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Forewords 
During my PhD studies, I deepened several aspects of the Anticipatory 

Postural Adjustments (APAs) and the neural network involved in their 

control. APAs are a crucial aspect of the voluntary movement organization, 

being fundamental in stabilizing both the whole-body (inter-limb APAs) and 

its segments (intra-limb APAs). At the present time, only a few works 

investigated the cortical and subcortical structures involved in APAs 

programming. Some of these works correlated neurological diseases with 

APAs changes, elucidating not only the knowledge regarding these 

pathologies, but also the relationships between these structures and the APA 

command.  

To enrich the knowledge about the neural network generating and 

influencing APAs, I moved my attention on two aspects.  

First, I investigated the role of two subcortical structure, basal ganglia 

and cerebellum, in APAs organization. In particular, I analyzed the intra-limb 

APAs stabilizing the arm and the forearm before a brisk flexion of the index-

finger, in patients with basal ganglia dysfunction, as well as the inter-limb 

APAs stabilizing gait initiation, in children with cerebellar pathologies. 

The second aspect dealt with in the present thesis was the possible 

influence of cognitive processes on APA control. To achieve this goal, a 

cerebellar area with a well-known cognitive role, Crus I-II, was examined. In 

this context, we developed a reproducible protocol of Magnetic Resonance 

Spectroscopy, to characterize and quantify metabolites in a cerebellar area of 

interest. The protocol was validated in healthy subjects and could be used to 

investigate metabolic changes in neurological diseases, also affecting other 
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brain areas. Finally, the cognitive approach to APA control led me to focus on 

the Parietal Operculum (PO), a cortical sensory-motor integration center 

involved in a multimodal network. So, intra-limb APAs associated to index-

finger flexion were analyzed in healthy subjects before, during and after 

modulating the contralateral PO excitability by anodal and cathodal 

transcranial Direct Current Stimulation.  

The present thesis is articulated in six main sections: i) the 

Introduction describes the state-of-the-art literature on motor control and 

anticipatory postural adjustments; ii) the Research hypothesis explains the aim 

of this thesis and how it has been articulated in the ensuing research papers; 

iii) the Experimental design details how data were collected and analyzed; iv) 

the Results summarizes the outcomes of each paper included in this thesis; v) 

the Article section reports the original papers, two already published and two 

to be submitted; vi) the Discussion reviews the interpretation of the results 

obtained in each paper and highlights new possible research pathways.  
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INTRODUCTION 
 
MOTOR CONTROL 

 

Several cerebral structures are involved in motor control, i.e. the 

process which allows the nervous system to produce the most disparate 

movements. The contraction and relaxation of muscle groups make the 

various segments moving one in respect to the others upkeeping the body 

posture and allowing the regulation of vital functions (such as breathing, 

heartbeat and peristalsis of the digestive system) according to external world 

inputs.  

 

Functional hierarchy 

The motor system has a functional hierarchical organization, which 

can be divided into three levels of control (Figure 1) from the lowest one (less 

complex) to the highest one (more complex): the spinal cord, brain stem and 

forebrain (Fentress, 2001). 

 The spinal cord, the lowest level of the hierarchy, is the primary 

interaction between the peripheral nervous system and the muscle fibers 

translating nerve signals into mechanical actions. The spinal cord receives 

descending inputs from the brain; it is able to control the actions of the upper 

and lower body and it is responsible also for simple reflexive movements. 

Spinal cord activity is influenced by inputs from the brainstem, the posterior 
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part of the brain, which contains the cranial nerves essential for reflexes like 

breathing, eye movements, eating and facial expressions. The brainstem 

includes the midbrain, the pons and the medulla and it is influenced, in turn, 

by the cerebellum and the basal ganglia.  

Cerebellum receives information not only from several association 

areas of the cortex, but also from somatosensory, visual, vestibular, auditory 

streams. These inputs are direct to the cerebellar cortex which sends in turn 

information to deep nuclei at cerebellar core. From these nuclei originate all 

cerebellar outputs involved in motor system.  

As regards the basal ganglia, the input station is located in the caudate 

and in the putamen, the two nuclei forming the striatum. The output streams 

come mostly from globus pallidus and part of substantia nigra and terminate 

in the thalamus, which in turn sends projects to motor and frontal regions of 

the cerebral cortex.  
 
 
Figure 1. Functional 
hierarchy organization 
of motor control. The 
highest control level is 
represented by Premotor 
and Supplementary motor 
cortical areas aimed to 
planning motor actions. 
Motor cortex, influenced 
by cerebellum and basal 
ganglia inputs, sends 
motor projections to the 
lowest level of the 
hierarchy: spinal cord. 
This is, in turn, influenced 
by inputs derived from the 
brainstem. Anema, 2013. 
 

 



 

 

5 

Premotor and supplementary motor cortex regions are at the highest 

level and their activity is focused on planning actions based on sensory 

information. Thanks to this functional architecture, the motor cortex becomes 

able to translate action goal into movement. 

In addition to the above, there are other association areas of the cortex 

which are involved in motor functions, such as the insula, the posterior inferior 

frontal gyrus and the posterior parietal cortex. The first two have a role in the 

production of speech movements, while the latter in the planning and control 

of actions.  

 

Voluntary movement 

Movement is the change of position of an object, measured by an 

observer, as a function of time. The observer must be aware of the initial and 

final position of the object with respect to spatial coordinates which can be 

global or local, depending on whether the object moves in space or in relation 

to something, respectively. The motor system generates the forces necessary 

to change over time the relationships between the body and the external world 

or the relationships between the different body segments producing 

movement. The movements can be very simple when they involve a single 

segment, or complex if they involve the entire body, such as maintaining 

stability during walking. They can be induced from the outside (reflex 

movements), generated by our will (voluntary movements) or generated by a 

pacemaker (automatic movements).  

When a motor task is performed intentionally, the movement is 

defined as voluntary. To achieve this goal, it is necessary to coordinate the 
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mobilization and immobilization of body segments with multiple parallel 

commands depending on the complexity of movement (Bouisset and Do, 

2008). 

The actions we perform are able to create smooth and elegant 

movements which are the result of a continuous improvement of their quality 

thanks to processes of coordination and learning control systems. These 

actions, simple or complex, share several aspects that concern degrees of 

freedom, timing and sequential order, integration with sense systems and 

learning ability. 

To perform an action, there are numerous possibilities and different 

strategies given by the degrees of freedom which represent an opportunity to 

be able to choose the best action in a specific situation. Therefore, a control 

system chooses a unique movement strategy for a particular situation among 

the infinite possibilities that the system has at its disposal. Depending on the 

strategy chosen there are different temporal consequences as the time needed 

to reach the goal will be different. The degrees of freedom can be decreased 

by reducing the complexity of the choice, or by using the so called synergies 

which are pre-established interactions among muscles. Synergies do not 

eliminate degrees of freedom of movement, but promote the spontaneity with 

which the central nervous system performs one or the other action, in fact they 

act on the probability of moving better in one way or another. The fact that 

the movement performed is the most efficient one, also in energy terms, 

explains the primary choice that the brain applies with respect to the various 

possibilities offered by the degrees of freedom.  

Moreover, when we execute a movement involving several segments, 

the individual movements must be ordered from a point of temporal view and 

with a precise sequential order. The latter is certainly essential to obtain a 
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successful outcome. Indeed, to grasp an object correctly it is necessary that 

the displacements of the proximal and distal joints occur according to a precise 

and predetermined plan that must take into account times and ways.  

The link between sensation-perception and movement are certainly of 

vital importance. Some movements, called ballistics, are rapid and explosive 

and they cannot be corrected during their trajectory. If the ballistic movement 

is poorly calculated, an incorrect trajectory and an error at the destination 

point will be obtained. However, this error is processed and it will be useful 

to calibrate better the next movement. Other movements are instead controlled 

step by step and their trajectory can also be changed during the 

implementation phase. This needs direct communication between the sensory 

system and the motor system and vice versa. The feed-back control systems 

(positive or negative) are based on the ability of sensor system to monitor the 

movement in progress and to send information to a control centre that 

modulates motor output (negatively or positively) in accordance with those 

signals. On the contrary, the so-called feed-forward control is based on a 

predictive aspect and this action is obtained without retroactive control.  

To improve the characteristics of the movement, it is necessary to 

“learn by doing” or by actively exploring the effects of movement, based on 

the perceptive consequences of movement itself, in fact learning an action 

involves sensory-motor integration. Various experiments show that people 

who use a particular part of the body develop the cortical areas responsible for 

controlling that part, this is the reason why training to do something improves 

performances. 

 The voluntary movement could be theoretically divided into three 

phases: ideation, planning and execution of motor action. The specification of 

the motor command should occur during the Reaction Time (RT) before 
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movement. The RT measures the delay between a stimulus and the onset of a 

motor response. During this period, which lasts on average about 200 ms, 

sensory and motor processes take place in different brain areas. This allows 

us to perceive the surrounding environment, identify an object, determine the 

action to be taken with respect to that object and generate a command motor 

to perform the desired action.  

Taking into consideration that the control of movements is based on 

making decisions (Wolpert and Landy, 2012), Wong et al. (2015) have 

identified six critical processes (Figure 2) involved in movement generation: 

three “what” processes that establish the motor goal, and three “how” 

processes that describe the movement to achieve that goal (motor planning). 

 

 
Figure 2. Graphic representation of movement generation. Six processes crucial along the 
pathway from perception to movement. The first three steps, on the left (green), represent the 
“what” processes, aimed to achieve motor goals. The three steps, on the right (in purple) 
represent the “how” processes, which stabilize the motor planning. Wong et al. 2015.  
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First, the generation of a movement involves a set of processes which 

identify and localize an appropriate object in the environment, through 

attention, and of task rules to apply for that object. These processes can be 

described as decision-making steps and consume the majority of the RT. In 

this way, the motor goal is defined. The other three processes are related to 

the abstract kinematic representation, the action selection and the movement 

specification. They are defined as motor planning and determine how the 

motor goal will be achieved. The abstract kinematics are the descriptions of 

how the movement will look. The understanding of how the effector muscles 

work, will define the selection of the action. Finally, in the last step, the 

complete set of the muscle activations is required to execute the movement 

output. 

 

The genesis of the motor goal 
 

The identification of a motor goal, or definition of “what”, involves 

the perception, the choice of an object of interest and the definition of what 

must be done to this object. This process includes the localization of the object 

in the environment, the application of rules to identify the goal, the choice to 

start or not the action. These perceptual decisions are necessary to produce a 

motor response, but they are not strictly motor as they define the goal rather 

than the action. 

 As mentioned above, the use of attention is a fundamental prerequisite 

for motor action planning. Attention facilitates the generation of priority maps 

that describe objects of interest in the environment promoting the selection of 

motor tasks. 
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In simple tasks the object of interest is the goal of the movement. More 

complex tasks may instead require a decision-making task to choose which of 

many goals to achieve. When the stimulus is difficult to identify, it is 

necessary a careful observation of the environment before carrying out the 

action. The decision-making processes are formalized in the drift-diffusion 

model. In this model, the signs in favor of a particular goal mature step by 

step, until they exceed a threshold beyond which the goal is selected and the 

most appropriate movement is generated (Figure 3). When multiple solutions 

are possible or a counter-order occurs, signs are accumulated in favor of each 

of the different alternatives, they add up until one of them reaches the 

threshold to which the movement is directed. The signs that accumulates later, 

sometimes involve a decision change that directs the movement in a different 

direction. 

Experiments on the existence of drift-diffusion models have been 

carried out on saccadic eye movements of monkeys. Using a motor 

discrimination task, some monkeys have been instructed to detect the 

direction of movement through a random-point kinematogram and perform a 

saccade in that direction. During the experiment the Frontal Eye Fields (FEFs) 

stimulated a saccadic movement whose direction depended strictly on the 

discrimination of the points in the kinematogram (Rorie et al., 2010).  

The activity of the FEF seems to reflect a decision on a motor goal 

which guides the action, so it seems there is no separate perceptive decision-

making process and that the motor goal reflects motor planning and that the 

FEF is analogous to the primary motor cortex (M1).  
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Figure 3. The drift-diffusion model. When a sign between two (or more) goals (A) is 
required, careful observation of the environment provides signs, in favor of each alternative, 
that are accumulated over time until a threshold is reached. Crossing the threshold involves 
putting in place a specific motor strategy to reach the goal. When the position of the target 
suddenly changes (B), the signs accumulate in favor of an alternative movement. Under 
normal circumstances, this leads to a lengthening of the reaction time. If the subjects are 
forced to move before having formulated a decision on the motor act to be taken, they are 
inclined to choose a movement that is in line with the certainty about the position of the target 
at the beginning of the movement. At zero time the subject moves to the left, but as the action 
evolves and signs of movement towards the right mature, the subject corrects the motor act 
by changing its trajectory online.  

 

 

However, the frontal field of the eyes appears to be unnecessary for 

the generation of all saccades suggesting it is associated more with the goal of 

the movement than with its planning. Among all the regions of the brain 

exhibiting accumulation activity, for example the Lateral Intraparietal cortex 

involved also in the saccades, only the frontal field of the eyes is involved in 

the decision-making processes that concern both the stimulus and the motor 

act. It is precisely in this area, therefore, that the information regarding the 
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object selected through the attention process is transformed into the goal 

towards which the motor act must be directed.  

