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Abstract 
 

The ventral sector of the premotor cortex (PMv) has been proposed to play a pivotal role in a 

multitude of visuomotor behaviors essential to everyday life. The PMv is regarded as critical to 

visuomotor transformations underlying the execution of sensory-guided goal-directed actions, 

such as shaping one’s hand to finely grasp and manipulate objects, but it has also been 

implicated in the performance of arbitrary visuomotor mapping, which requires the ability to 

link motor responses to visual stimuli that lack any intrinsic relationship with the associated 

voluntary movement. Additionally, in consideration of its role within the human action 

observation network, the PMv was also put forth as the substrate for hyper-learnt visuomotor 

associations underlying automatic imitative tendencies. All these functions are likely carried 

out through the copious projections connecting PMv to the primary motor cortex (M1) which 

in turn, allows to control body movements through corticospinal projections. Yet, causal 

evidence investigating the functional relevance of the PMv-M1 network remains elusive and 

scarce.  

Here, we addressed this issue using a network science brain stimulation approach to directly 

target the PMv-M1 circuit. In the studies reported in this thesis, we used a transcranial magnetic 

stimulation (TMS) protocol called cortico-cortical paired associative stimulation (ccPAS). 

Rather than targeting a single area as in standard repetitive TMS paradigms, the ccPAS protocol 

relies on multisite stimulation of two interconnected target areas. The ccPAS was developed to 

mimic the neuronal patterns shown to induce Hebbian spike-timing dependent plasticity 

(STDP) by repeatedly stimulating the pathway connecting the two target areas and, as a results, 

manipulate their connectivity. 

Using ccPAS we were able to enhance (or hinder) the strength of PMv-to-M1 projections via 

STDP, thus providing evidence of the malleability and functional relevance of the PMv-to-M1 
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circuit. Firstly, we focused on the physiological bases of ccPAS, and tested how this protocol 

can affect the strength of effective connectivity and cortical excitability of the targeted areas.  

We provide evidence that ccPAS, relying on repeated activations of excitatory short-latency 

PMv-to-M1 connections, acts locally over M1 increasing its excitability. This effect was 

already apparent during protocol administration, with corticospinal excitability gradually 

increasing to a degree that we found to correlate with the magnitude of the ccPAS-induced 

aftereffects. Moreover, ccPAS reduced the magnitude of short-interval intracortical inhibition 

(SICI), reflecting suppression of GABA-ergic interneuronal mechanisms within M1.  

A subsequent study applied a novel ccPAS protocol informed by long-latency premotor-to-

motor interactions, which we found to be effective in modulating connectivity; however, the 

effect was relatively short-lasting, and spread to neighboring unstimulated pathways, a feature 

that might be desirable for efficient modulation of network‐to‐network connectivity engaging 

complex brain functions. 

Then, we used the protocol in a state-dependent manner to investigate the role of the PMv-to-

M1 circuit to the establishment of simple visuomotor associations. By manipulating the brain 

state of participants, i.e., preactivating the circuit through the execution of arbitrary visuomotor 

mapping during ccPAS, we were able to selectively target and increase the efficacy of specific 

functional visuo-motor pathways, demonstrating the relevance of PMv-M1 connectivity to 

linking motor responses to sensory stimuli. Subsequently, we addressed the role of the same 

circuit in automatic imitation, as an example of overlearned visuomotor associations, and 

demonstrated that modulating the strength of the PMv-to-M1 circuit has a corresponding impact 

on the automatic tendency to imitate observed actions.  

Finally, by combining dual-coil TMS connectivity assessments and ccPAS in young and elderly 

healthy individuals, we traced effective connectivity of premotor-motor networks, and tested 
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their plasticity and relevance to manual dexterity and force in healthy ageing. These findings 

suggest that elderly individuals displaying connectivity and plasticity patterns more similar to 

those of younger adults present better preserved motor performance.  

Our findings provide unprecedent causal evidence of the functional role of PMv-to-M1 network 

in specific visuomotor behaviors in young and elderly individuals. Indeed, the research lines 

presented in this thesis suggest that ccPAS can effectively modulate the strength of connectivity 

between targeted areas, act on multiple neural mechanisms, and coherently manipulate the 

networks’ behavioral output. Our findings open exciting new prospects of research to establish 

the causal role of directional cortico-cortical connectivity in a multitude of processes and 

domains beyond visuomotor functions. Additionally, they provide novel information paving 

the ground to the development of new clinical interventions based on manipulation of cortico-

cortical connectivity, which could reflect a novel therapeutic target in a number of pathological 

conditions. 
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Chapter 1 - Introduction 

Cortical plasticity 

The classical notion of the adult brain as a static entity has long been surpassed. While it is true 

that brain plasticity - the capability of neural networks to modify through reorganization and 

growth1 - reaches a peak in the early childhood years2,3, the brain is everchanging, with neural 

networks evolving at the structural4,5, functional6–8 and effective level9. 

