of these regions. Bilateral parieto-occipital areas are involved in the 

planning of movements at an early stage, followed by activations in contra-lateral parietal and 

premotor regions.  

The parietal and premotor cortices seem to be also involved in the on-line controls of 

movements, especially in the final phase of movements. All results are graphically 

summarized in Fig. 24.  
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Fig. 24: Summary of all results. Electrode positions and the main underlying sulci are reported. Effective scalp locations 

(colours) are reported in relation to their effective times of stimulation. 
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Discussion 

 

 

4.1 What is the meaning of the present findings? 

 

The present findings confirm the existence of a discrete dorso-medial stream involved in 

the planning and execution of reaching movements, with a larger involvement of the contra-

lateral left hemisphere when compared to that of the ipsi-lateral hemisphere. Results show that 

parieto-occipital areas, as well as the parietal and premotor cortices are involved in the 

processing of visuo-motor information. Consequently, our data may be considered in line with 

the relevant published literature, where uncertainty on causality and timing of activation of 

these regions still exists. In the present work, suggestions are reported about the time of 

involvement of effectively stimulated areas during planning and execution of reaching. 

Specifically, a flow of information from the contra-lateral posterior parieto-occipital areas 

through the parietal and premotor cortices is hypothesized, along with a later involvement of 

the ipsi-lateral parieto-occipital cortex. The parietal and premotor cortices, furthermore, seem 

to be involved in the on-line control of an executing reaching movement during its final phase 

only, i.e. when the hand is approaching the target.  

Differences in elaborating information from different parts of the visual field were also 

individuated, especially when considering the contra-lateral parieto-occipital cortex and 

posterior parietal cortex, where a preference for centrally and foveally located visual targets 

may be suggested.  

In the next sections, data will be discussed referring to their putative anatomical 

localization, but first of all, some methodological issues must be addressed before discussing 

data in further detail. 

 

A) Anatomical selectivity of TMS. On some occasions, the stimulation of one point 

might have affected the surrounding ones. Considering all the stimulated locations in the 

whole range of experiments, the distance between adjacent points ranged from 4 to 1.5 cm, 

depending also on the size of the head. The electric field’s radius induced by TMS was 

estimated to be about 1.5-2 cm at the stimulation intensities used in the present experiments 

(Roth et al., 2007). As a consequence, the periphery of the electric field induced by TMS on a 

given point could have influenced adjacent ones, when the distance between adjacent points 

corresponded to 1.5-2 cm. Moreover, this assumption should be principally considered when a 
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series of surrounding scalp locations have been reported as affected by TMS, as should be the 

case for findings obtained in the left parieto-occipital cortex. In this case, facilitations reported 

for points A, C and E or C and E in Figs. 12B and 12C respectively, could be biased by 

current diffusion to nearby locations. The lack of effect on points positioned laterally to the 

active ones, however, indicates that the peripheral intensity of the TMS magnetic field was not 

directly effective, suggesting specificity of effect for every directly stimulated point.  

 

B) Specificity of TMS effects. Intersensory facilitation (Sawaki et al., 1999) could 

explain some of the observed results, such as those obtained in the left parieto-occipital cortex 

when stimulating at 25% of m-RT, when TMS was consistently delivered before the subject 

opened his/her eyes to see the target, causing a diffuse facilitation in RT, or those obtained in 

the right parietal and premotor cortices when stimulating at the presentation of the visual 

stimulus. In these cases, effects were not localized on the scalp and, consequently, they can be 

interpreted as general and unspecific. Intersensory facilitation is a well-described phenomenon 

caused by TMS. It usually speeds up the reaction time due to the noise of the coil or to the 

particular skin sensation of the stimulation (Sawaki etal., 1999; Walsh and Pascual-Leone, 

2003). This is not the case, though, for facilitations in RT individuated in all the other 

experiments, where the possibility that the shortening of RT may have been due to 

intersensory or attentional facilitation - resulting from the noise of the coil and/or the skin 

sensation of the stimulation - is ruled out by the specificity of the effect over single locations 

on the scalp. The sham TMS experiment, furthermore, carried out in the left parieto-occipital 

cortex - where the greatest number of facilitated locations were individuated - evoked no 

effect, confirming that the shortening of RT in this case was not influenced by the noise of the 

coil, even though the different orientation of the coil could lead to differences in sound 

conduction through the bones of the skull. Sham stimulation was not used in all the other 

effective experiments, as no local effect was observed, or since the effect was limited to one 

point alone, whereby all the remaining points could be considered as sham stimulations. We 

are, therefore, confident that all the observed effects were actually due to the specific 

stimulations of the cortical points located under the TMS coil. 