 

Cognitive influences 
 

To achieve a motor goal it is necessary to apply appropriate rules 

encoded by the Prefrontal Cortex (PFC), which not only include any decision-

making act but also define how it is translated into an appropriate motor 

response. In the PFC, the association between a specific signal and the motor 

goal occurs. The selection of motor goals is fundamentally a decision-making 

process indicated by the fact that cognitive processes can influence the 

outcome of such choices. Target selection can also be influenced by multiple 

abstract representations. So the selection of a motor goal is the result of a 

computationally intensive non-motor decision-making process.  

These decision-making processes take into account the relative 

difficulty of performing possible movements, so that the motor targets are 

preferentially selected when the movement required is easier from the 

biomechanical point of view. These decisions don’t need the simulation of 

motor commands for each of the potential targets, but the choice occurs only 

through a general knowledge of the easiest directions to reach. 

 

Realization of the motor goal 
 

Motor planning is the definition of a motor goal, the “how”, and it is 

necessary to start the movement useful to achieve the goal. It translates the 

abstract concept of movement towards a concrete action. In this phase, the 
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neural activity in the motor cortex increases only when a visual stimulus 

becomes significant to plan an adequate movement. It has been observed that 

when stimuli provide partial information about the goal, the motor cortex 

responds only when a key stimulus occurs. 

The “how” is reached through three processes, one of which may be optional 

depending on the complexity of the requested action. The optional high-level 

process involves decisions on the shape of the trajectory, independently of the 

effectors used (abstract kinematics). The other two processes are necessary 

for motion planning. The first is the selection of the action, which involves 

the choice and description of the activity of the end effectors. The selection of 

the end effector is probably separated from the determination of the 

movement, that is the moment in which the voluntary motor command and the 

relative postural adjustments are specified. The distinction between selection 

of action and determination of movement is supported by comparing the neural 

activity of the Pre-Motor Ventral area (PMV) with that observed in the Pre-

Motor Dorsal area (PMD) and in the motor primary (M1). For movements in 

which the end effector action is identical but the posture changes, postural 

activity is modulated only in the PMD and in the primary motor, while the 

activity of the PMV seems to reflect a more abstract and independent strategy 

from the posture of the limb.  

So, the selection of the action and the determination of the movement 

convert the motor goal into voluntary movement. This would seem to be 

possible by producing a flexible feedback control which determines the 

trajectory from the initial state of a limb, the end point and the distance 

between the effector and the end point. If during the movement there is an 

unexpected perturbation which requires rapid compensatory movements, the 

subjects do not make corrections that bring them back to the original trajectory 
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but follow a new trajectory to reach directly the target. These control modes 

can also be stored to allow rapid recycling when they need to be applied 

flexibly to specify movements directed to different goals. 

 

Motor planning 
 

Movement planning seems to use only a small fraction of the reaction 

time. It has been proposed that point-to-point movements are generated by 

selecting and activating an appropriate control mechanism in an existing 

repertoire as a reflex action, so as to avoid to prepare a new motor command 

for each movement. Consequently, a movement could start with a reaction 

time of the order of 160 ms, 90 ms shorter than that necessary for an action 

that instead requires cognitive decisions. Furthermore, identical kinematically 

movements to voluntary movements may require low times if evoked through 

a startle response, an unconscious defensive response. The duration of these 

reaction times are on the same order of latencies with which transcortical 

reflexes occur which can initiate corrections to feedback of decided 

movements. Such reflex arcs could serve as mechanisms through which 

feedback controls are implemented and stored. Thus, motor planning occupies 

only a small part of the reaction time and it could simply represent the choice 

of one of the many movements or modes of control from an existing 

repertoire. 

As mentioned before, in some circumstances, an additional planning 

process is necessary to perform a more complex motor act or the trajectory 

abstract kinematic. It is inherent in the notion of motor equivalence or in the 

ability to achieve a goal in different ways. For example in writing, the 

characteristic shape and style of a particular letter or number don’t change 
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with respect to the effector used. This phenomenon occurs thanks to the 

abstract representation of the trajectory needed to produce the desired 

movement and from the trajectory choice itself. Abstract kinematics is not 

necessary for point-to-point movement, but it is used to solve an indecision of 

motor planning. This process, challenging from a cognitive point of view, 

occupies a significant fraction of the reaction time but it is able to resolve the 

decision on how to reach the goal and allow the generation of the desired 

movement. The representation of abstract trajectories seems to reside in the 

posterior parietal cortex near the areas involved in attention. In these regions, 

the activity is not only correlated with the desired motor act but also with the 

effective pathway of the limb. For example, patients with ideomotor apraxia 

who often have a lesion in the left parietal lobe, show no difficulty in point-

to-point movements, but they have both difficulties in producing complex 

gestures following a verbal command and inability to select an alternative tool 

to achieve the same aim. Probably, these patients with apraxia have difficulty 

in planning the abstract trajectories necessary to obtain the desired result with 

a limb or a tool. 

 

Cortical organization of voluntary movement 

By recording activity from different cortical structures, it has been 

possible to observe that each of them is dedicated to a particular type of task. 

In some areas, however, neurons receive multisensory afferents and project 

them to neuronal systems (non-specific cortical areas) with or without motor 

output. In the field of motor control, some structures are involved in the 

processing of low-level signals rather than higher- level signals processed by 
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areas involved in more complex aspects. The cortical areas which generate 

low-level signals and control the muscles for movement are: primary motor 

cortex (M1), premotor areas (which project directly to M1) and parietal 

cortex. Each of these cortical areas accesses to the spinal structures through 

direct or indirect corticospinal projections. Motor commands can therefore 

derive from multiple motor areas and each of these areas makes a specialized 

contribution to the planning, execution, or control of voluntary movement. 

 

Subcortical organization of voluntary movement 

In addition to cortical structures, subcortical areas play also a key role 

in the motor organization. The basal ganglia and the cerebellum can be 

considered collateral circuits of the motor hierarchy, but not secondary ones. 

Their activity takes part in the elaboration of the motor act by modulating the 

output of the descending pathways without causing movement in a direct way. 

The motor cortex sends information to both structures which after processing 

them, send it back to them through the thalamus. The cerebellum also 

processes sensory signals produced by movement. The output of the 

cerebellum is excitatory, while the nuclei of the base are inhibitors. The 

balance between these two systems makes it possible to regulate and 

coordinate movement. However, both systems have important extra-motor 

functions. 

Basal ganglia do not constitute a separate motor pathway but they are 

involved in the initiation of voluntary movement, in the enabling of motor acts 

modulating the programs stored in the motor cortex and in other structures of 

the hierarchy of voluntary movement.  
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As mentioned before, a number of elementary motor programs is 

stored in cortex and activated following a precise temporal order to perform a 

complex motor act. Since the main output from the nuclei is an inhibitory 

connection that goes from the globus pallidus to the thalamus, they could be 

normally activated in suppressing inappropriate motor programs. The basal 

ganglia are also involved in the modulation of associative and limbic functions 

and in implicit memory tasks. As in the case of movement, many types of 

cognitive tasks require repeated tests and often unconscious learning.  

As regards the cerebellum, it has always been considered a motor 

structure, in fact a cerebellar damage leads to impairments of motor control 

and posture and most of the cerebellum output are directed to motor structures. 

Moreover, the cerebellum regulates the direct commands to the spinal motor 

neurons to compensate for variations in the position of the body through the 

elaboration of vestibular and proprioceptive signals. Unlike basal ganglia, the 

cerebellum receives a large amount of peripheral sensory signals, so that it 

may have a function of sensitive integration, rather than a motor function. 

Indeed, the cerebellar hemispheres are involved in the acquisition and 

discrimination of sensory information related to movement. Moreover, the 

cerebellum has a role as error detector because it is able to establish the 

differences between the planning of the cortical movement and the result of 

the movement itself, identifying whether this was performed correctly or not 

and informing the cortex. Another important function of the cerebellum is to 

coordinate the timing of muscle activation. It has been shown that this 

structure regulates the temporal distribution of the activation and deactivation 

of antagonist muscles determining the order of recruitment of the other muscle 

groups involved in complex movements. For this reason, cerebellum is the 

time machine of the movement allowing the fluidity of the execution of the 
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gesture and the locomotion. Finally, the cerebellum is important for motor 

learning in the management and adaptation of precision movements through 

“trial and error” processes. The cerebellum, as basal ganglia, regulates 

cognitive functions such as language and music to construct temporal 

dynamics which process vocal and musical sounds (Callan et al., 2007).  

 

An interface between the cerebellum and basal ganglia 
 

Cerebellum and basal ganglia constitute distinct systems involved in 

different aspects of motor and cognitive behaviours. The circuit that connects 

the cerebral cortex to the cerebellum is anatomically distinct from the one 

which connects the same cortex to the basal ganglia (Figure 4). The 

information processed by the two subcortical structures is transmitted through 

different thalamic nuclei to reach the cerebral cortex again, which acts as an 

interface between the two systems (Mori et al., 2016). However, through the 

technique of trans-neuronal transport of rabies virus in monkeys, two 

disynaptic pathways, connecting cerebellum and basal ganglia, have been 

observed (Bostan and Strick, 2012): the first one starts from the dentate 

nucleus of cerebellum and reaches the striatum through the thalamic nuclei; 

the second one starts from the subthalamic nucleus and reaches the cerebellar 

cortex through the pontine nuclei. The definition of these two pathways has 

allowed us to deepen the role of the cerebellum and basal ganglia in movement 

disorders. 
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Figure 4. Circuit among cerebral cortex, basal ganglia, cerebellum e nucleus of the 
pontine peduncle (PPTg).  
The circuit that connects the cerebral cortex with the basal ganglia is represented in blue; 
(cortico-strio-pallido / nigro-thalamic-cortical). The circuit that connects the cerebral cortex 
with the cerebellum is in represented in red (cortico-cerebello-thalamic cortical). The nucleus 
of the pontine peduncle is connected both to the nuclei of the basal ganglia and to the 
cerebellar nuclei. Mori et al., 2016. 
 

 

As it is known, Parkinson's disease is a neurodegenerative disease 

related to dopamine neuron death in the ventral tegmental area or substantia 

nigra, specifically on pars compacta area of the substantia nigra. This causes  

a dysfunction of the dopaminergic system of the basal ganglia, but in 

parkinsonian patients, physiopathological changes have also been observed in 

other regions of the brain, including the cerebellum. It has been shown that 

surgical lesions of the dentate nucleus are able to reduce the dyskinesias, 

involuntary parasitic movements. An increase in the oscillatory activity of the 

subthalamic nucleus together with hyper-activation of the cerebellum was also 
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demonstrated in patients with Parkinson's disease (Mirdamadi, 2019). 

Furthermore, Deep Brain Stimulation (DBS) of the subthalamic nucleus 

appears to have a normalizing action on cerebellar activity and reduces motor 

disorders, probably through the subthalamic-cerebellar pathway (Crenna et 

al., 2006). 

Various nuclei of the human brain stem, such as the nucleus of the 

pontine peduncle, show an increase in activity when a participant, subjected 

to fMRI, is asked to imagine walking. Since the low-threshold electrical 

stimulation of the pontine peduncle nucleus induces locomotion in the animal, 

it may represent a relay between basal ganglia and spinal cord controlling 

particularly the tone of the postural muscles. 

The nucleus of the pontine peduncle and the nucleus of the laterodorsal 

tegmentum form the Reticular Activator System (RAS), which connects the 

brain stem to the cortex and controls the cognitive processes such as attention, 

learning, memory, wakefulness and sleep-wake. Even the basal ganglia are 

involved in the regulation of the sleep-wake cycle, in attentional processes, in 

phenomena related to reward and learning; so, the reciprocal relationship with 

the pontine peduncle nucleus is fundamental for these functions. It is therefore 

possible to hypothesize that the nucleus of the pontine peduncle and basal 

ganglia play a common role as a limbic-motor interface. 

 In addition to its connections with the basal ganglia, the pontine 

peduncle nucleus is also connected to the cerebellum. Projections from the 

nucleus of the pontine peduncle have been anatomically identified in the deep 

cerebellar nuclei of the rat and radio-imaging studies have identified the same 

connections in humans. Recently, the functional connectivity between the 

nucleus of the pontine peduncle and the cerebellum has been studied with 

microstimulations which evoke a short latency activation of the dentate and 
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to a lesser extent of the fastigial and interposed nuclei (direct excitatory 

projections) (Vitale et al., 2016). This suggests that the pontine peduncle 

nucleus acts as an interface between the cerebellum and the basal ganglia to 

influence motor control and cognitive functions. 

Classical studies postulate that the cerebellum plays a fundamental 

role in controlling adaptive behavior. In particular it seems to be involved in 

the modulation of the gain of feedback circuits, through an intermittent 

control. It is interesting to note that the intermittent control of the gain of 

feedback circuits can be established by learning the phenomenon of 

reinforcement with simple reward. The nucleus of the pontine peduncle could 

forward information on reward learning and reinforcement from the basal 

ganglia to the cerebellum, generating and regulating postural tone and 

stabilizing posture. In parkinsonian patients, dysfunction of the basal ganglia 

could therefore be the cause of postural instability. 