On the one hand, plasticity can be structural, signifying changes in the anatomical connections 

between neurons. This category usually comprehends the formation and removal of neurites 

(i.e dendrites and axons) or synapses between them (i.e., dendritic spines and axonal boutons)10. 

The biggest alterations of dendritic or axonal arborization occur during specific periods of 

neurodevelopment called “critical periods”; only small structural changes occur in the adult 

brain, with the biggest alterations happening during extreme situations such as traumatic brain 

injury, or alternatively caused by epilepsy. However, high resolution in vivo imaging studies of 

the adult mammalian brain show that, while the large-scale structure of cortical neurons is 

relatively stable, smaller synaptic structures such as dendritic spines and axonal boutons are 

highly dynamic5, which has been proposed as a mechanism for fast adaptation11. Although 

lifelong synaptic plasticity has been regarded as the core mechanism through which the brain 

stores memories and learns12,13, conclusive causal evidence is still scarce14. 

On the other hand, plasticity can be functional, involving changes in the strength of single 

synapses through either short-term mechanisms that depend on the availability and release of 

neurotransmitters, or long-term ones that depend on post-synaptic ion channel and receptor 

density15. The last group includes long-term potentiation (LTP) and long-term depression 

(LTD), which rely respectively on calcium-dependent insertion and removal of AMPA-

receptors from the post-synaptic terminal. LTP and LTD depend on the pre-synaptic firing rate, 

with potentiation occurring consequently to higher activity and depression after lower activity 
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levels16. According to Donald Hebb’s classic principle, plastic changes can be observed in the 

brain when neurons repeatedly fire in a quasi-simultaneous fashion: “When an axon of cell A 

is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some 

growth process or metabolic change takes place in one or both cells such that A’s efficiency, as 

one of the cells firing B, is increased”12. Hebb’s rule continues to be extremely influential in 

modern neuroscience, being the first theory to link together the biological process of repetitive 

and coherent neuronal firing with the cognitive process of associative learning. It postulates 

two conditions for the establishment of synaptic plasticity: the repeated co-activation of pre- 

and post-synaptic neurons and the directional causal temporal relationship between the firing 

of the two. 

The substrate of the first condition of the Hebbian principle was found to be the synapse by 

seminal work on the relationship between pre-synaptic firing rate and plasticity conducted in 

the early 1970s by Bliss and Lømo, who were able to induce LTP in the rabbit hippocampus 

through high-frequency electrical stimulation of pre-synaptic neurons16 and concluded that 

concurrent activation increased synaptic strength in neurons, a concept famously epitomized by 

Carla Shatz as  “neurons that fire together, wire together”17, a notion now encompassed in the 

wider framework of spike-timing dependent plasticity (STDP)18,19. Since Bliss and Lømo’s 

work, a multitude of different electrical stimulation protocols were developed to induce LTP 

and LTD, such as high-frequency or low- frequency theta burst stimulation (TBS)20.  

Subsequent studies then causally demonstrated the correctness of the second condition, by 

confirming that synaptic plasticity is not only dependent on the pre-synaptic spike frequency 

but also on the relative timing between pre- and postsynaptic action potentials18, so that 

synapses are strengthened when the presynaptic activity precedes the postsynaptic one; when 

the opposite happens, synaptic efficacy is reduced19.  
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Non-invasive brain stimulation (NIBS) techniques to induce Hebbian plasticity 

Besides experience and learning, research has demonstrated the efficacy of several non-

invasive brain stimulation (NIBS) protocols at inducing plasticity21. NIBS refers to a set of 

techniques used to modulate cortex excitability through transcranial stimulation, relying on 

electromagnetic principles to influence neural activity carrying minimal side effects22.  

Among the best studied NIBS tools is transcranial magnetic stimulation (TMS). TMS generates 

a high electric field (~100-200 V/m), largely sufficient to produce neuronal spiking in focal 

areas of the brain, through the application of a time-varying magnetic field induced by a coil. 