Slower RT and MT were generally observed when subjects reached the target in the left 

hemispace with the right hand, independently from the presence of the stimulation. This effect 

is compatible with a phenomenon known as the “compatibility effect” (Fitts and Seeger, 1953; 

Proctor and Reeve, 1990), usually indicated as a facilitation in RT towards ipsi-lateral targets 

and slower RT towards contra-lateral ones.  
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Finally, when considering findings observed in the left premotor cortex, it could be 

argued that results may be biased due to current diffusion to the neighbouring primary motor 

cortex. In this case too, the execution of control experiments with supra- and sub-threshold 

stimulation suggested the specificity of effects related to the direct simulation of specific 

premotor locations. 

 

C) Variability of RT and MT among experiments. The average RT and MT of NO-TMS 

trials appears to be quite diverse among the different experiments. Lack of uniformity of m-

RT and m-MT could be related to inter-subject variability. Different subjects were, in fact, 

used in the different sets of experiments. As a matter of fact, in most TMS studies each subject 

takes part in all conditions (Corthout et al., 1999; O’Shea et al., 2004), but the length of the 

present paradigm (about two hours for each stimulated region and for every stimulation time) 

discouraged subjects to take part in all the experiments. It is evident, moreover, that in the 

right parietal and premotor cortices RT resulted clearly halved with respect to all the other 

experiments, due to the elimination of the acoustic go signal from the paradigm. In this case, a 

problem regarding the comparisons related to the timing of TMS delivery could appear. The 

execution of a control experiment on the effective points observed in the left parietal and 

premotor cortices, however, demonstrated that TMS delivery at 50% and 75% of m-RT with 

the original  “acoustic-cued” experimental paradigm could be fully compared to an “acoustic-

cue free” experimental paradigm with TMS delivered in correspondence of the presentation of 

the visual stimulus and at 50% of this new m-RT. 

 

D) Specificity for reaching movements. It is noteworthy that no clear effect was 

observed in the no-reaching experiments, in which visual targets, motor signals and the 

attention component were consistently present, but no reaching movement was performed. 

This supports the interpretation that the observed effects were specifically related to the 

planning of reaching movements. The only control experiment replicating the original 

experimental findings is the one related to effective location observed in the left premotor 

cortex, where an activation related to movement selection could be more appropriately 

assumed. 

In the following section, data will be discussed according to the location of the points of 

stimulation on the skull and to the times of TMS delivery (planning or execution of reaching 

movements, respectively). 
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4.2 TMS delivered during the planning of reaching movements 

 

4.2.1 The left posterior cortex 

 

Five cortical points (points A-E in Fig. 7) were stimulated in the left parieto-occipital 

region. The distance between points to be stimulated was chosen to be as short as possible, in 

order not to leave conspicuous regions of cortex unaffected and to avoid overlapping between 

neighbouring regions. As previously indicated, distance between surrounding points was 1.5-2 

cm. Results suggest the existence of a discrete dorso-medial stream with a caudal to rostral 

temporal involvement. While occipital regions do not show spatial preferences in the visual 

field, moreover, parietal regions reveal spatial preferences toward centrally located targets. 

 

 

4.2.1.1 The left occipital cortex 

 

A significant shortening of RT was found when TMS was applied to point A. On the 

basis of the 10-20 EEG method of electrode positioning (Herwig et al. 2003; Okamoto et al., 

2004) and of the present magnetic resonance data, point A was likely to be over the anterior 

occipital lobe, below the parieto-occipital sulcus (Fig. 14). The effect was observed when 

TMS was delivered at 50% of m-RT, when subjects had just opened their eyes. The 

involvement of this region in the transformation of visuo-motor coordinates has already been 

suggested, for instance in the case of a study in which subjects with lesions of this region of 

the cortex were found to have a deficit in the execution of sensorimotor transformations when 

producing reaching movements (Darling et al., 2001). In relation to the present finding, TMS 

might have been applied very close in terms of time to the activation by the visual input, 

favouring a pre-activation and resulting in a faster response (Silvanto and Muggleton, 2008).  

In fact, a TMS state-dependent effect was proposed to explain facilitatory and inhibitory 

effects induced by TMS. When TMS is applied before the onset of a cognitive process, all 

neural populations are at their baseline level of activity and are thus facilitated to a similar 

extent (Silvanto and Muggleton, 2008). This results in a general increase in cortical 

excitability, reflecting in a heightened sensitivity to subsequent sensory stimulation (Grosbras 

and Paus, 1998; Silvanto and Muggleton, 2008; Topper et al., 1998). On the other hand, when 

TMS is applied during a cognitive process, activity imbalance exists in the stimulated region: 

neurons not involved in the process are less active compared to neurons which are critical to 
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the cognitive function under investigation. Because of this activity imbalance, attributes 

encoded by all neural populations are not equally facilitated. Rather, TMS preferentially 

facilitates attributes encoded by neurons not involved in the cognitive process (as these 

neurons are relatively inactive) compared to the highly active neurons, critical to the cognitive 

function under investigation. This effectively reduces the signal-to-noise ratio and produces 

behavioural disruption (Silvanto and Muggleton, 2008).  