Recent studies in the treatment of Parkinson's disease, through deep 

stimulation of the pontine peduncle nucleus, confirm its direct involvement in 

the coordination between basal ganglia activity and cerebellar activity 

(Tykocki et al., 2011). The dysfunction of the pontine peduncle nucleus leads 

to various motor disabilities similar to those observed in Parkinson's disease. 

The cholinergic and glutamatergic excitatory projections of the pontine 

peduncle nucleus regulate the activity of the dopaminergic neurons of the pars 

compacta of the substantia nigra and of the ventral tegmental area (French and 

Muthusamy, 2018). An inhibition of the neurons of the pontine peduncle 

nucleus in the primate delays the start of the movement and slows down the 

acceleration, the deceleration and the quantity of movements produced. 

Furthermore, unilateral lesions of the pontine peduncle nucleus cause 

hemiparkinsonism in the contralateral hemisoma. Several symptoms of 
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Parkinson's disease are associated to an alteration of the dopaminergic system 

but many studies have shown that freezing of the step and postural instability, 

generally in the advanced stages of disease, are resistant to dopaminergic 

drugs. Several studies carried out in humans, have shown that the severity of 

walking and posture disorders are directly related to the loss of acetyl-

cholinergic neurons in the pontine peduncle nucleus and that they are relieved 

by deep stimulation (Hirsch et al., 1987; Karachi et al., 2010).  

In addition to disorders of axial movement, patients with Parkinson's 

also show disabilities in the control of eye movements, particularly saccadic 

movements. Indeed, in the monkey the activity of the neurons of the pontine 

peduncle nucleus is modulated in parallel with the activity of the basal ganglia 

neurons during the execution of saccades providing for a reward; while on the 

occasion of fixational saccades these neurons are active together with neurons 

of the cerebellar nuclei (Mori et al., 2016). This supports the idea that the 

nucleus of the pontine peduncle could be the interface between the basal 

ganglia and the cerebellum. 
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POSTURAL CONTROL 
 

The neuromuscular system controls muscular segments linked 

together by flexible joints, which create body posture. The central 

organization of posture involves interactions between external forces, such as 

gravity, and internal forces, such as the mechanical properties of the body and 

the neuromuscular forces (Massion, 1994). The vision, proprioceptive, 

somatosensorial system and the vestibular system play an important role and 

work together with the neuromuscular system to guarantee posture control. 

Posture can be defined according to the relative position of the several 

parts of the body with respect to one another (egocentric coordinate system), 

in the relation to the environment (exocentric coordinate system) and in the 

relation to the gravitational field (geocentric coordinate system). Regulation 

of posture with respect to gravity is essential to maintain postural balance. 
Postural stabilization occurs when the Center of Mass (CoM), point of 

application of the gravity force vector in which mass body is concentrated, 

remains above the Base of Support (BoS). In the standing posture, the BoS is 

the area that comprises all points of contact that the feet create with the 

supporting surface. To maintain the body equilibrium, postural muscles (such 

as hip, knee and ankle) must counteract the effect of gravity and of internal 

forces. The Centre of Pressure (CoP) corresponds to the barycentre of the 

ground reaction forces and moves within the base of support, leading CoM 

projection to stay confined in the BoS.  

Gait initiation, the period of transition between upright standing 

posture and locomotion, is particularly studied in the control of balance. In 

order to walk, the subject must shift the weight toward the stance leg, propel 

the body forward and stabilize balance when the body is sustained by one leg 
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(swing phase) through anticipatory postural adjustments. The CoP, before 

swing foot rises, moves briefly backward toward the swing foot and behind 

the vertical projection of CoM. This latter acquires forward momentum 

essential to start walking. In this case, the base of support width is reduced 

and the CoM is not relocated above the new base of support and this creates a 

mediolateral gap between the CoM and the CoP (Figure 5). 

 
Figure 5. Representation of biomechanical parameters for balance analysis. In the left 
figure, the quite standing posture, the vertical projection on the ground of the Center of Mass 
(CoM) falls on the Center of Pressure (CoP) within the Base of Support (BoS). In the right 
figure, the subject lifts his foot to gait initiation and the size of BoS decrease leading a gap 
between the CoP and the CoM. VCoM is the velocity of the CoM represented in the figure. 
Yiou and Caderby, 2017. 
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This gap leads the body to fall towards the swing leg side. The 

amplitude of this mediolateral fall can be estimated calculating the centre of 

mass displacement and the velocity at the time of swing foot contact. These 

perturbations have to be counterbalanced, somehow, to avoid the body 

disequilibrium and fall (Yiou and Caderby, 2017).  

From a biomechanical point of view, human body can be considered 

as a combination of anatomical rigid structures, which interact and work 

together in an “articulated chain”. But given that these anatomical segments 

are closely linked to each other, every motor action will be discharged to the 

adjacent articulated segment (Bouisset and Do, 2008). Consequently, there 

will be specific preprogrammed anticipatory postural movements, able to 

counterbalance the perturbations caused by a forthcoming voluntary 

movement on adjacent segments, and then discharged on all segments 

constituting the postural chain (Bouisset and Zattara, 1981).  

 

Anticipatory Postural Adjustments 

 

Anticipatory Postural Adjustments (APAs) are described as 

unconscious muscular activities, which counterbalance the perturbations 

induced by a voluntary movement (Bouisset and Do, 2008; Massion, 1992). 

Their aim is to stabilize body segments and to ensure the whole-body balance, 

such as in initiating the displacement of the body center of mass during gait 

initiation (Breniere, 1987). 

Depending on the aim, APAs can create one or more fixation chains 

which spread over several muscles of the same limb or of different limbs. 
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When the voluntary motor action is independent from an external go signal, 

APAs usually precede the EMG onset of prime mover by about 50-90 

milliseconds (Horak et al., 1984).  

In many voluntary movements involving large masses, like a shoulder 

flexion or an arm push-pull, APAs spread over several muscles of different 

limbs creating one or more inter-limb APA fixation chains. The latter APAs 

have been showed to stabilize the whole-body postural equilibrium.  

APAs however may develop also in the same limb in which one of the 

distal segments is moved, e.g. in muscles acting on the shoulder and elbow 

when flexing/extending the wrist or even just the index-finger. These 

activities are named intra-limb APAs and, considering that the moving mass 

is quite tiny, such APAs have been supposed to optimize movement 

performance by stabilizing the limb’s proximal segments (Caronni and 

Cavallari, 2009b). 

 

Classification of APA chains 

Inter-limb APAs 
 

There are several studies regarding inter-limb APAs chains which 

precede a voluntary movement, such us a shoulder flexion and extension 

(Belen’kii et al., 1967; Bouisset and Zattara, 1987) elbow flexion (Friedli et 

al., 1984), shoulder lateral abduction (Aruin and Latash, 1995) and also 

movements which involve the lower limbs, hips and trunk and gait initiation 

(Crenna and Frigo, 1991; Honeine et al., 2016). The majority of the literature 

regarding APAs has analyzed the postural chain developing in the lower 
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limbs, hips and trunk when performing a shoulder flexion. As we mentioned 

above, since this movement involves a relatively large mass, the perturbation 

induced by the primary movement may displace the projection on the ground 

of the whole-body CoM (Bouisset and Zattara, 1987) and cause a whole-body 

equilibrium disturbance (Bouisset and Do, 2008; Bouisset and Zattara, 1981). 

Therefore, the prime mover activation is preceded by inter-limb APAs. When 

we consider a pointing movement, the recruitment of the prime mover, the 

Anterior Deltoid, would provoke an upper limb flexion but, contemporarily, 

a backward displacement of the shoulder, and thus could make the subject to 

miss the target or even to fall down. Recruitment of Anterior Deltoid is thus 

preceded by a specific pattern of EMG activities developing in the lower limbs 

and trunk, the APA chain, inducing a forward displacement able to counteract 

the backward perturbation caused by the primum mover segment. 

The APA chain starts with an inhibition of the tonically active 

ipsilateral Soleus, between 50 to 100 ms prior to the prime mover onset. Then, 

there is a sequence of excitatory and inhibitory EMG activities, beginning 

with activation of the contralateral Tensor Fasciae Latae and Rectus Femoris.  

This APA pattern starts with the contralateral lower limb and hip, the 

ipsilateral ones, and, ending with the ipsilateral shoulder, follows a bottom-up 

progression, as the postural segment accelerations follow a “posture-focal 

gradient”, starting from the support base (ground, seat, etc...), proceeding 

through the postural chain and then terminating on the prime mover (Bouisset 

and Do, 2008). APAs are efficient in counteracting the perturbation induced 

by the voluntary movement only if the APA chain encounters resistance 

originating from the environment, usually a physical support (fixation 

point/s), which offers the appropriate reaction to the forces generated by 

APAs.  
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The timing and magnitude of APAs are rapidly tailored according to 

the characteristics of the prime mover contraction, i.e. the expected intensity 

of the perturbation induced by the primary movement. Indeed, postural 

adjustments developing at an inappropriate time or with incorrect amplitude, 

may be a source of destabilization and thus be considered as a perturbation. 

Therefore, to ensure the effectiveness of these postural actions, the central 

nervous system requires information on the motor task to be performed and 

on the likely interaction of the single body segments (Mille and Mouchnino, 

1998). The correct analysis of these information within the CNS predisposes 

a correct direction, timing and magnitude of postural adjustments, so that they 

precede prime mover activation and therefore permit the correct execution of 

the voluntary movement (Colombo et al., 2002; Frank and Earl, 1990). 

An example of inter-limb APAs chain is the one involved in a 

bimanual task, called the barman task (Figure 6). During this task, the 

participants must hold an object in one hand and with the other hand they must 

lift the object voluntarily (active lifting) or the object must be lifted by an 

experimenter (passive lifting). During the active lifting, in the hand with the 

object, an inhibitory APA chain is synchronous to recruitment of the prime 

mover and precedes the lifting. While, when the object is lifted by the 

experimenter, the BB inhibition starts about 50 ms after the unloading. 

Moreover the unexpected removal of the object leads to an impaired balance 

of the arm, which can be compensated by a sensory feedback, a postural 

reflex. During the active lifting, instead, a feedforward command is generated 

to develop APAs in BB. This mechanism allows greater stabilization of 

balance, in fact, the degrees of elbow rotation are lower in the subject who 

unloads the forearm with his other hand. In this way, an uncontrolled flexion 
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of the elbow is avoided and the upper limb posture is maintained (Hugon et 

al., 1982). 

 

 
Figure 6. Inter-limb APAs during barman task. The subject is sitting on a chair while 
maintains its right forearm with a weight applied at the wrist. During “active” unloading, on 
the left, the object is lift by his forearm (self-unloaded). During the “passive” unloading, the 
weight is lift by the experimenter, on the right. When the subject lifts the weight (represented 
by the dotted line) applied at his wrist, an inhibitory APA is developed in the right biceps 
brachii (Bi r), synchronous to recruitment of the prime mover (left biceps brachii, Bi l). When 
the experimenter removes the weight, Bi r inhibition starts 50 ms after the removal of object. 
The angular displacement of the elbow (Pot.r.) indicates that the displacement of the forearm 
is less in the unload “active”. Hugon et al, 1982.  
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From this bimanual load-lifting experiment, it follows that even a 

movement not concerning the whole body imbalance is preceded by inter-

limb APAs to stabilize a body segment and these APAs can develop also in 

muscles that are not usually considered as postural muscles. 

In another work on inter-limb APAs, it has been demonstrated that the 

anticipatory forces are directed in the opposite direction to the reaction forces 

associated with movement performance reducing the postural disturbances 

caused by the movement (Figure 7). The subjects were instructed to perform 

bilateral shoulder movements in three different directions, from forward to 

backwards with increments of 30 degrees (Aruin and Latash, 1995). Bilateral 

shoulder movements gradually changed the magnitude of postural 

perturbations in the sagittal plane. APAs were recorded from trunk muscles 

(Erector Spinae, ES and Rectus Abdominis, RA). When shoulder is flexed an 

excitatory APA in the ES occurs without any activation in the RA; on the 

contrary, shoulder extension is preceded by RA activation and no APA in ES. 

The reversal of APA sign is due to the inversion of the movement direction. 

Finally, no APAs are found in the EMG traces when bilateral shoulder 

abduction are performed. The patterns in proximal and distal posture muscles 

showed the largest anticipatory increase in background activity during 

movements in one of the two opposite directions (forward or backward). 