Several TMS stimulation protocols exist23 delivering multiple repetitive pulses to obtain 

appreciable long-term effects; safe and effective FDA-approved treatments now exist for 

several conditions, including major and anxious depression, migraine, smoking cessation and 

obsessive-compulsive disorder24. These protocols include conventional repetitive TMS (rTMS) 

and theta burst stimulation (TBS) (for a review see25). In rTMS trains of pulses are rhythmically 

delivered at specific frequencies, resulting in inhibitory aftereffects when the frequency is 

around 1 Hz, and excitatory when it exceeds 5Hz; TBS, instead, consists of short 50Hz rTMS 

bursts interleaved with brief pauses, repeated at a rate in the theta range (5 Hz)25. TBS yields 

inhibitory effects when delivered in a continuous manner (cTBS), but facilitatory when 

delivered intermittently (iTBS). Although various mechanisms were put forth to explain the 

observed aftereffects of both rTMS and TBS, several animal studies26–28 and some human 

studies29,30 indicate that the long-term effects of TMS are mediated by synaptic changes similar 

to LTP and LTD mechanisms. 

Recent advances in non-invasive brain stimulation allow not only for the modulation of activity 

within individual brain regions, but also for the manipulation of connectivity between them via 

Hebbian plasticity. Paired associative stimulation (PAS) protocols were introduced, consisting 

of paired stimulation of different areas of the central or peripheral nervous system with precise 
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temporal intervals, to reproduce STDP at a system level of the human cortex. Cortico-cortical 

paired associative stimulation (ccPAS) is a dual coil TMS technique aimed at modulating 

synaptic efficacy of cortico-cortical connections31–43. The ccPAS protocol stems from the 

classical paired associative stimulation (PAS) protocol that employs repetitive peripheral nerve 

stimulation and TMS over M144 to induce STDP12,19. According to the Hebbian principle, 

synapses are potentiated when presynaptic neurons fire immediately before postsynaptic 

neurons in a coherent and repeated manner12,18,19,45. This pre- and post-synaptic pairing is 

modelled in the ccPAS protocol by targeting the two areas with a specific pattern where the 

“pre-synaptic area” is repeatedly stimulated immediately before stimulation of the “post-

synaptic area”, with an inter-stimulus interval (ISI) between the two pulses tailored to the 

temporal properties of the pathway connecting the areas. It is held that such repeated dual coil 

TMS (dcTMS) pairing can increase synaptic efficacy of the connections between the two target 

areas, showing LTP-like effects31,40,46. 

Interestingly, pharmacological studies found glutamate antagonists to reduce LTP-like and 

LTD-like plasticity induced by TBS, tDCS and, to our interest, PAS47–50. Instead, glutamate 

agonists enhance LTP-like plasticity51. Altogether this evidence suggests that plasticity 

induction protocols based on repetitive TMS, including PAS, rely on the activation of 

glutamatergic NMDA receptors. Additionally, GABAergic drugs such as Diazepam and 

Baclofen reduce LTP-like plasticity induced by PAS, reinforcing the hypothesis that 

GABAergic neurons contribute to driving glutamatergic plasticity52,53. 

Perturbation-based measures of connectivity have demonstrated the effectiveness of ccPAS at 

modulating the connectivity between the targeted sites31; additionally, whole brain fMRI 

studies demonstrates that ccPAS acts beyond the selected pathway, influencing the connectivity 

of the entire networks in which the targeted nodes are embedded32 and on network-to-network 

connectivity32,40. Additionally, one study has reported that ccPAS also modulated the effective 
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connectome168, as indexed by increased effective connectivity measured through Granger 

causality after the repeated and consecutive stimulation of two cortical nodes. However, further 

investigation of the efficacy of NIBS in general, and ccPAS specifically, on effective 

connectivity is needed. 

The manipulation of connectivity leads to remarkable behavioural aftereffects, compatible with 

the principle of Hebbian plasticity. Prior work has demonstrated that the increasing the coupling 

of key nodes of the motor system is able to enhance associative sequence learning54, motor 

inhibition55 and fine manual dexterity39,56; similarly, modulations in visual sensitivity have been 

detected following ccPAS targeting the primary and supplementary visual areas36,38,42. Higher 

order cognitive functions have also been the object of successful ccPAS studies; acting on the 

connectivity of the frontoparietal executive control network modifies both decision making57 

and fluid intelligence performance 41, while modulation of connectivity between the two lateral 

prefrontal cortices is able to regulate emotional reactivity43. 