Since RTs were equally faster in this scalp location, irrespective of the target location, 

the hypothesis is confirmed of a very early delivery of stimulation, since space location was 

not yet analyzed by the subject. Alternatively, it could be argued that the anterior occipital 

lobe is not involved in evaluating the object location in space. At least in monkeys, in fact, 

neurons with receptive fields coding for space location have been described as being located 

in an anterior position, starting from the anterior bank of the parieto-occipital sulcus (Fattori et 

al., 2005; Galletti et al., 1999a,b). 

Alternatively, it could be suggested that this cortical area may be involved in the 

elaboration of both central and peripheral visual field information in humans, considering that 

a previous TMS experiment (Kastner et al., 1998) showed central and peripheral transient 

deficits in the lower visual field, stimulating a region of the scalp compatible with the present 

experiment. In that case, TMS was delivered 100 ms after the presentation of the visual 

stimulus. In the above-mentioned study, however, a 12.5 cm diameter circular coil was used, 

suggesting that no specific scalp stimulation had been obtained. As a consequence, anatomical 

comparisons are very difficult. Nevertheless, referring to the TMS state-dependent approach 

(Silvanto and Muggleton, 2008), a stimulation delivered around the presentation of the visual 

stimulus should facilitate the task. In fact, present findings show facilitation in reaching 

targets positioned both in the central and in the peripheral visual field, in a cortical location 

interpreted as being the anterior occipital lobe. 

 

 

4.2.1.2 The left parieto-occipital cortex 

 

Points B,C and D, in the light of the above reported considerations regarding the left 

occipital lobe, were likely to be located in the parieto-occipital cortex, around the region of the 

parieto-occipital sulcus (Fig. 14). A shortening of RT was observed when TMS was applied 

over point C at 50% of m-RT. The effect was specific when the target was located in the 

centre of the visual field (Fig. 12B). In this case too, TMS might have been applied to a region 
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of the cortex which was very close to being activated, resulting in a faster response (Silvanto 

and Muggleton, 2008). This explanation is again compatible with the previously discussed 

TMS state-dependent approach (Silvanto and Muggleton, 2008), in which a punctual 

hypothesis about the physiological mechanisms behind the facilitatory effects of TMS was 

described.   

These findings support the notion that the parieto-occipital cortex is involved in coding 

for a specific target location in space in relation to the eye, head or body frame of reference. In 

the monkey brain, this region has been assigned to the dorso-medial stream of visual 

processing with a crucial role for the processing of spatial coordinates and for the planning of 

reaching movements (Galletti et al., 2003; Tannè et al., 1995). Moreover, this region has been 

reported to be involved in the processing of the peripheral visual field and in optic ataxia 

(Prado et al., 2005). It may come as a surprise, therefore, that in the present experiments the 

effects of TMS were for the central targets and not for the peripheral ones. It could be 

consequently suggested that effective stimulation was obtained for the cortical area situated 

around the parieto-occipital sulcus, where neurons involved in the processing of the central 

visual field may be mainly located. Indeed, a precise mapping of the receptive fields in the 

anterior bank of the parieto-occipital sulcus was carried out in the monkey, which showed that 

neurons with central receptive fields are mainly distributed over the edge of the sulcus 

(Galletti et al., 1999b). Furthermore, it was previously mentioned here that a former TMS 

experiment (Kastner et al., 1998) showed central and peripheral transient deficits in the lower 

visual field, stimulating a region of the scalp compatible with the present experiment. In that 

study, however, a 12.5 cm diameter circular coil was used, suggesting that also more lateral 

parieto-occipital regions, not involved in the present study, were stimulated. Considering that 

in the present work the more lateral point was about 3.5-4 cm away from the interhemispheric 

scissure, it could be speculated that, in humans, dorso-medial parieto-occipital regions could 

be preferably involved in the elaboration of the central visual field, while more dorso-ventral 

parieto-occipital regions could elaborate mainly the peripheral visual field. 