These changes frequently disappeared during movements in the intermediate 

directions. So, a change in the direction of voluntary bilateral shoulder 

movements leads to changes in anticipatory EMG activity of both proximal 

and distal muscles of the dorsal and frontal parts of the trunk and legs.  
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Figure 7. Inter-limb APAs during bilateral shoulder movements. Participants performed 
bilateral shoulder movements in three different directions (flexion, A; abduction, B; 
extension, C). Graphs on the right show APAs recorded in the erector spinae (ES) and rectus 
abdominis (RA), antagonist trunk muscles. Shoulder flexion (A) is accompanied by an 
excitatory APA in ES, while no APA was recorded in RA; on the contrary, shoulder extension 
is preceded by RA activation and no APA in ES. No APA can be seen in the EMG traces 
when bilateral shoulder abduction are performed. Aruin and Latash, 1995. 
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Intra-limb APAs 
 

As mentioned above, intra-limb APAs are distributed on muscles of 

the same limb in which the movement occurs. Examples of intra-limb APAs 

are reported for shoulder and elbow movements (Almeida et al., 1995; Gribble 

and Ostry, 1999; Hopf and Hufschmidt H. J., 1963) and wrist flexions (Aoki, 

1991). Caronni and Cavallari (2009) reported the flexion of index-finger, in 

which an APA chain develops in several upper-limb muscles to stabilize the 

segmental equilibrium of the arm. Indeed, these authors described that with 

the prone hand a brisk finger flexion (Figure 8) was preceded by an excitatory 

burst in Extensor Carpi Radialis (ECR), Triceps Brachii (TB) and Superior 

Trapezius (ST) and by a concomitant inhibitory burst in Flexor Carpi Radialis 

(FCR), Biceps Brachii (BB) and Anterior Deltoid (AD). The coupled activities 

of ECR-FCR contrasted the wrist flexion torque due to the voluntary 

contraction of the index-finger flexors. At the same time, the coupled 

activities of TB-BB and ST-AD contrasted the elbow and shoulder flexion 

torques produced by the perturbation of the index-finger flexion discharged 

on the metacarpophalangeal (MP) joint.  

 



 

 

33 

Figure 8. Intra-limb APAs 
in upper-limb in an index-
finger task with the prone 
or supine hand. The graphs 
show the APA pattern on the 
tonic EMG recorded from 
postural muscles, of a 
representative participant, 
with the prone (a) or with the 
supine (b) hand. Postural 
muscles recorded are Flexor 
Carpi Radialis (FCR), 
Extensor Carpi Radialis 
(ECR), Biceps Brachii (BB), 
Triceps Brachii (TB), 
Anterior Deltoid (AD), 
Superior Trapezius (ST). 
The APA onset is marked 
with black arrow. The 
vertical line at 0°ms shows 
the onset of the prime mover 
activity. The graphs display 
that APAs in the muscles of 
elbow, shoulder and trunk, 
revert in sign when the hand 
changes from prone to 
supine. EMG is rectified, 
integrated and averaged with 
75 trials and its size 
expressed in percentage of 
the mean EMG level 
recorded 1s before the go 
signal. Caronni and 
Cavallari, 2009.  
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When the hand posture was changed from prone to supine, this APA 

pattern reverted in sign in the elbow and shoulder muscles but not in ECR and 

FCR. Consequently, BB and AD were excited and TB inhibited. So, this study 

shows the versatility of APAs to adapt themselves depending on the postural 

context.  

Such intra-limb APAs not only would guarantee the maintenance of 

the arm posture, but should also be very important in controlling the trajectory 

and the final position of the moving segment, i.e. metria (Figure 9). 

 

Figure 9. APA and dysmetria. 
Model simulation of the horizontal 
fingertip displacement, as function 
of different strokes, when the 
proximal segments are immobilized 
(a, fictive APAs, filled circle), and 
when they are free to rotate (a, 
empty circle). Note that for a 
vertical displacement of 65 mm, the 
fingertip hits the table surface 
(dashed line) more proximally with 
APAs (a) then when no-APAs are 
involved (d). Dots b and c mark the 
hitting position when the APAs 
concern the sole shoulder or 
shoulder plus elbow, respectively. 
In the planar graph (b), in which 
also lateral segment displacements 
are considered, the filled circle is 
the univocal target position 
resulting from a fully correct APA 
control, a disturbance of the APAs 
chain would necessarily produce 
the impact of the fingertip in any 
other point. Caronni and Cavallari 
2009.  
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Actually, when simulating an index-finger flexion using a four-joint 

software mechanical model of the arm in which only the prime mover was 

recruited, a clear disturbance of both focal movement and upper-limb posture 

was observed, with relevant changes at wrist and elbow level. This would 

affect the final position of the intentional finger movement. In the model, the 

only way to prevent these effects was to block all segments except the finger, 

preventing the proximal joints from rotating (fictive intra-limb APAs). Since 

this observation derived from a very simplified system, Caronni and Cavallari 

(2009) also looked for a more realistic situation: a finger tap was electrically 

evoked in a real arm by stimulating the median nerve; such an experiment 

showed recordings comparable in sign and size to those predicted by the 

software mechanical model including the dysmetric motor output (Figure 10). 

However, both the software simulation and the electrically evoked tap 

paradigms did not faithfully represent the “natural” dysmetric behavior, since 

in the two cases no voluntary command is modelled or generated, 

respectively. 
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Figure 10. Angular displacements at metacarpo-phalangeal, wrist and elbow joints 
during simulated, evoked and voluntary index-finger tap. Time course of a simulated 
finger flexion at the MP joint and the related changes at wrist (W) and elbow (E) level, all in 
degree of angular rotation, measured when segments were free to rotate (a, dashed lines) or 
immobilized (a, fictive APA, solid lines). The modeled arm is sketched in the bottom left 
inset. Angular displacements of the three joints were also recorded when an index-finger tap 
was passively evoked in vivo by the median nerve electrical stimulation (b) and when it was 
voluntary performed (c). Rectified FDS activity in the two lower graphs. Note that the 
mechanical model well predicts the displacements of the proximal joints both during passive 
(solid lines) and during voluntary (dashed lines) index-finger tap. Caronni and Cavallari 
2009. 

 

Kinematic aspects 

In spite of the different classification about intra-limb and inter-limb 

APAs, they share several behavioral characteristics, in addition to work on 

several muscles preventing the effects of the interaction torques generated by 

primary motors. Intra and inter-limb APAs, as mentioned above, revert in sign 

when movement direction is reverted (Aruin and Latash, 1995; Caronni and 

Cavallari, 2009b), moreover, they adapt to changes in the postural context, in 
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movement speed within few trials of movement repetition (Bruttini et al., 

2014; Esposti et al., 2015; Hall et al., 2010) and they have a link with the 

movement precision (Bruttini et al., 2016; Caronni et al., 2013). Furthermore, 

APAs are influenced by the availability of visual information (Esposti et al., 

2017) and this effect is also important on the maintenance of the whole-body 

balance (Krishnan et al., 2013). 

Indeed, postural context affects APAs a lot and its characteristics 

depend on both the physical properties of the support base and the interface 

between the body and the support. The first depends on the characteristics of 

the environment in which we are moving: properties and geometrical 

parameters of the available fixation points, such as flatness or curvature, 

inclination and stability of the support bases. The second depends on our own 

body posture, i.e. depend on whether we are firmly standing on two feet or in 

an unstable posture on only one. Indeed, the amplitude of the anticipatory 

postural adjustments is affected by the whole body stability at the time of the 

movement execution. APAs are reduced in size when performing a movement 

in a stable postural context. A view that agrees with the arm-pull experiment 

in standing subjects by Cordo and Nashner (1982) in which the Soleus APAs 

were strongly reduced when adding a fixation point to the trunk. Furthermore, 

the length of the APA chain depends on the position of the fixing point to 

which it is anchored. In this experiment the fixation point is located in 

proximity of the moving segment, thus shortening the fixation chain length. If 

the condition in which the subject is unstable, i.e. when reducing the support 

base area, APAs are usually reduced in amplitude. Indeed, since the APA 

themselves determine movement (Bouisset and Do, 2008), when the support 

base is small the APA themselves could cause a CoM displacement, 
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potentially threatening the whole body balance. The importance of an 

adequate support base to ensure a reliable fixation point for the APA chain is 

suggested by Dietz & Colombo (1996), who showed that no APAs in lower 

limbs could be observed when performing push/pull movements when the 

body fully immersed in water. It is thus apparent that moving without any 

fixation point is not an adequate condition for the APA chain to develop. 

Moreover, APAs are known to have a link with movement precision. 

In a study of Caronni et al. (2013) on inter-limb APAs during an upper limb 

pointing movement wearing or not with prismatic lenses, APAs were 

modified to obtain an accurate voluntary movement. As regards intra-limb 

APAs, Bruttini et al (2016) have studied the role of APAs in movement 

precision comparing pointing movements performed with the preferred vs. 

non-preferred hand. When moving the non-preferred side, APAs are delayed. 

This delay was associated to an impaired stability of the elbow joint during 

the wrist pointing movement and the perturbation of voluntary movement 

caused an increased elbow excursion in the non-preferred hand, eventually 

leading to the diminished movement precision on that side. Furthermore, also 

training leads improvement the performance of APAs chain associated to 

prime mover recruitment (Kanekar and Aruin, 2014). In fact, in some motor 

behaviors, an optimal stabilization is needed to achieve an effective 

performance. As in the case of professional pianists which seek to play using 

less muscular activity and take greater advantage on shoulder joint rotation 

(Furuya and Altenmüller, 2013). APAs are not the only determinant of 

movement precision. Considering that the parietal cortices play a critical role 

in integrating visual and somatic inputs for building up this sensorimotor 

transformation, an error in reaching the target can be due not only to APAs 
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modified, but also to an incorrect sensorimotor transformation, from the visual 

representation of the target to the kinematics representation of the planned 

trajectory (Soechting and Flanders, 1989). Thus, the central nervous system 

seems to use the same organization of the motor command for controlling both 

the segmental and the whole-body posture. 

As regards the influence of the visual information availability on 

APAs, when exposing subjects to an external perturbation induced by an 

aluminum pendulum attached to the ceiling with or without holding onto a 

walker, no significant differences in the APAs activity were found when a full 

vision was available. It has also been illustrated the importance of visual 

acuity in a correct tailoring of APAs (Mohapatra et al., 2012). Indeed, the 

anticipatory postural control changes when asking the subject to wear eye-

glasses with negative or positive powered lenses. The above described 

literature suggests that the CNS rely upon vision for tailoring a correct APA 

pattern when it has to counteract an external perturbation or when it has to 

deal with a voluntary movement oriented to a target, thus interacting with 

external objects. According to literature, in a well-lit environment with a firm 

base of support, healthy individuals, which are asked to maintain a bipedal 

up-right stance, rely on a combination of somatosensory (70%), vestibular 

(20%) and only 10 % of visual feed-back (Peterka, 2002). For what regard 

APAs, it has been shown that cutaneous inputs provide sufficient information 

to plan the anticipatory postural adjustments for gait initiation (Mouchnino 

and Blouin, 2013). These observation suggest that proprioceptive inputs are 

sufficient to modulate the APA pattern that precede gait initiation. 
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Neural organization of APA  

A shared command for postural and prime mover muscles 
 

From classical literature, it is known that the prime mover activity and 

the related postural adjustments (Anticipatory Postural Adjustments, APAs; 

Synchronous Postural Adjustments, SPAs and Consecutive Postural 

Adjustments, CPAs) of the muscles generating the postural chain, come from 

two separate central commands (Hess, 1943). In this regard, Babinsky (1899) 

has described the motor system with two kinds of organization, one referring 

to movement and the other one to posture. The focal component, therefore, 

concerned the body segments involved in performing motor action, while the 

postural one was referred to the stabilizing reactions of the whole body.  

However, at least for what regards APAs, this dual command 

hypothesis has been increasingly replaced by the idea that postural and prime 

mover muscles are both controlled by a shared motor program (Aruin and 

Latash, 1995; Caronni and Cavallari, 2009b). In this regard, a key observation 

has been carried out by Bruttini et al. (2014), who showed that even when the 

focal movement does not occur because the prime mover innervation is 

blocked by local ischemia or anaesthesia, overt APAs are nevertheless 

produced along the fixation chain whenever the subject tries to move. Thus, 

APAs are produced each time the voluntary motor command is delivered, 

even if no perturbation occurs because the prime mover is paralysed, strongly 

supporting the oneness of the postural and voluntary motor commands. 

Further support to this view comes from the observation that when 

correcting an ongoing arm pointing movement the CNS is able to create a 

predictive mode of postural control adapting consistently the postural muscle 
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activities before modifying the prime mover recruitment (Gritsenko et al., 

2009; Leonard et al., 2011). In these studies, the postural corrections are 

described as parts of the voluntary movement, rather than aimed to ensure the 

maintenance of equilibrium of body. The performance of voluntary 

movements of standing human subjects is always accompanied by 

adjustments in their posture. In most cases, the muscles responsible for those 

postural changes anticipate the ones acting as prime movers, indicating that a 

feedforward type of neural control is involved also in these cases. 

 
Neural structures governing APAs 

 

Inter-limb APAs and intra-limb APAs don’t share only several 

kinematic aspects but also several neural structures involved in their 

programming. 

The involvement of Primary Motor Cortex was studied through the 

Transcranial Magnetic Stimulation (TMS) to induce a silent period in either 

the left or the right M1 while the subject abducted his left arm, a movement 

preceded by APAs in the contralateral Latissimus Dorsi muscle (Palmer et al., 

1994). The stimulation of the left motor cortex, ipsilateral to the prime mover 

and contralateral to the postural muscle, produced a delay of the APA onset, 

while the prime mover timing was unmodified. When the stimulation was 

carried out on right M1, the prime mover activation was delayed and APAs 

were slightly modified. So, in this case, the motor cortex showed to play an 

important role for both APA organization and prime mover generation. 