Associative stimulation of the premotor-motor network 

Neurophysiology of the premotor-motor pathway 

The dorsolateral motor circuit is a crucial network for the execution of goal-directed actions 

such as object grasping and manipulation58–60 and visuomotor transformations61. The 

connectivity profile of two nodes of this network, namely the ventral premotor area (PMv) and 

primary motor cortex (M1), has been extensively studied62–64, making this one of the first 

circuits to be targeted by seminal ccPAS studies31. 

Monkey studies indicate that the dorsolateral motor network is serially and hierarchically 

organized; the visual information is processed in visual areas, conveyed to parietal cortices 

(especially the anterior intraparietal sulcus, AIP), which have projections to the premotor area. 

The premotor cortex, in turn, is densely connected to M165,66. Studies conducted in animal 
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models found that the transformation of visual cues into correct motor programs relies on the 

intraparietal lobule and on the inferior premotor cortex (area F5 of the monkey brain)60,65.  

The monkey F5 area has been divided into three sub-components, i.e., the posterior, anterior 

and central. The posterior F5 area is the most relevant to hand movements, containing 

visuomotor canonical neurons67 sensitive to both visual object properties and associated motor 

responses 66,68,69. The posterior F5 area of the monkey is strongly connected with the hand 

representation in the M170; direct single cell recordings in monkey have found that the 

stimulation of canonical neurons within F5 determines a subsequent response in the ipsilateral 

M1. At rest, this response is heterogeneous in nature: the stimulation of F5 elicits a response in 

the M1 which is excitatory in the majority of cases, rarely inhibitory and sometimes mixed 

(excitatory first, and subsequently inhibitory)71. However, during visuomotor tasks such as the 

execution of grasping movements the directionality of this circuit becomes clear: when 

recording from single cells of the F5 and M1 cortices of healthy monkeys both areas display 

grasping-specific activity; however, the activation onset is clearly earlier in the F5 area, 

compared to M166. Although similar invasive studies could never be replicated in humans, 

several studies assimilate the F5 area to the human ventral premotor (PMv) cortex, and diffusion 

imaging studies found a very similar connectivity profile between the human PMv and the 

monkey F572; thus, it is assumed that the human PMv plays a similar role to that of F5. 

Indeed, coherent results to the ones recovered in monkeys have been found in humans by 

implementing dual-coil TMS (dcTMS) paradigm to study the effective connectivity between 

premotor and motor cortices. Similarly to what was first demonstrated in monkeys, human 

studies replicate that the conditioning effect of the PMv over its ipsilateral M1 is strongly state-

dependent: findings have shown it to be inhibitory at rest, null during a simple grasping 

movement, and starkly facilitatory during precision grasping62. A subsequent study addressing 

the state-dependency of the connection has further demonstrated that PMv exerts a facilitatory 
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influence over M1 during the execution of movements, but an inhibitory one during movement 

reprogramming73; the shift appears to be very quick, happening in the span of less than 100 ms. 

Further investigation of diffusion weighted imaging of the network has found that the strength 

of the conditioning effect exerted by the PMv over M1 correlates with white matter 

anysotropy73. However, it is worth noting that the net inhibitory/facilitatory influence exerted 

by PMv over M1 is heavily influenced by the selected stimulation protocol (such as intensity 

and interstimulus interval)62,74–76. 

Moreover, correlational imaging studies conducted in healthy young humans have found 

coherent activation patterns77,78. Two separate sensory-motor circuits have been described, 

termed dorsomedial and dorsolateral. The dorsolateral circuit comprises the intraparietal 

anterior (AIP), PMv and M1 cortices, while the dorsomedial network is composed of the 

posterior superior parietal lobule (pSPL), dorsal premotor (PMd) and M1 cortices. The two are 

parallel, supporting partially distinct motor functions: the dorsolateral (AIP-PMv-M1) network 

is chiefly involved in fine visuomotor associative behaviours, while the dorsomedial (pSPL-

PMd-M1) primarily supports reaching and coarse whole hand grasping32,59. The precise 

contribution of each node of these networks has been elucidated through virtual lesion TMS 

studies. While both AIP and PMv are crucial for the translation of visuospatial properties into 

motor commands69,79, their role is not identical. To induce a decrease in grasping performance 

a bilateral AIP lesion is necessary, indicating that in humans both underly the correct 

positioning and shaping of both hands, so that one area can make up for possible lesions of the 

other. Moreover, interfering with TMS on AIP functioning (especially left) causes an imprecise 

application of force in grasping movements80. On the contrary, a unilateral lesion of the left 