In addition, this hypothesis could be further corroborated by the fact that the peripheral 

deficits observed in optic ataxia follow lesions involving both the superior and inferior parietal 

lobule (Perenin and Vighetto, 1988), whereas lesions in the superior parietal lobule alone are 

usually not sufficient to cause the syndrome (Pause et al., 1989). This does not mean that 

parietal-occipital cortex lesions are not in relation with reaching deficits in the peripheral 

visual field, rather that TMS location and its current direction were probably able to facilitate 

neurons responding preferably to central reaching and centrally located targets. Alternatively, 
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it may be suggested that the effectiveness of the central target location was found because 

saccades or head movements towards targets in peripheral positions were not allowed. In fact, 

it was also suggested that the planning of reaching movements is strictly related to posterior 

parietal activations linked to eye- and head-based visuo-motor transformations favouring 

easier planning of reaching movements with foveal compared to non-foveal vision (Batista et 

al., 1999; Scherberger and Andersen, 2007; Scherberger et al., 2003). 

 

 

4.2.1.3 The left posterior parietal cortex 

 

Point E was likely located over the most caudal part of the left posterior parietal cortex, 

over the parieto-occipital sulcus (Fig. 14). This region has been considered part of the fast-

reaching system (Galletti et al., 2003).When applying TMS at 50% of m-RT, a significant 

shortening of RT (Fig. 12B) was highlighted, whereas a significant increase of RT became 

evident when applying stimulation at 75% of m-RT (Fig. 12C). In both cases, the effects were 

evident only when targets were located in the central position.  

Since subjects were requested to maintain steady fixation towards the centre, as in the 

case of the left parieto-occipital cortex findings, we cannot define whether the stimulation 

affected a brain area involved in the processing of visuo-motor coordinates of objects in the 

central visual field, irrespective of their spatial location, or, instead, related to the reaching of 

targets located centrally with respect to the subject, independently from the direction of gaze. 

Validity is confirmed for the above reported alternative explanations related to posterior 

parietal activations linked to eye- and head-based visuo-motor transformations favouring 

easier planning of reaching movements with foveal compared to non-foveal vision (Batista et 

al., 1999; Scherberger and Andersen, 2007; Scherberger et al., 2003). 

The most interesting finding in this scalp location is related to the observation of two 

opposed stimulation effects in two different times of TMS delivery. One explanation of the 

observed opposite effects might be related to the time course of parietal activation (Naranjo et 

al., 2007). TMS was, in fact, delivered at about half of m-RT when facilitation was observed 

and about 200 msec later when TMS was delivered at 75% of m-RT. This means that at 50% 

of m-RT, TMS was possibly applied before the onset of the activation in the posterior parietal 

cortex, thus speeding up and facilitating its activity. On the other hand, when applied at 75% 

of m-RT, TMS may have been delivered when this region of cortex was already active. In 

fact, in a recent EEG study in a reaching experiment, an increase of activity of the posterior 
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parietal cortex was found to peak at about 170 msec from visual stimulation (Naranjo et al., 

2007), which is fully compatible with the present findings.  

Moreover, in this region of cortex too, opposite effects during different time of 

stimulation are compatible with the previously described TMS state-dependency approach 

(Silvanto and Muggleton, 2008). TMS should have been applied before the normal activation 

of the posterior parietal cortex when facilitatory effects were observed, and during its 

physiological functioning when disruptive effects were evoked in the following time-window 

of stimulation. 

 

 

4.2.2 The left parietal and premotor cortex 

 

In the present experiments, 4 points were stimulated in PMd (points X, Y, A1 and B1 in 

Fig. 7), 2 in the primary motor cortex (points V and W and in Fig. 7) and 5 in the parietal 

cortex (points J, K, N, O, P in Fig. 7). These regions were identified with reference to the 10-

20 EEG coordinate system and successively evaluated on the basis of sulcal and gyral 

anatomy obtained with a magnetic resonance scan of a test subject (Fig. 18). Motor responses 

during TMS stimulation were usually experienced by subjects when the coil was positioned 

on point W (hand) and were occasionally reported when the coil was positioned on point V 

(shoulder), thus functionally confirming their location on the primary motor cortex. 

In these experiments too, the distance between points to be stimulated was chosen to be 

as short as possible, in order not to leave conspicuous regions of cortex unaffected and avoid 

overlapping between neighbouring regions. In this case, however, the closest distance between 

adjacent points was about 3.5 cm, depending upon the dimension of the head of each subject. 

Exception was made for control point W, normally corresponding to motor representation of 

hand muscles, which was about 2 cm away from points  X and V, respectively (see Fig. 7).  