 Moreover, it has been shown for both inter- (Petersen et al., 2009) and 

intra-limb APAs (Caronni and Cavallari, 2009a) that when adding a support 

point that relieves a muscle from the fixation chain, even if the excitability of 
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its spinal motoneurons is not modulated during the period of motor 

preparation, the cortical excitability in the M1 representation of that muscle 

actually changes, depicting the time course of the overt APA produced when 

the muscle is involved in the fixation chain. This actually proves that both the 

postural and the voluntary motor commands pass through M1.  

Studies about anatomical structure linkage with APAs suggest that 

Supplementary Motor Area (SMA) has an important role. Indeed, APA 

impairments were observed in patients with a lesion of the SMA during the 

barman task (Massion et al., 1999).When the load was held with the forearm 

contralateral to the lesioned SMA, APAs were damaged compared to patients 

with normal SMA but with impairment in a callosal section. More recently, a 

study carried out with the Transcranial Direct Current Stimulation (tDCS) 

over the SMA has shown a the involvement of SMA in modulating APAs 

amplitude without influencing the primary movement (Bolzoni et al., 2015). 

In the shared motor command perspective (see previous paragraph) this means 

that the two originally united command flows toward postural and prime 

mover muscles bifurcate before SMA.  

Schmitz et. al (2005) reported the involvement also of Sensorimotor 

areas, using functional Magnetic Resonance Imaging (fMRI), while Schepens 

(2004) suggested the role of Pontomedullary Reticular Formation (PMRF) in 

the coordination of posture and movement. PMRF, site of integration of 

signals from both cortical and subcortical structures, is able to mediate APAs 

in time and magnitude to optimize motor control of posture and movement. 

Other neural structures involved in APA organization and on which 

we wanted to focus attention are basal ganglia and cerebellum. 

A study on neuromagnetic brain activity has shown that during the 

bimanual load-lifting task, APA inhibitory activities in BB of the load-bearing 
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arm, were associated to the cerebral activity of the precentral gyrus, basal 

ganglia, SMA and thalamus, contralateral to the arm holding weight (Ng et 

al., 2013). These areas are important component of the basal ganglia-

thalamo-cortical motor network, implicated in well-learned finger 

movements (Boecker et al., 2008). As a result, this network and the neural 

structures associated are necessary for generation of APAs and also for 

voluntary motor command confirming the hypothesis of a oneness of the 

motor command for both posture and primary movement.  

It is worth noting that the cerebellum is involved in motor coordination 

and postural control. So, a cerebellar lesion disrupts the coordination between 

voluntary movement and equilibrium stabilization (Babinski, 1899) as such 

structure is effectively used to overcome time delays associated with feedback 

control (Imamizu et al., 2000; Wolpert and Kawato, 1998). Several studies 

suggest that the cerebellum contains forward internal models that could 

predict the consequences of an action. Cerebellar impairments are associated 

with a normal pattern of inter-limb APAs, but with abnormalities in their 

timing (Diener et al., 1992); the latter results was also confirmed in intra-limb 

APAs by Bruttini et al. (2015), who demonstrated that when performing a 

brisk index-finger flexion, cerebellar subjects showed a timing-disruption of 

intra-limb APAs, while their pattern was unmodified.  
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RESEARCH HYPOTHESIS 

 
Taking into account the role of anticipatory postural adjustments in 

optimizing the voluntary movement performance, this thesis aims to further 

clarify and deepen some aspects of the Anticipatory Postural Adjustments 

(APAs) organization and the neural structures generating them. As mentioned 

above, at the present time there are only a few studies on neural structures 

involved in APAs, such as the primary motor cortex, the supplementary motor 

area, the sensory motor areas and the pontomedullary reticular formation. 

Some of these works correlated some neurological disease with APAs changes 

elucidating not only the knowledge regarding these pathologies, but also the 

relationships between the structures and the APA command.  

In this context, subcortical structures which have an important role in 

refining the voluntary movement are the basal ganglia. Actually, the 

pathologies associated to their dysfunction are known to be correlated with an 

impairment in inter-limbs APA control (Lee et al., 1995; Viallet et al., 1987). 

The first goal upon which we wanted to focus our attention is the lack of 

studies about intra-limb APA linked to basal ganglia impairment. So, intra-

limb APAs stabilizing the arm and the forearm before index-finger flexion 

(Caronni and Cavallari, 2009b) were recorded in patients suffering 

Parkinson’s disease (as model of basal ganglia dysfunction) and in healthy 

subjects. From this experiment, we would have expected, as we have found, 

that the impairment of basal ganglia lead to a change in the pattern of APAs, 

compromising the kinematics parameters of voluntary movement.  
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Secondly, the investigation about the structures contributing to APAs 

also concerned the cerebellum. As reported in the last paragraph of the 

Introduction, adult cerebellar patients showed similar timing-disruption in 

both inter- and intra-limb APAs (Bruttini et al., 2015; Diener et al., 1992). To 

what extent does the development of such structure affects the APA control? 

To answer this question, the research was directed to compare postural and 

gait initiation parameters in children affected by Congenital Cerebellar  

Ataxia, CCA) to those obtained in healthy subjects of comparable age. CCA 

group was further classified into those affected by the non-progressive Joubert 

Syndrome (NonP) and those with an unknown or slowly progressive diagnosis 

(SlowP). Moreover, an electromyographic analysis was carried out from 

lower limb and trunk muscles involved in APA stabilization. Surprisingly 

enough, although clinical evaluation of motor impairments was similar in 

NonP and SlowP, only the latter showed a clearly worse postural behavior 

than H. Indeed SlowP were less stable in standing and showed more severe 

timing disruption in lower limb and back muscles activities when starting gait, 

paralleled by a shorter and slower first step. Such different behavior between 

SlowP and NonP children is probably linked to a different consolidation of 

compensatory strategies. 

As mentioned above, the cerebellum has a fundamental role in 

movement coordination but recently it has been considered as involved also 

in emotion and cognition (D’Angelo and Casali, 2012), two aspects which 

may affect the movement performance which, in turn, has been shown to 

depend also on the postural control (Bruttini et al., 2016). In fact, it is known 

that postural control is an adaptive process affected by many aspects of human 

behavior. By the way, there are several studies which showed the influence 

both of emotional and cognitive aspects in balance control and during a 
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movement performance (Doumas et al., 2018; Gélat et al., 2011; Zaback et 

al., 2019). Therefore, it is interesting to investigate the cognitive areas which 

may affect the postural control. Recent studies have confirmed the influence 

of cerebellum in cerebral processes mediated by the cerebro-cerebellar loop. 

Most of the loop streamlines involves cerebral associative areas and their 

cerebellar cognitive counterpart. Many cerebellar lesions lead to clinical 

motor disorders, as in motor ataxic syndromes, but they are also the neural 

basis of cognitive disorders which involve impairments in executive, visual-

spatial and linguistic abilities. To investigate the cerebellar areas involved in 

cognitive processes, we focused our attention on the lateral Crus I-II, known 

cerebellar cognitive areas (Stoodley et al., 2012), and investigated their 

activity level by assessing the production of cerebellar metabolites by 

Magnetic Resonance Spectroscopy (MRS). Firstly, we wanted to create a 

standard range of concentrations in lateral Crus I-II of healthy subjects. In 

order to avoid that the metabolites quantification was contaminated by tissue 

composition, such effect was corrected by means of segmentation of T1-

weighted brain images. Moreover, we tested the reproducibility of the 

acquisition protocol in order to estimate the total variability and validate the 

MRS protocol for investigating metabolic changes in neurological diseases 

affecting cerebellum. At the moment, the application of such protocol on 

cerebellar patients is on stand-by, searching for a more easy available MRS 

facility. 

In parallel however, the “cognitive” approach to APA control led us 

to focus on a cortical sensory-motor integration centre within a multimodal 

network: the Parietal Operculum (PO). Recent studies, indeed, suggested that 

the PO acts as a “hub” in which converge visual, somatosensory and auditory 

functional streams and, in turn, PO is connected to motor and premotor areas 
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(Sepulcre et al., 2012). Considering that intra-limb APAs are influenced by 

primary movement kinematics adapting to postural context (Bruttini et al., 

2014) and by the availability of visual information (Esposti et al., 2017), it 

seemed of interest to investigate the eventual involvement of PO in APAs 

organization by perturbing this area with a direct current stimulation, applied 

transcranially. The intra-limb APAs associated to index-finger flexion and 

recorded in healthy subjects before, during and after anodal and cathodal 

transcranial Direct Current Stimulation (tDCS) on contralateral PO (coPO), 

were compared to those obtained in a sham session. Since, despite the high 

power of the statistical design, no significant changes were found in the APA 

pattern and the focal movement kinematics, we excluded the coPO as a relay 

of the neural network controlling both APAs and prime mover recruitment. 
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EXPERIMENTAL DESIGN 
 

The experimental procedures of the two works (Paper 1,4) regarding 

the recordings of intra-limb APA before index-finger flexion, share similar 

methodological features. 

Subjects were sitting on a chair with the elbow flexed at 90° and the 

prone hand in axis with the forearm and they were asked to flex their index-

finger at the metacarpophalangeal joint after an acoustic signal. The 

electromyographical activity of postural muscles (Biceps Brachii, BB; Triceps 

Brachii, TB and Anterior Deltoid, AD) and prime mover ( Flexor Digitorum 

Superficialis, FDS) were recorded with couples of pre-gelled surface 

electrodes (H124SG, Kendall ARBO, Tyco Healthcare, Neustadt/Donau, 

Germany). EMG was AC amplified (IP511, Grass Technologies®, West 

Warwick, Rhode Island, USA; gain 1–20 k) and band-pass filtered (30–1000 

Hz, to minimize both movement artefacts and high frequency noise). 

Movements of the index-finger at the metacarpophalangeal joint were 

recorded by a strain-gauge goniometer (mod. F35, Biometrics Ltd®, Newport, 

UK). Angular signal was DC amplified (P122, Grass Technologies®, West 

Warwick, Rhode Island, USA) and gain was calibrated before each 

experiment. Goniometric and EMG signals were then sampled at 1 kHz (in 

Paper 4 protocol) or 2 (in Paper 1 protocol) with 12-bit resolution (A/D 

converted PCI-6024E, National Instruments®, Austin, Texas, USA).  

In Paper 1, three sessions of 15 trials recorded in parkinsonian patients 

were compared to those recorded in healthy subjects. All the EMG traces were 

digitally rectified and integrated (time constant: 10 ms). The onsets of FDS 
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EMG were extracted by running a 1-s mobile-window algorithm over the 

recordings, searching for those positions in which the samples in the 50 ms 

following the window were all above the mean value +2 SD of the samples 

within the window. When this criterion was met, the end of the window was 

considered an onset. In each muscle, all the 45 EMG recordings were then 

time aligned to the FDS onset and averaged. The onset of index-finger flexion 

was identified on the averaged goniometric trace by applying the same 

mobile-window algorithms user for FDS onset, but searching for the window 

position in which all samples were all below the mean value -2 SD of the 

samples within the window. Movement amplitude and duration were 

measured as the amplitude and timing difference between peak index-finger 

flexion and movement onset, respectively. The onset of an excitatory or 

inhibitory APA in each postural muscle was searched for on the averaged trace 

by applying the same moving-window algorithm used for FDS onset; if the 

samples in the 50 ms following the window were all above the main value +2 

SD of those within the window, the APA was recognized as excitatory, while 

if the samples in the 50 ms were all below the mean value -2 SD, the APA 

was recognized as inhibitory. If the above criteria failed to identify any onset, 

the APA was lacking for that muscle. 

In Paper 4, on the contrary, several sessions of 15 trials were recorded 

before, during and after an anodal or cathodal tDCS comparing with each 

other. All the EMG traces were digitally rectified, then the traces collected 

while moving the index-finger were expressed in % of the highest average 

EMG value recorded for 1 s during the subject’s MVC monitoring. For each 

EMG and goniometric variable, the 30 traces recorded in two sequences 

before the stimulation were time-aligned to the point (trigger) in which finger 

flexion reached 15° with respect to its resting position and averaged. So, it 
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was verified that at 15° flexion the index-finger was moving at more than 50% 

of its peak velocity. The resulting averaged trace extended from 2 s before to 

0.3 s after trigger. The same procedure was applied for the traces obtained 

during and after stimulation. As regards the onset of index-finger movement, 

the mean level of the signal recorded from 1 to 0.5 s prior to the trigger was 

subtracted from the averaged trace, then a software algorithm searched the 

first time point in which the trace fell below -2 SD of the signal in the 

reference period and remained below that level for at least 50 ms. When the 

criterion was met, the algorithm searched backward the point in which the 

trace started to deviate from the mean reference value. Movement amplitude 

and duration were measured, as the amplitude and timing difference between 

the peak flexion of index-finger and the onset of its movement, respectively. 