PMv impacts performance of the dominant right hand80,81 and the timing of the activation of 

the agonist and antagonist muscles involved in the movement81. Thus, the overall evidence 

indicates that, in the early stages of movement preparation, both AIP cortices receive visual 



15 
 

information on the object properties, which is subsequently conveyed to the PMv cortices which 

perform the visuomotor transformation and, after the selection of the limb which will perform 

the movement, only the contralateral PMv is involved in the implementation of the motor 

command65,69. Considering the modest quantity of direct projections from the PMv to the spinal 

cord, it is unlikely that this function can be performed without the involvement of the M182,83. 

Indeed, although the stimulation of F5 in monkeys induces characteristic finger movements, 

these completely disappear if the M1 is inactivated through the injection of muscimol84. 

Beyond “cue-driven” visuomotor association, where sensory features of the cue carry 

information about the adequate response, such as is the case for grasping and correctly shaping 

one’s hand to manipulate objects, one key visuomotor behaviour expressed by the mammalian 

brain, resting on premotor-motor connectivity, is that of arbitrary visuomotor mapping 85; that 

is, the ability to link motor responses to visual stimuli that lack any intrinsic relationship with 

the associated voluntary movement. Seminal research initially indicated the dorsal premotor 

cortex (PMd) as the essential hub for this ability86, but more recent studies have described a 

complex network of areas that appear to be involved, including the hippocampal formation, the 

basal ganglia and the frontal cortex85,87,88. Specifically, the ventral premotor area (PMv) has 

garnered particular interest because of the peculiar response pattern exhibited by its neurons: 

single cell studies have shown learning-related activity from neurons in the PMv61, which 

rapidly become sensitive to novel visual features, such as for example colors, as they become 

relevant for the behavioural performance89, encoding the entire processing and transformation 

of sensory stimuli into motor responses90. Interestingly, the newly learnt stimulus-response 

associations are maintained after the end of the task, even once they are no longer relevant89.  

In addition to cue-driven and arbitrary visuomotor associations, the premotor cortex is also 

consistently reported as a pivotal area for the performance of automatic hyper-learnt visuomotor 

tasks, such as the arousal of automatic imitative tendencies, i.e., the involuntary tuning of one’s 
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behaviour to that of others, so that the observation of an action triggers a corresponding motor 

representation in the observer91,9293. Automatic imitation is thought to rely on the bottom-up 

activation of motor nodes of the Action Observation Network (AON)93–95, which encompass 

the posterior inferior frontal cortex (PMv), including the posterior inferior frontal gyrus and the 

adjacent PMv. In turn, these influence the M1, allowing motor implementation of observed 

action95–97. Thus, viewing an action is thought to elicit AON activation which increases motor 

excitability to facilitate a corresponding imitative response93,98. However, these notions are 

mostly based on correlational functional studies rather than causal evidence, giving rise to two 

competing theories on the relevance of the PMv in automatic imitation which result in opposite 

interpretations of its functional role. One proposal is that the PMv would be mainly involved in 

spontaneously mirroring the observed action97, mapping the observed action and sending 

excitatory signals to M1 and in turn facilitating the tendency to imitate the observed action. 

Alternatively, PMv is thought to play a role in controlling automatic imitation depending on 

task features and contextual information99, exerting a primarily inhibitory role over M1 activity 

when required by task conditions (i.e., when imitation is irrelevant or inappropriate).  

The work presented in this thesis has studied the role of premotor-motor projections in all the 

three described forms of visuomotor associations: the well-established functional relevance of 

the human PMv-to-M1 connectivity to cue-driven visuomotor behaviour, such as fine manual 

grasping, was specifically addressed with regards to its relevance to the loss of manual dexterity 

during ageing in the studies presented in Chapters 7, 8 and 9; arbitrary visuomotor mapping 

was tackled by three studies presented in Chapters 5,1, 5.2 and 5.3; finally, automatic 

visuomotor associations were studied in the work presented in Chapter 6. 

ccPAS of the PMv-M1 pathway: state of the art. 

The first pioneering studies that have applied paired associative stimulation to cortico-cortical 

circuits aimed to modulate connectivity between the two M1 cortices54,100. Rizzo and colleagues 
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first provided proof of principle that, when timing the two paired pulses of the ccPAS protocol 

adequately, it is possible to induce associative plasticity between two cortical areas by 

demonstrating that increasing the effective connectivity between the two M1 cortices impacted 

inter hemispheric inhibition100 and manual motor performance54. 