As was previously stated, TMS effect on the parietal cortex was clearly related to the 

planning of reaching movements and not to non-specific visual, motor or attentional influence, 

since no effect was ever observed in the no-reaching experiment, where location of visual 

targets and motor signals were nevertheless present, yet the movement was not a reaching one. 

On the other hand, the effect in the premotor cortex was replicated in the no-reaching 

experiment, suggesting that it could be more appropriately related to motor programming 

(Mars et al., 2007) and/or starting of movements rather than to reaching planning only.  
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4.2.2.1 The left parietal cortex 

 

TMS applied at 75% of the m-RT over a specific location in the parietal cortex (point N 

in Fig. 24) significantly shortened reaction time independently from target position in space. 

In this case too, it could be suggested that actually stimulating an inactive region of cortex 

which could be involved in a specific task, could determine a subsequent facilitation in the 

observed behaviour (Silvanto and Muggleton, 2008). Again, referring to the present results, 

we suggest that this facilitatory effect might be due to a pre-activation of the stimulated area 

few milliseconds before its normal activation, thus speeding up the starting of the reaching 

movement (Silvanto and Muggleton, 2008).  

The parieto-occipital cortex of both monkeys and humans is better activated by 

peripheral visual stimulation related to planning of reaching (Galletti et al., 1997; Prado et al., 

2005), while more anterior fronto-parietal regions mainly respond to reaching with foveal 

vision (Battaglia-Mayer et al., 2007; Prado et al., 2005). The present data confirm the role 

played by the parietal cortex in the planning of reaching movements, but the whole visual 

field resulted independently affected by TMS. Central and peripheral vision resulted, in fact, 

equally involved, suggesting that these anterior parietal regions could be involved in both 

central and peripheral visuo-motor integration.  

 

 

4.2.2.2 The left premotor cortex 

 

Reaction time after TMS over the dorsal premotor cortex (point X in Fig. 24) was 

significantly shortened at a stimulation time of 75% of the m-RT. The effect was evident for 

all target positions. As for the parietal location, the TMS effect might be due to a pre-

activation of the stimulated area before its normal activation, thus speeding up the starting of 

the reaching movement. The effective location, individuated in the premotor cortex, was 

situated about 2 cm rostrally to the representation of hand muscles in the primary motor 

cortex. However, we are confident that this result was not due to the direct diffusion of TMS 

to the primary motor cortex, since point W, usually corresponding to the best motor 

representation for the FDI muscle, was actually stimulated at 110% of the resting motor 

threshold, with no significant results. This point was also stimulated at 90% of the resting 

motor threshold, in order to investigate if the present findings could be related to a sub-

threshold activation of  the hand motor cortex, again with no significant results. 
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The premotor cortex is presumed to be involved in the prosecution of the dorsal stream 

towards the motor cortex and in the processing of reaching movements (Battaglia- Mayer et 

al., 1998; Davare et al., 2006; Marconi et al., 2001; Tannè-Gariepy et al., 2002). It was also 

suggested that the principal role of PMd could be to activate selected reaching actions 

(Kalaska et al., 1997), but since almost simultaneous activation occurs in the parietal cortex 

(present experiments), PMd may also play a role in the preparation of reaching movements.  

 

 

4.2.2.3 Concomitant activation in the parietal and premotor cortices  

 

The results of the experiments carried out in the left parietal and premotor cortices 

suggest that localized and concomitant cortical facilitations could be evoked with TMS during 

planning of reaching movements in humans. Similar evidence was previously suggested in an 

electroencephalographic study on the planning of pointing movements (Naranjo et al., 2007), 

indicating reverberant and coincident activation of the fronto-parietal cortex, but with no clear 

distinction concerning the specific involvement of each region. A functional magnetic 

resonance study (Connolly et al., 2000) also proposed that pointing with central gaze activates 

a diffuse fronto-parietal network, comprising the areas thought to be involved in the present 

experiments. In that study, though, no information regarding the temporal involvement of 

areas was provided.  

TMS applied at 50% and 90% of m-RT did not evoke any effect. Following our 

interpretation, 50% of m-RT might have been too early and 90% too late with respect to the 

actual activation of the parietal and premotor cortices. As a matter of fact, 50% and 90% of m-

RT preceded and followed the time of effective stimulation of about 100 ms. 