For each average EMG trace, the period from 1 to 0.5 s before movement 

onset was assumed as reference. The trace was integrated (time constant= 11 

ms) and the mean reference level was subtracted from it; then the onset of an 

excitatory or inhibitory EMG change was identified by the above-described 

software algorithm, setting the threshold at +2 SD or -2 SD of the reference 

signal, respectively. As regards the stimulation, tDCS of 20 min at 2 mA was 

applied by using a neuroConn® DC-Stimulator Plus (model 0021) connected 

to two sponge electrodes, soaked with conductive gel. The active electrode 

(3.16 x 3.16 cm) was positioned on the scalp point closest to the PO identified 

by means of the Talairach coordinates through a neuronavigation system 

(Softaxic Optic 2.0). The reference electrode (8 x 12 cm) was positioned on 

the forehead over the contralateral supraorbital area. Anodal and cathodal 

tDCS started with a 60 s fade-in period, followed by 20 min DC at 2 mA and 

a 30 s fade-out. In sham configuration, instead, the 60 s fade-in was 

immediately followed by the 30 s fade-out. The resulting current density (2 
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A/m2) was much lower than the safety limit (25.46 A/m2) reported on humans 

(Bikson et al., 2009). Throughout the experiment, it was checked that scalp 

impedance was constant and never exceeded 5 kW (range 1.2-4.2 kW). 

For the work regarding cerebellum involved in inter-limb APAs 

(Paper 2), participants were asked to stand quietly on a force plate for 30 

seconds, then start walking after a vocal prompt at their usual speed, self-

selecting the leading limb. The dynamometric force plate (sampling frequency 

of 960 Hz, KISTLER, Winterthur, Switzerland) was used to measure the 

Center Of Pressure (CoP) displacements. Kinematic data were 

optoelectronically recorded by means of a motion analysis system (SMART-

E, BTS, Italy) with six-cameras (sampling frequency of 60 Hz) using a full 

body 29 marker set. Electromyographic (EMG) analysis were carried out 

through wireless probes (sampling frequency of 1000 Hz, FREEEMG 1000, 

BTS, Italy) used to bilaterally record the muscular activity of Tibialis Anterior 

(TA), Soleus (SOL), Erector Spinae (ES), Biceps Femoris (BF) and Rectus 

Femoris (RF). The raw EMG data were high-pass filtered (fcut=50 Hz) with 

a zero-phase shift, 6th-order elliptic filter to remove movements artifacts; then 

the signals were rectified. To extract postural parameters during quiet 

standing, the statokinesigram (the projection onto a 2-dimensional space of 

the trajectory of the CoP) was used. The main variables calculated were the 

ellipse area and its eccentricity, the total CoP length, the CoP velocity and the 

anterior-posterior and medial-lateral CoP displacements. To investigate the 

gait initiation motor program, two phases (APA phase and the stepping phase) 

were identified. The APA phase was evaluated measuring the duration of 

imbalance and unloading phases, the CoP length, the anterior-posterior (AP) 

and medial-lateral (ML) shift of the CoP. The stepping phase was evaluated 

measuring the first step length and the first step velocity. As regards the 
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muscular activity at gait initiation, the onset of muscles activation was 

considered as the instant at which the EMG signal deviated more than the 

mean ±2 SDs of the baseline activity in the temporal window from 200 ms 

before to 1300 ms after the backward CoP displacement (the movement onset, 

time 0). For each subject, all variables were averaged over the trials. 

For the cerebellar study on cognitive approach (Paper 3), Magnetic 

Resonance Spectroscopy (MRS) was used to identify and to quantify the 

cerebellar metabolites in Crus I-II region of a cohort of healthy subjects. MRI 

data were acquired on a 3T Skyra scanner (Siemens, Erlangen, Germany) with 

the manufacturer’s 32-channel head-coil for signal reception. Structural 

information was obtained with an MPRAGE T1-weighted 3D sequence with 

the following parameters: TR/TE/TI = 2300/2.95/900 ms, flip angle = 9°, 176 

sagittal slices, acquisition matrix = 256 x 256, in-plane resolution = 1.05 x 

1.05 mm, slice thickness = 1.2 mm. The acquisitions of MRS were carried out 

using a single-voxel (SVS) point-resolved spectroscopy (PRESS) sequence on 

three different Voxel Of Interests (VOIs): one on cerebellar Gray Matter 

(GM), Crus I-II, one on cerebellar White Matter (WM) and the last one on 

WM of the cerebral hemisphere, as reference area. MRS parameters used for 

this protocol were: TR/TE = 3000/30 ms, 256 spectral points, spectral 

bandwidth = 1200 Hz; 4 measurements for cerebral VOI (4 spectra; voxel of 

2x2x2 cm3) for a total acquisition time about 5 minutes and 8 measurements 

(8 spectra; voxel of 1.5x1.5x1.5 cm3) for the two cerebellar VOIs for a total 

acquisition time about 20 minutes. To determine tissue composition of each 

VOI, the structural T1-weighted images were segmented into GM, WM and 

cerebrospinal fluid (CSF) using the statistical parametric mapping (SPM12) 

toolbox Segment (http://www.fil.ion.ucl.ac.uk/spm/). Using in-house written 

software, MATLAB R2017b, VOI geometry information was used to create 
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corresponding binary masks in the same space of each individual’s segmented 

T1-weighted image. Spectroscopy data were analyzed using two freely 

available software packages: JMRUI 5.2 and TARQUIN 4.3.10. 
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RESULTS 

 
In Paper 1, the comparison of intra-limb APA pattern and latencies 

and focal movement kinematics between healthy subjects and parkinsonian 

patients showed significant differences. 

Indeed, index-finger movement was smaller and more delayed in 

subjects with Parkinson disease than in healthy participants. As regards 

postural muscles, the APA pattern recorded in healthy subjects was in 

agreement with the literature (Caronni and Cavallari, 2009b): the FDS onset 

was preceded by an inhibitory APA in BB and in AD, and simultaneously by 

an excitatory APA in TB. In parkinsonian subjects, four of them didn’t show 

any BB intra-limb APAs and five of them developed an APA excitation in BB 

instead of an APA inhibition. So, the intra-limb APA pattern in parkinsonian 

patients seems to be disrupted. This observation reinforces the hypothesis that 

basal ganglia may not only contribute to shaping the focal movement, but also 

play a key role in intra-limb APA organization.  

 

As regards inter-limb APAs work (Paper 2), the analysis of static 

posturography showed some differences between ataxic and healthy children. 

Indeed, the pathological group showed an ellipse area greater than the controls 

due to the greater CoP displacement in medio-lateral direction, however this 

difference was statistically significant only in SlowP subjects. The spatial and 

temporal parameters in the imbalance and unloading phases were not 

significantly different between the groups; while, differences were found on 

step execution with a reduction of first step length and velocity in SlowP. The 
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electromyographic analysis revealed a muscular pattern characterized by an 

inhibitory postural chain involving Erector Spinae, Biceps Femoris and 

Soleus, followed by an excitatory chain in Rectus Femoris and Tibialis 

Anterior, similar in all subjects. However, SlowP showed more severe timing 

disruption in lower limb and back muscles activities when starting gait, 

confirming alterations in the timing of APAs in cerebellar patients (Bruttini et 

al., 2015).  

 

As regards MRS study (Paper 3), we have created the boxplots of 

metabolites concentration in specific cerebellar areas to have a standard range 

of concentration on this cohort of subjects enrolled. The mean values of raw 

and corrected metabolites concentration obtained segmenting the volumetric 

T1-weighted images and correcting for cerebrospinal fluid contamination and 

relaxation, were significantly different, while their coefficients of variance 

resulted comparable for each VOI. To investigate the reproducibility of MRS 

protocol, the Interclass Correlation Coefficient (ICC) for each metabolite, for 

each VOI, was calculated using data obtained with the test-retest protocol. 

ICC values that estimate the fraction of the total variability due to biological 

differences between subjects, range from 0 to 1. ICC values smaller than 0.5 

suggest that the variability due to measurement errors is bigger than that of 

biological differences, while values greater than 0.5 suggest that biological 

variability in the considered cohort of subjects has the greatest role (Grussu et 

al., 2015). The ICC values suggested that the total variability of protocol was 

equally due to both the biological variation and the measurement errors. 

Moreover, the comparison between raw and corrected ICC data did not show 

any different overall. From these results would emerge that the correction for 
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the composition tissue contamination did not significantly improve 

metabolites quantification. 

 

In work on role of PO in APAs control (Paper 4), it has been 

demonstrated that intra-limb APA pattern (Caronni and Cavallari, 2009b) 

recorded before, during and post tDCS on coPO didn’t show any significant 

differences not only in the sham group but also in anodal and cathodal 

polarity. Results obtained with anodal and cathodal tDCS were comparable 

to those recorded in sham condition suggesting that stimulation of either 

polarity didn’t influence APAs amplitude or latency, as well as the amplitude 

of prime mover recruitment and index-finger kinematics. Indeed, the present 

results seem to exclude the hypothesis of coPO involvement in intra-limb 

APA associated to index-finger flexion.  
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PAPER 1 
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������������	
��
��
�
���
����
������
 ��
��
��
��� !"#"$!%�#& !�$'"(!(&")&(#"*&+�"$�,((!"'-&.'&/0,&%"'/���12&3"45,�/6(&(1' �"7,2&�)),%/!'$&8"'9&:;<� %0!# �,'2&!(&�&%"'$,'!/�#&7�#)"�7�/!"'&/0�/&%�4(,(&�'&�'"7�#"4(&"�$�'"$,',(!(&")&5"/0&/0,&%,�,5,##��&:;=� >,�7!(&�' &+, 4'%"#!&�' &0�(&�'&!'/�!'(!%�##1&(/�5#,&'�/4�,&�#"'$&/0,&$�"*/0&")&/0,&(45?,%/-&@'&)�%/2&:;A� "'%,&/0,&"�$�'"$,',(!(&!(&%"7+#,/, &/0,&>,�7!�'&01+"+#�(!�&�,7�!'(&(/�5#,&/0�"4$0"4/&/0,&+�/!,'/6(&:;B� #!),/!7,-&:;C� @/&%"4# &5,&��$4, &/0�/&"4�&"5(,�>�/!"'&")&*"�(,&+"(/4��#&%"'/�"#&!'&D#"*9&(45?,%/(&7�1&5,&:<E� �,#�/, &/"&/0,&#��$,�&,F/,'/&")&/0,!�&%,�,5,##��&%"7+�"7!((!"'&G$,',��#!H, &�/�"+01&>(-&>,�7!�'&:<I� 01+"+#�(!�J-&K"*,>,�2&#!/,��/4�,&�,+"�/(&�'&,75#,7�/!%&%�(,&*0!%0&%"'/��(/(&*!/0&/0!(&!'/,�+�,/�/!"'-&:<:� @'&)�%/2&L!/"7�'#!"&,/&�#-&MNOP&+45#!(0, &�&%�(,&�,+"�/&!'&*0!%0&�&OQR1,��R"# &(45?,%/&*!/0&%"7+#,/,&:<S� %,�,5,##��&�$,',(!(&(0"*, &"'#1&�&7!# &�/�F!�&*!/0&(#!$0/& 1(7,/�!�&�/&%,�,5,##��&/,(/(2&�%%"7+�'!, &:<;� 51&7" ,��/,&7,'/�#&�,/�� �/!"'2&54/&'"& !))!%4#/1&!'&�//�!'!'$&>,�1&%"7+#,F&7"/"�&/�(T(-&./0,�&:<<� ,F�7+#,(&(0"*!'$&'"& !�,%/&%"��,#�/!"'&5,/*,,'&/0,&,F/,'/&")&/0,&#,(!"'&�' &/0,&,'(4!'$&7"/"�&:<=� !7+�!�7,'/(&7�1&5,&)"4' &!'&U!'!'$&,/&�#-&MNVP2&�,+"�/!'$&WX&%�(,(&")&0,7!(+0,�,%/"71&!'&%0!# �,'&:<A� *0"2&!'&/0,&7�?"�!/1&")&%�(,(2&*,�,&�5#,&/"&�,%">,�&#"*,�&#!75&)4'%/!"'& 4�!'$&*�#T!'$&�' &�4''!'$2&:<B� �(&*,##&�(&�#7"(/&'"�7�#&+0"'�/!"'&�)/,�&�,(,%/!"'&")&/0,&#,)/&0,7!(+0,�,-&@'&+���##,#2&Y!4&,/&�#-&MNZP&:<C�  ,(%�!5, &0"*&%0!# �,'&7�1&�,%">,�&>!(4�#&+�"%,((!'$&�5!#!/!,(&�)/,�&#��$,&�,(,%/!"'(&")&/0,&>,'/��#&:=E� "%%!+!/"R/,7+"��#&%"�/,F-&D4%0&,>! ,'/&)4'%/!"'�#&%"7+,'(�/!"'(&%"4# &5,&,F+#�!', &"'#1&/0�"4$0&:=I� /0,&+#�(/!%!/1&")&/0,&�,7�!'!'$&5��!'&��,�(2&*0!%0&0� &/"&%"+,&*!/0&�&(/�5#,&#,(!"'&(!'%,&%0!# 0"" 2&:=:� *0!%0&!'&/0,&%�(,& ,(%�!5, &51&L!/"7�'#!"&,/&�#-&MNOP&(/��/(&)�"7&,75�1"$,',(!(-&L0,(,&"5(,�>�/!"'(&:=S� (4$$,(/&/"&�,(/�!%/&/0,&01+"/0,(!(&/"&/0,&+�"$�,((!>,&'�/4�,&")&/0,&+�/0"#"$1-&&:=;� [,/4�'!'$&/"&/0,&)��7,*"�T&")&/0,&+�,(,'/&(/4 12&*,&,'>!(�$,&/0�/&8"'9&(45?,%/(&%"4# &4(,&/0,&:=<� +#�(/!%!/1&")&/0,!�&!'/�%/&5��!'&��,�(2&*0!%0&7�1&!'%#4 ,&/0,&%,�,5,##��&0,7!(+0,�,(2&/"&,)),%/!>,#1&:==� %"7+,'(�/,&)"�&/0,!�&(/�5#,&#,(!"'2&#,� !'$&/"&�'&�#7"(/&'"�7�#&+(1%0"7"/"�& ,>,#"+7,'/-&.'&/0,&:=A� %"'/���12&D#"*9&(45?,%/(&(4)),�&)�"7&�&%"'/!'4"4(2&�#/0"4$0&(#"*2&%,�,5,##��& ,$,',��/!"'2&*0"&:=B� %"')#!%/(&*!/0&/0,&%"'("#! �/!"'&")&�&%"7+,'(�/"�1&)4'%/!"'�#&(/��/,$1-&L0!(&+,�(+,%/!>,&'"/&"'#1&)!/(&:=C� *!/0&/0,&$�� 4�#&*"�(,'!'$&")&+"(/4��#& ,)!%!/(&*,& "%47,'/, &0,�,&*0,'&+�((!'$&)�"7&0,�#/01&/"&:AE� 8"'9&/"&D#"*9&%0!# �,'2&54/&*"4# &�#("&,F+#�!'&*01&+�/!,'/(&*!/0&� 4#/R"'(,/&%,�,5,##��&#,(!"'(&:AI� (0"*&,>,'&7"�,&+�"'"4'%, &+"(/4��#& ,)!%!/(&MO\P-&@' ,, 2&',4��#&+#�(/!%!/1&$�� 4�##1&54/&:A:� %"'(!(/,'/#1& ,%�,�(,(&">,�&/0,&#!),(+�'&MNNP-&&:AS� &]̂_̀abcdcefg̀hijkglmdcinòlgcpinq̀`:A;� r!'�##12&!/&�,7�!'(&/"&)!$4�,&"4/&*0!%0&',4��#&(45(/��/,&!(&!'>"#>, &!'&/0,&)4'%/!"'�#&:A<� %"7+,'(�/!"'-&@'&/0!(&�,$�� 2&!/&!(&!'/,�,(/!'$&/"&0!$0#!$0/&�,%,'/&,>! ,'%,(&(0"*!'$&(45%"�/!%�#&:A=� 5! !�,%/!"'�#&%"'',%/!"'(&5,/*,,'&/0,&5�(�#&$�'$#!�&�' &/0,&%,�,5,##47&MNWsNQP-&@'&+��/!%4#��2&5"/0&:AA� /0,&(45/0�#�7!%&'4%#,4(&�' &/0,& ,'/�/,&'4%#,4(&0�>,& !(1'�+/!%&+�"?,%/!"'&�  �,((, &/"2&:AB� �,(+,%/!>,#12&%,�,5,##��&%"�/,F&�' &(/�!�/47-&@/&!(&/04(&,>! ,'/&/0,&,F!(/,'%,&")&�'&!'/,$��/, &',/*"�T&:AC� �7"'$&5�(�#&$�'$#!�2&%,�,5,##47&�' &%,�,5��#&%"�/,F2&*0!%0&7�1&,F+#�!'&0"*&�5'"�7�#&�%/!>!/1&�/&:BE� "',&")&/0,(,&'" ,(&7�1&,#!%!/&',/*"�TR*! ,&,)),%/(&MNXP-&&:BI� L0,&)4'%/!"'�#&�"#,&")&/0,&5�(�#&$�'$#!�&/"&%,�,5,##47&%"'',%/!"'(&0�(&5,,'& ,,+#1&!'>,(/!$�/, -&:B:� @' ,, 2&!/&0�(&5,,'&"5(,�>, &/0�/&+�/!,'/(&*!/0&9��T!'("'6(& !(,�(,&G9tJ&(0"*&�5'"�7�#&)4'%/!"'!'$&:BS� �#("&!'&/0,&%,�,5,##47&MNuP-&v&D9wxL&(/4 1&!'&+�/!,'/(&*!/0&9t&%"')!�7(&�'&!'%�,�(, &%,�,5,##��&:B;� �%/!>!/1&*0,'&/0,&,)),%/&")&/0,&�'/!R+��T!'("'!�'& �4$&,F/!'$4!(0,(&MWyP̂̀r4�/0,�&,>! ,'%,&%"7,(&)�"7&:B<� �'!7�#&(/4 !,(z&/0,&#"((&")& "+�7!',�$!%&',4�"'(&")&/0,&(45(/�'/!�&'!$��&*�(&(0"*'&/"&5,&%"��,#�/, &:B=�



������������	
��
��
�
���
����
������
 ��
��
��
��� !"#"$%&'�' %( "!)$%&*%+,� # �-("-."/0&1�(2%",%33'4"�(5�,# �(6"#("#3 %&# �-("-."7- !" !%"7#'#3"6#(63�#*89:�  !#3#;�,"#(5",%&%7%33-* !#3#;�,"$# !�#)'"<=>?@"A(5%%54"#. %&"#"$!#&;#,-3-6�,#33)"�(50,%5"899� 5-$#;�(%&6�,"5%6%(%&# �-(4" !%" !#3#;�,"$&-2%, �-('".&-;" !%'%" �-"#&%#'"'!-�%5"#"&%50, �-("�(" !%"89B� ;% #7-3�,"#, �C� )"#(5"#"5%,&%#'%"�(" !%".�&�(6"&# %"<=D4=E?@"F-('�5%&�(6" !%"&%,�$&-,#3",-((%, �C� )4"� "8BG� �'"-."�( %&%' " !# ".0(, �-(#3"HIA"'!-�%5"�(,&%#'%5"$0 #;%(*,%&%7%33#&"#, �C� )"�("/J"$# �%( '"8BK� $%&.-&;�(6"'�;$3%";- -&" #'1'4"#(5" !# "#"6&%# %&"$0 #;%(*,%&%7%33#&",-((%, �C� )"�'"'�6(�.�,#( 3)"8B8� ,-&&%3# %5"�� !"7%  %&";- -&"$%&.-&;#(,%"<=L4==?@"M(" !%",-( &#&)4" !%"#5;�(�' &# �-("-."3%C-5-$#"8BN� &%50,%5" !�'",-((%, �C� )4"&%3�%C�(6" !%",%&%7%330;".&-;"� '",-;$%('# -&)" #'1"<=O?@"A "�#'"#3'-"8BP� -7'%&C%5" !# " !%",-;$%('# -&)"&-3%"-." !%",%&%7%330;",-( &�70 %'" -"$&%C%( " !%".033";#(�.%' # �-("8BQ� -." !%" )$�,#3";- -&"');$ -;'"50&�(6" !%"�(� �#3"' #6%"-."/JR" !�'",-;$%('# -&)"#7�3� )"'# 0&# %'"�� !"8BS�  �;%4"3%#5�(6"/J"$# �%( '" -"5%C%3-$",%&%7%33#&"');$ -;'" --"<=T?@""8B:� A(",-(,30'�-(4"#3 !-06!" !%",-;$%('# -&)"&-3%"-." !%",%&%7%330;"�("7#'#3"6#(63�#"$# !-3-6)"!#'"8B9� ' &-(6"UVWXUYZU[Y\][\Ŷ_[WY[̀abcWYd\Yed[XWdUadU[fg][âd\[WY[h\gbU]]Ued[d_YXb\iUj[\fdUddWVU*8BB� ,-;$03'�C%"5�'-&5%&"#(5"5)' -(�#"<Lk?4" !%"$0 # �C%",-;$%('# -&)"&-3%"-." !%"7#'#3"6#(63�#"-("NGG� ,%&%7%33#&"5�'%#'%'"�'"' �33" -"7%"5%;-(' &# %5@"l!-035" !�'"7%"$&-C%54"� ",-035"7%"#"' &#�6! .-&�#&5"NGK� %+$3#(# �-(".-&" !%"6&#5%5"$-' 0&#3"�;$#�&;%( '"�%".-0(5"�(",!�35&%("#..%, %5"7)"FFm4"#'"�%33"#'"NG8� .-&" !-'%"&%$-& %5"�("#503 '"<>O?@"nC�5%(,%'"�(" !�'"&%6#&5";�6! "-.",-0&'%",-;%".&-;".0(, �-(#3"HIA"NGN� #(5"5�..0'�-(" %('-&"�;#6�(6" %,!(�o0%'@"NGP� """"""pqrstuvwtxruyzqrytx{|v}�~}������������~�
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 à_bb̂[
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ŝblXZtûZb\
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�%��LMNOPQRSTRUVWXOWYOZPUR[WSV\ZOVXO]Ŝ_PVZP̀a\ObV\PR\PO����-����������+�� ��
�./012cDEF/GD�#9��=dd8=7&
����:%$
%%I7;$%9%9=%$=##&$%I9=$
�����-��e
�e
��	��*�
����f
��	��*�
����@
��?� ����g
��f�����
�������������h
�"#$$d'
�������)���������,����������)�� ���+� �A��� ����#������� ���� �+������ 
��
�+���A������ �J��
�B56CDEF/G2CDEB/HD�9$��I7$8I7&
����:%$
%$$#;+�+
#%I%&
�f������
���*i���K
�?
��!���@
����������
��
��f������j
��
�������*��i��k
�"#$%&'
�@�)������A��� *������,,�� ��,� ��������+)��� �����������A��������>��!@��������������*�)�)��� ��������?�A����������
�.BFEl324/H�#d��%J%&8%J#J
����:%$
%$$#;�A+
JJd%
�!��� ���f
���m�������
��>��nn�����!
��
������j�A�  ����
�"#$%$'
�o��� � � �����,����+���+� �A��� �������� �� ������������A�������������A*����-�-���!@��)�� �����)*
�pDEB/HDEqrsGD�J&��%&=8%9J
����:%$
=%$J;$7I%�9#$J
9#%#d
�?�������	
�����@����������
����� ����nn����
������+�� ���	
��!�
��� ��(
���
������
��� ���
�"#$%I'
���� ���� �������� ����)�� ������A������)� 
t�*�������� ��� �������
�+�������-�-�:�e+)���� �����,�������)����������A�������A������� ��� ����������� �-� *����+� �����������+� ��������
�uv3DEF/wD�I��%8%J
����:%$
%$Jd;�=%&7d�$%I�%J$I7�d
�?�������	
��@����������
�����g� �����?
����� ����nn����
���������
���f
�����+������
��� ���
�"#$%d'
�NxPyVYVyOxRUUP̀X\OWYOz_VUPOZRUUP̀ORSUP̀RUVWX\O_PSxObV\UVX{TV\_VX{O]Ŝ_PVZP̀a\ORXbO|R\yTSR̀O��+�� ��
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DISCUSSION 
 

This section is a general discussion on the logical connections between 

the experimental studies presented in the previous chapter and on the 

implications that the ensuing results have in the context of the current 

knowledge on anticipatory postural control. Therefore, the specific aspects of 

the discussion of each study are left in the corresponding paper section. 

 

Since the anticipatory postural adjustments are a crucial aspect of the 

voluntary movement organization, as they are fundamental in stabilizing both 

the whole-body (inter-limb APAs) and its segments (intra-limb APAs), this 

thesis aimed to deepen the knowledge about the control of these anticipatory 

activities and, in particular, the role of the neural structures involved in their 

programming and organization. Several studies have already investigated the 

involvement of different cortical and subcortical areas in modulating APAs. 

In this framework, my attention moved to the subcortical structures, focusing 

on the basal ganglia and cerebellum. 

 

Basal ganglia and intra-limb APAs 

Basal ganglia are involved in refining the voluntary movement and 

enabling motor acts, playing an important role in inter-limb APA control, as 

detailed in the Introduction. Results obtained from the comparison of intra-

limb APAs between patients with Parkinson’s Disease (PD) and healthy 

subjects (Paper 1), suggest that basal ganglia could participate also in intra-
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limb postural control. In fact, the normal pattern of intra-limb APAs seems to 

be disrupted in PD patients, as some of them didn’t show any BB intra-limb 

APAs and others developed a BB excitation, i.e., the opposite of what has 

been documented in healthy individuals. As regards focal movement 

kinematics, these data confirmed that PD patients were slower than age-

matched healthy subjects, not only for what regards movement speed but also 

in terms of prime mover recruitment, as witnessed by their longer delay 

between FDS activation and movement onset. Note however that such result 

should not influence the observed intra-limb APA alterations, because a 

recent study (Esposti et al., 2015) showed that intra-limb APAs are affected 

by the intended movement speed and not the actual one, and in this regard 

both healthy subjects and PD patients had to move at their fastest speed. 

Moreover, the same paper showed that even when healthy subjects moved at 

50% of their fastest, they did not show any reversal of the APA sign.  