Within the parieto-frontal system, segregated circuits have been proposed to exist in 

monkeys (Matelli and Luppino, 2001; Tannè et al., 2002). It was shown in these studies that it 

is possible to individuate several different visuo-motor parieto-frontal circuits, where a 

specific premotor area is preferentially connected with only one parietal region, while parietal 

areas can project to one or more premotor regions. The same studies have shown that SPL is 

the parietal region primarily connected with the PMd. With respect to the present results, we 

may have solely stimulated one of these parieto-frontal circuits. Indeed, not all points in the 

parietal and premotor cortices were affected in the present experiments, leaving the possibility 

that other cortical points might be affected in different tasks. 
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4.2.3 The right parieto-occipital region 

 

Four cortical points (points F-I in Fig. 7) were stimulated in the right parieto-occipital 

region. Again, the distance between points to be stimulated was chosen to be as short as 

possible, not to leave conspicuous regions of cortex unaffected and avoid overlapping between 

neighbouring regions. As previously indicated, distance between surrounding points in 

parieto-occipital regions were 1.5-2 cm.  

Present findings show the involvement of the ipsi-lateral parieto-occipital cortex in the 

planning of reaching movements. In this case too, in fact, taking into account the anatomical 

variability among subjects and a range of ± 8 mm when using a 10-20 EEG system to 

individuate correspondence between the electrodes and the underlying cortex (Okamoto et al., 

2004), we are confident that all the stimulated points were on the medial parieto-occipital 

cortex of the right hemisphere.  

 

 

4.2.3.1 The right parieto-occipital cortex 

 

A more specific result was obtained when TMS was applied at 75% of m-RT in point G 

(Fig. 24), consisting in a delayed RT when the reaching movement had to be executed. This 

impairment was evident for all considered target positions. This result is again specifically 

related to the planning of reaching movements and not merely to visual detection, attention 

and/or motor planning. No delay of RT was, in fact, observed in the first control experiment, 

when the requested movement was not a reaching one. 

There is a certain degree of uncertainty, as previously mentioned, in the available 

literature as concerns the exact role played by the ipsi-lateral hemisphere in the planning of 

reaching movements. However, the involvement of the ipsi-lateral hemisphere during 

information processing is well documented in the motor and premotor cortices during 

planning and execution of movements (Benwell et al., 2007; Huang et al., 2004; Rao et al., 

1993), suggesting that similar processes might take place similarly in other cortical regions, 

for instance, as the present data suggest, in the parieto-occipital cortex. 

A possible explanation for the present finding might be that TMS pre-activated or 

facilitated motor programming in the contra-lateral hand, interfering with RT of the ipsi-

lateral hand and delaying them. The second control experiment related to the present findings 
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showed that this was not the case. TMS delivered at the same time and position, in fact, did 

not interact with reaching movements when they were performed with the contra-lateral hand. 

In conclusion, the present data support the existence of a more complex and wider 

network related to the planning of reaching movements than previously suggested, comprising 

also ipsi-lateral structures in the parieto-occipital region.  

 

 

4.2.4 The right parietal and premotor cortices 

 

Five scalp locations were stimulated in the right parietal cortex  (points Q-U in Fig. 7), 4 

in the premotor cortex (points D1-G1 in Fig. 7) and 1 in the motor cortex of the right 

hemisphere (point C1 in Fig. 7).  

In this case, a slightly different experimental paradigm was used in comparison to all the 

previously described experiments. Auditory cues were, in fact, eliminated from the task in 

order to cancel the eye-disclosure reaction time, a possible factor of variability in results and 

in timing delivery of stimulation. However, it was also demonstrated, by means of a control 

experiment, that results obtained with the auditory-cued paradigm could be promptly 

replicated with the acoustic-signal-free paradigm. Time-windows of TMS delivery resulted, in 

fact, fully comparable between the two experimental settings.  

In this case too, taking into account the anatomical variability among subjects, and a 

range of ± 8 mm when using 10-20 EEG system to individuate correspondence between the 

electrodes and the underlying cortex (Okamoto et al., 2004), we are confident that the right 

parietal cortex and the right premotor and motor cortices were stimulated in the present 

experiments. 

Findings show that TMS does not affect in a specific and localized way the parietal and 

premotor cortices in the right hemisphere during the planning of reaching movements 

executed with the ipsi-lateral hand and when stimulating during time-windows resulting 

effective for the left hemisphere. In fact, especially when considering results related to the 

delivery of TMS in correspondence of the presentation of visual stimuli, the presence of 

intersensory facilitation (Sawaki et al., 1999) could be suggested. It could be consequently 

hypothesized that the work-load related to the planning of reaching movements relies 

principally on the contro-lateral parietal and premotor cortices, not involving or only partially 

involving the ipsi-lateral hemisphere. In this research project only the ipsi-lateral parieto-

occipital region actually resulted affected by the stimulation during the planning of reaching 
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movements. Previous studies furthermore showed that ipsi-lateral activations could be 

possible during this type of cognitive processing, but it was also demonstrated that they 

usually involve specifically posterior cortical regions (Naranjo et al., 2007; Prado et al., 2005). 

In conclusion, the exact role of the ipsi-lateral hemisphere in the planning of reaching 

movements should be further investigated. The possibility that effects could be evoked by 

means of  TMS in the ipsi-lateral parietal and premotor cortices during different time windows 

with respect to the here investigated ones still exists and should be further evaluated in future 

research. 

 

 

4.3 TMS delivered during the execution of reaching movements 

 

4.3.1 The left hemisphere 

 

In these experiments, 4 points were stimulated in the left parieto-occipital region (points 

A,B,C,E in Fig. 7), 5 points in the left parietal cortex (points K-O in Fig. 7), 4 points in the left 

dorsal premotor cortex (points X-A1 in Fig. 7) and 2 in the primary motor cortex (points V 

and W in Fig. 7; point W has been stimulated only in sub- and supra-threshold control 

experiments). 

When TMS was delivered during the execution of reaching movements, a significant 

slowing down of movement times was obtained when point M and point X were stimulated in 

parietal cortex and in the premotor dorsal cortex at 50% of the subjects’ mean movement time. 

In consideration of the magnetic resonance data previously obtained for experiments 

with TMS delivered during the planning of reaching movements in the same areas, a range of 

± 8 mm when using a 10-20 EEG system to individuate correspondence between electrodes 

and the underlying cortex (Okamoto et al., 2004), and previously described functional 

evidence when considering premotor and motor cortex, we are confident that effective scalp 

locations are situated in the parietal cortex (around the intraparietal sulcus) and in the dorsal 

premotor cortex.  

The execution of control experiments assured that the observed effects were not due to 

unspecific and general attentional, visual or motor effects. It was also possible to verify that 

effects were not related to the diffusion of current to the primary motor cortex. 



 109 

In this case too, sham stimulation was not used, because the effects were found in 

specific scalp locations. All the other stimulated points could, consequently, be considered as 

sham stimulations themselves. 

 

 

4.3.1.1 The left parietal and premotor cortices 

 

There is no absolute agreement in literature about the role played by each hemisphere 

and area in the on-line control of movements. A more important role for the left, contra-lateral 

hemisphere was strongly suggested (Culham et al., 2006a,b; Goodale, 1988; Kertzman et al., 

1997; Schluter et al., 2001), yet evidence about the possibility of the involvement of the right 

hemisphere (especially in the final control position) also exists (Chang et al., 2008; Haaland et 

al., 2004). The great majority of studies have investigated this topic by asking subjects to 

reach for a target that could change its final position before completion of the movement. In 

this sense, the control of movement execution was well studied with TMS by Desmurget et al. 

(1999), who indicated how an anterior region in the left parietal cortex appears to be 

responsible for the on-line control of movements when the final position of the target is 

changing after the starting of the movement towards the original position and before the 

completion of it. They reported that no effect could be recorded with reaching of a stationary 

target. The application of TMS over a similar anterior parietal region disrupts also the 

redirecting of motor attention, while TMS over the posterior parietal cortex had no effect 

(Rushworth et al., 2001; Rushworth et al., 2003).  In both studies, however, parietal TMS had 

little effect on movements executed as initially intended (Desmurget et al., 1999; Rushworth 

et al., 2001; Rushworth et al., 2003).  

Studying this cognitive process with this type of paradigm, nevertheless, could be 

viewed as influenced by a “re-planning” process (in particular when referring to parietal areas) 

after the “leap” of the target towards its new position. As a consequence, results could be 

biased and the pure component of the on-line control of movement should be better 

investigated using mainly stationary target positions.  

It was explained in the introduction that different models of on-line control of 

movements were proposed, ranging from the possibility of the existence of “pre-planned” 

movements, with less real-time control during the execution of the action, to a totally on-line 

controlled reaching, with a very rough action plan available before the starting of the action 

(Desmurget and Grafton, 2000). Between these two proposals, hybrid models define that all 
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these components could be present in the control and execution of movements (Desmurget 

and Grafton, 2000). 

It was also suggested that circuits (especially in parietal and cerebellar regions) involved 

in the control of actions are activated during the execution of the entire process, even though 

other models suggest their involvement only during the final phase, corresponding to a more 

complex phase of hand deceleration, when the hand is approaching the target (Desmurget and 

Grafton, 2000).  

With reference to our results, findings further support mainly this last theory. In fact, the 

parietal and premotor cortices were affected by TMS only during the second and last phase of 

the movement. It could be hypothesized that, in this time-window, the cognitive work-load 

requested in these cortical structures could be very significant, due to the starting of the 

deceleration phase, i.e. when the hand is approaching the target. Consequently, the elaboration 

of more complex visual and propioceptive feedback information, useful to accomplish the 

planned action, should take place in this phase. This could explain why TMS resulted 

effective during this time-window of stimulation.  