It is currently well established that basal ganglia and cerebellum play 

interconnected roles in motor control. In this regard, the involvement of the 

latter structure in intra-limb APA control has been recently demonstrated by 

observing altered APA timings, in absence of significant pattern disruptions, 

on patients with cerebellar dysfunction (Bruttini et al., 2015). This underlines 

that basal ganglia select the correct motor program and cerebellum temporizes 

the motor output for both inter- (Diedrichsen et al., 2007; Saitoh et al., 2005) 

and intra-limb APAs ( Paper 1 and Bruttini et al., 2015).  

Moreover, recent studies have showed that basal ganglia and 

cerebellum are reciprocally interconnected through the pedunculopontine 

tegmental nucleus (Mori et al., 2016; Wu and Hallett, 2013). These 

connections could justify the partial overlap observed between the 

symptomatic framework of cerebellum and basal ganglia pathologies (Bostan 



 

 

123 

and Strick, 2012). This has also been observed in intra-limb APAs, as Bruttini 

et al. (2015) reported cases of lacking anticipatory actions in cerebellar ataxic 

patients, while signs of altered intra-limb APAs timing in Parkinsonian 

patients are reported in the present thesis. Literature also reports that 

Parkinson’s disease, especially in its later phase, may also affect the 

cerebellum (Wu and Hallett, 2013) and that the activation of the latter is 

abnormally high in PD patients performing various upper limb movements. 

This fact led to the hypothesis that at the initial stage of the disease the 

cerebello-thalamo-cortical loop may act so as to compensate for the 

progressive impairment of the striato-thalamo-cortical circuit, as also 

proposed by Blesa et al (2007). Consequently, once the parkinsonian 

degeneration had affected the cerebellum, its compensation would fade-out, 

leading to a faster development of the motor injuries. So, these works confirm 

the close link between basal ganglia and cerebellum, justified by the reciprocal 

connections created throughout the pedunculopontine tegmental nucleus, as 

discussed in Paper 2. 

 

The role of cerebellar ontogenesis in APA control 

As already described, adult cerebellar patients showed similar timing-

disruption in both inter- and intra-limb APAs (Diener et al., 1992; Bruttini et 

al. 2015), which in turn share several behavioural features. On the contrary, 

APA literature is quite scarce regarding the role of cerebellum in children. 

Thus, it was of interest to explore the role of cerebellar ontogenesis in APA 

control, by drawing a comparison of postural and gait initiation parameters in 

children affected by Congenital Cerebellar Ataxia (CCA) vs. a group of 
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healthy subjects of comparable age (Paper 2). CCA group was further 

classified into those affected by the non-progressive Joubert Syndrome 

(NonP) and those with an unknown or slowly progressive diagnosis (SlowP).  

We observed that in SlowP, both static and dynamic components of postural 

control were significantly disturbed, while the postural behavior of NonP was 

much similar to that of healthy children (H). 

During the maintenance of upright posture, only SlowP and NonP patients 

showed an ellipse area greater than H, mainly due to large medial-lateral 

oscillations of the CoP, outlining an omnidirectional decrease of stability. 

However, statistical posturographic differences were found only between 

SlowP and Healthy participants.  

Gait initiation parameters in the imbalance and unloading phases 

remained substantially unchanged in CCA children compared to controls. 

First step length and velocity showed instead a marked reduction in SlowP 

patients with respect to healthy controls, possibly reflecting a compensatory 

strategy for their poor balance control. 

The electromyographic analysis revealed more severe timing 

alteration in lower limb and back muscles activities in SlowP group. This data 

confirmed the idea that the cerebellum is involved in setting the temporal 

organization of APAs while not affecting the APA pattern. A surprising 

finding has been that SlowP subjects showed a clearly worse postural behavior 

with respect to both NonP and healthy children. Interestingly enough, such 

difference between SlowP  and NonP children was not reflected by a 

significantly more severe clinical score of symptoms (SARA) in the former 

group, maybe suggesting a poor sensitivity of such score. A possible 

explanation for the different behavior of SlowP  and NonP may be linked to 

the specific nature of these pathologies. In fact, while the former is 
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characterized by a slow and mild progression of cerebellar degeneration, 

Joubert syndrome is characterized by a cerebellar hypoplasia with an 

intrinsically stable nature along the patient’s lifetime. Therefore, while the 

neural connections of patients with slowly progressive non-JS congenital 

ataxia gradually change over time because of disease progression, preventing 

the consolidation of functional strategies, NonP patients could functionally 

compensate the cerebellar deficits since the early childhood, thanks to the 

plasticity of the remaining brain. In this perspective, it is interesting to note 

that even more pronounced alterations in APA timing has been reported in 

patients with adult-onset cerebellar syndromes (Bruttini et al., 2015), a finding 

at all consistent with the well-known gradual but consistent decrease over the 

lifespan in CNS ability to functionally compensate for developmental and 

degenerative disorders (Lu et al., 2017).  

The neural substrates involved in this functional compensation remain 

still an open case, even if bidirectional connections between the basal ganglia 

and the cerebellum have been found (Bostan et al., 2010). The subthalamic 

nucleus in the basal ganglia and the dentate nucleus in the cerebellum have 

disynaptic projections addressed to, respectively, cerebellar cortex and 

striatum, suggesting the existence of an integrated network. An abnormal 

activity at one node could have network-wide effects (Bostan and Strick, 

2018); in fact it has already been showed that PD patients have dysfunctions 

both at the level of the basal ganglia and the cerebellum (Wu and Hallett, 

2013). Moreover, the level of loss of dopaminergic neurons of the substantia 

nigra has been shown to correlate with a persistent hyper-excitation of 

Purkinjie cells, indicating an alteration of both the basal ganglia-thalamic and 

cerebello-thalamic pathways (Heman et al., 2012). A SPECT study reported 

similar condition in patients with PD, in which an increased cerebellar activity 
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was detected when the effect of the anti-parkinsonian drug is extinguished 

(Rascol et al., 1997). A greater putamen-cerebellar connectivity was 

significantly correlated with better motor performance. The administration of 

levodopa reduced this connectivity, a finding consistent with the supposed 

relief of the cerebellar compensatory mechanism (Simioni et al., 2016). Given 

the existence of this connection between the two subcortical structures and the 

cerebellar functional compensation in basal-ganglia dysfunction, it could be 

hypothesized (Paper 2) that the basal ganglia could perform a specular 

compensatory activity in cerebellar diseases, as in cerebellar ataxia. So, in 

future studies, it would be interesting to investigate the basal ganglia activity 

during a motor task performed by patients with cerebellar dysfunctions.  

 

Anticipatory postural control and cognition 

As detailed in the Research Hypothesis section, it is not uncommon 

for cerebellar patients to suffer not only from clinical motor disorders but also 

from cognitive/emotional impairments, involving executive, visual-spatial 

and linguistic abilities, a cognitive-affective syndrome called CCAS 

(Schmahmann and Sherman, 1998). Indeed, most of the cerebro-cerebellar 

loop streamlines involve both cerebral associative and cerebellar cognitive 

areas. Clearly, the cognitive and emotional aspects may as well affect 

movement performance, which in turn has been shown to depend also on the 

postural control (Bruttini et al., 2016). Another indirect suggestion that 

cerebral cognitive areas may affect APAs came from Bolzoni et al. (2015) 

who showed altered APAs when influencing the excitability of the 

Supplementary Motor Area by tDCS. Indeed, such area has been repeatedly 
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shown to be involved in cognitive processing (for reviews, see Cona and 

Semenza, 2017; Nachev et al., 2008). These observations suggested to explore 

also cognitive areas for their possible involvement in the APA network 

(Paper 3 and 4). 

 

Evaluating the involvement of cerebellar cognitive areas 
 

In this regard, the role of cerebellum in cognitive functions as well as 

in emotional processes is increasingly recognized (D’Angelo and Casali, 

2012). To investigate the activation of cerebellar areas involved in cognitive 

processes, my collaboration with prof. D’Angelo’s group (Paper 3) aimed at 

developing a reproducible protocol of Magnetic Resonance Spectroscopy 

(MRS), able to characterize and quantify metabolites in selected cerebellar 

Volume of Interests (VOI). In particular the lateral Crus I-II, notably involved 

in cognition (Stoodley et al., 2012). Raw values seemed to agree to those 

obtained in the literature (Pradhan et al., 2015; Study et al., 2016). However 

other studies (such as Minati et al., 2010) reported that a better metabolites 

quantification could be obtained if raw data were corrected for partial volume 

effect, i.e., the concomitant presence of more than one tissue type (white 

matter, gray matter and cerebrospinal fluid) in each VOI. In this aim, T1-

weighted brain images were segmented and the resulting tissue partial volume 

fractions were used to correct raw concentrations, so as to compensate for the 

effects of relaxation and of contamination due to such partial volume effect. 

In average, corrected metabolites concentrations resulted to be significantly 

lower than the raw ones, a finding in agreement with previous works, such as 

Long et al. (2015). Nevertheless, we have to take into account that it is quite 

difficult to apply the segmentation of T1-weighted brain images, especially 
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for voxels within the cerebellar areas, because of their small size. Moreover, 

the examined sample was relatively small. Therefore, in perspective, it could 

be useful to increase the sample size, so as to better estimate the reliability of 

the MRS protocol. 

 Even though this work would seem to be thematically far from the 

main topic of my thesis, actually, it establishes the experimental basis for 

future works regarding also cognitive dysfunctions. In fact, taking into 

account that some of the motor pathologies, such as cerebellar ataxia, show 

both motor and cognitive impairments, it would be useful and interesting to 

investigate a specific disease from many aspects. Despite MRS is widely used 

in clinics, few studies have applied it to correlate neurological disorders with 

the concentration of cerebellar metabolites in Crus I-II. The relative 

insensibility of MRS to tissue depth also suggests to apply it on deep nuclei 

like the basal ganglia, which have known implications in cognitive processes. 

In this way, it would be of extreme interest to obtain standard metabolites 

concentration in cerebellum and basal ganglia cognitive areas, to explore their 

involvement in APA control. Unfortunately, these experiments are on stand-

by, searching for a more easy available MRS facility. 

 

Parietal operculum does not influence APA control  
 

In parallel, the investigation of APA control using the cognitive 

approach targeted the parietal operculum, a well-known cortical sensory-

motor integration center (Paper 4). So, the intra-limb APAs stabilizing the 

arm when the index-finger is flexed were recorded in a cohort of healthy 

subjects, before, during and after modulating the excitability of the 

contralateral Parietal Operculum (coPO) by cathodal or anodal tDCS. Should 
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the coPO be involved in APA control, it would be expected to observe 

alterations in APA timing and/or amplitude, like it was reported by Bolzoni et 

al. (2015) when applying tDCS on the Supplementary Motor Area. Our results 

showed instead that tDCS of either polarity did not affect amplitude or latency 

of intra-limb APAs, witnessing that coPO does not influence the control of 

such postural actions. This negative finding does not contrast with the 

principal role that literature assigns to PO. Indeed, such area seemingly exerts 

its influence in the earlier strategic phase of selecting the motor goal, rather 

than in the planning of the motor act, where the motor program for the prime 

mover and the related APA chains are defined (Tunik et al., 2008; Valyear 

and Frey, 2016; Woods et al., 2014). The observed absence of any significant 

effect of tDCS on prime mover recruitment and index-finger kinematics is 

absolutely consistent with the fact that in our experiments the motor goal is 

intrinsically defined by the experimental task, thus its selection had already 

occurred well-before tDCS application. If so, no wonder that coPO 

excitability modulation did not affect APAs. Considering the well 

documented fact that the APAs preceding index-finger movements and those 

preceding other limb movements (intra- and inter-limb APAs, for a review 

see Cavallari et al., 2016) share not only their principal behavioural features 

but also their neural control structures, it may be suggested that coPO may not 

be crucial to the APA control in general and that the shared motor program 

that details the recruitment of postural and prime mover muscles (see 

Introduction paragraph) is assembled at a lower hierarchical level along the 

motor processing streamline. 

Anyway, in order to definitely exclude the role of PO in APA control, 

future experiments should apply tDCS over the PO ipsilateral to the moving 

upper limb and/or bilaterally over the two POs. Indeed, it cannot be a-priori 
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excluded that the earlier phases of the motor act processing might involve both 

hemispheres. If also those control experiments will fail, our search for 

cognitive areas involved in postural control, in which the command flows to 

postural and prime mover muscles could still be unique, will have to address 

other structures. 

 

 

CONCLUSION 
 

Despite the quite large literature body already available, the research 

work carried out during this Ph.D. actually deepened the knowledge of the 

subcortical structures, basal ganglia and cerebellum, involved in anticipatory 

postural control and their reciprocal connections, also allowing to identify 

new research pathways.  

Since the postural control is also influenced by cognitive and 

emotional aspects, we wanted to include in our works the investigation of 

cognitive structures, cerebellar CrusI-II and parietal operculum, to have a 

greater understanding about postural control. 

To achieve our targets, we have used methods and technologies 

different from each other. Indeed, this thesis has been the result of combining 

a relatively simple but well standardized and reproducible experimental 

paradigm (the index-finger flexion protocol) with a highly multidisciplinary 

approach, spanning from EMG and posturography to neuronavigation-guided 

brain stimulation and imaging-based spectroscopy. 
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