As an alternative, corroboration of the hybrid models could be proposed. It could be 

suggested, for instance, that TMS disrupts the cognitive process only in this second phase, 

because a non-sophisticated action planning was previously carried out. It consequently 

requires updating or re-planning when the hand starts to approach the target, even though 

stationary, in order to perform an accurate reaching movement. This phase could also 

comprise the cognitive work needed to adequately open the hand approaching the target. It is 

actually difficult to imagine that this may have been previously and completely “pre-planned” 

by the brain. The obtainment of some fundamental propioceptive and visual information, 

accumulated during the first part of the trajectory and at the starting of the deceleration phase, 

should permit to perform this process in a more precise manner.  

However, it should be noticed that, in this study, particular attention was given only to 

the capability of on-line controlling reaching movements of the left, contra-lateral hemisphere. 

This was done because, in literature, the contra-lateral hemisphere has been strongly indicated 

as mainly involved to absolve this type of tasks (Culham et al., 2006a,b; Kertzman et al., 

1997). Some suggestions for a role of the right, ipsi-lateral hemisphere were also made, 

particularly in the final position control (Haaland et al., 2004). If this hypothesis is 

demonstrated as being correct, the left hemisphere should be mainly involved in the trajectory 

control of the movement (Haaland et al., 2004).  
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No absolute agreement exists on the precise role played by the contra-lateral and ipsi-

lateral hemispheres in the control of movements. In the light of the presented evidence, future 

studies should also consider the possibility to map the ipsi-lateral, right hemisphere, by means 

of TMS, during the execution of a reaching movement, in order to add further clarification to 

this topic. 
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Conclusions and future aims 

 

 

The novelty of this study relies on the complete mapping of the dorsal stream in humans 

with the application of TMS and the consequent possibility to interfere with it. The present 

findings confirm that the planning of reaching movements executed with the right hand, starts 

early in the left superior occipital cortex and in the left parieto-occipital region, continuing up 

to the premotor dorsal cortex. This indicates the presence of a specific and very dorsal stream, 

with a caudal to rostral temporal activation in posterior parieto-occipital regions and a likely 

overlapping of activation in more anterior parietal and premotor regions. This coincident 

activation might reflect the parallel activation needed to transform spatial information into 

motor planning. It was also found that the ipsi-lateral hemisphere takes part in this process as 

well, because it was possible to interfere with late motor planning applying TMS to the ipsi-

lateral parieto-occipital cortex. Moreover, given that the TMS effect was facilitatory when 

applied at 50% of the mean reaction time on the left hemisphere and inhibitory at 75% of the 

mean reaction time on the right one, the existence of a temporal difference in activation 

between the left and right parieto-occipital cortices may be postulated. 

Therefore, even though the planning of reaching movements principally relies on the 

contra-lateral hemisphere, a bilateral involvement could be hypothesized as occurring, at least 

in the parieto-occipital cortex.  

It is, however, evident that, in the ipsi-lateral parietal and premotor cortices, no effect of 

TMS was evoked, suggesting that bilateral activation could be present in more posterior 

parieto-occipital regions, but successively only a contra-lateral activity is present.  

The involvement of cortical structures in the control of on-line reaching movements has 

been shown to be mainly effective when the hand is approaching the target. This suggests that 

this process requires a more significant involvement of cortical regions in its final part. 

Interestingly, TMS effects were found only for an anterior parietal and a premotor scalp 

location and not for parieto-occipital regions. This suggests that the affected areas could be 

involved in the on-line control of reaching movements more than posterior parieto-occipital 

regions, confirming their pivotal role in managing visuo-motor information.  

In conclusion, this study contributes to the understanding of the cortical dynamics 

involved in the planning and control of reaching movements. Specifically, new insights are 
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suggested concerning the temporal involvement of the different cortical regions part of the 

process. 

Future experiments should aim at extending this mapping and at expanding it even 

during the execution of grasping and reach-to-grasp movements. The analysis of age-related 

differences in the organization of this complex system in healthy humans should also be 

investigated. In this sense, Sarlegna (2006) elegantly demonstrated the detrimental effect of 

ageing in complex visuo-motor tasks, also suggesting that cortical patterns of activation could 

be very different between younger and older healthy humans. 

Finally, the knowledge that magnetic stimulation may improve readiness to move 

towards visible objects in space when delivered at the proper time and location might orientate 

applied research towards the building of efficient neural devices for patients or to improve 

visuo-motor performance. 
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