Subsequently, the protocol has been applied to non-homologous areas, both within and outside 

the motor system35,36,38–42,101. The PMv-to-M1 pathway, specifically, has been studied by prior 

work31,32,37,39,101  relying on the extensive knowledge of PMv-M1 interactions described in the 

previous paragraph. In a seminal study, Buch and colleagues demonstrated that the coincident 

pairing of pre- and post-synaptic activity in the PMv-M1 circuit through ccPAS leads to an 

increase of the conditioning effect exerted by PMv over M1, while reverse ccPAS stimulation 

of the two nodes (i.e., M1-to-PMv) induced the opposite effect. Crucially, the effect was 

anatomically specific, meaning that the application of ccPAS over a different circuit (namely 

preSMA-M1) did not affect connectivity of the PMv-M1 network, demonstrating that this 

stimulation paradigm can be used to target select pathways in a specific and precise manner31.  

While Buch and colleagues used dual-coil TMS to assess effective connectivity between the 

two nodes, a follow-up study measured changes in connectivity through fMRI and replicated 

these findings32. In addition, fMRI allowed authors to go beyond the selected PMv-M1 pathway 

and to determine the impact of modulating the coupling between two nodes on the overall 

connectivity of the network they are embedded in, as well as parallel pathways. As the authors 

predicted, results indicate that ccPAS over the PMv-to-M1 circuit with an ISI of 8 ms 

strengthened not only the connectivity between the two areas, but also that of the wider 

dorsolateral motor stream encompassing them; additionally, it decreased coupling in the 

parallel and competing dorsomedial motor programming stream32. 
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Stemming from these results, a study conducted in our lab was the first to report that increasing 

connectivity in the PMv-M1 pathway via ccPAS leads to a coherent increase in fine visuomotor 

manual performance39. By testing healthy young participants on a visuomotor manual task, 

namely the 9-hole pegboard test (9-HPT), which taps on fine control of finger movements and 

hand dexterity and thus relies on PMv-M1 functioning102, authors were able to demonstrate an 

increase in performance following PMv-to-M1 ccPAS, which was specific to the experimental 

task and absent in a control visuomotor reaction times test. Critically, these effects were limited 

to the ccPAS protocol consistent with the direction of the PMv-to-M1 hierarchy, and absent 

when reversing the order of the paired TMS pulses (i.e., following a M1-to-PMv ccPAS) or 

administering sham ccPAS39. The study provided novel causal evidence on the role of the PMv-

to-M1 pathway, instrumental to object-oriented hand actions, and its malleability in response 

to NIBS manipulation of associative plasticity.  

Following this work, a different lab has applied a ccPAS protocol similar to the one employed 

by Fiori and colleagues, but targeted the interhemispheric connections between the right PMv 

and left M1 and examined the impact on oscillatory activity through EEG during the execution 

of a simple Go-NoGo task101. The study confirmed that only PMv-to-M1 stimulation induced 

an increase in the coupling between the two nodes in select frequency bands relevant to motor 

inhibition (i.e., beta and theta frequencies), while the reverse order ccPAS resulted in reduced 

coupling in the same frequency bands. Through these findings authors demonstrated that 

corticocortical communication frequencies in the PMv–M1 pathway can be manipulated 

through Hebbian STDP, but failed to report behavioural aftereffects of ccPAS on the Go-NoGo 

task. 

More recently, a study has demonstrated that the Hebbian plasticity induced by ccPAS extends 

beyond synaptic plasticity, to white matter plasticity. Like synaptic plasticity, white matter 

plasticity is also activity dependent, as shown by multiple studies using a range of invasive and 
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non-invasive stimulation methods103–105. Lazari and colleagues demonstrated in the 

interhemispheric premotor-motor circuit that ccPAS of the two nodes increased a myelin 

marker within the stimulated fiber bundle, providing first evidence that white matter tract 

myelination can be affected by ccPAS, which could yield promising and exciting clinical 

applications106.  

In conclusion, prior work has shown that ccPAS over the PMv-to-M1 circuit potentiates the 

physiological conditioning effect of PMv stimulation on M1 corticospinal excitability31, 

providing evidence of increased efficacy of PMv synaptic input to M1, reflecting potentiated 

PMv-to-M1 effective connectivity. These studies have reported pathway-specific changes in 

connectivity, as also shown by magnetic resonance imaging (MRI) evidence of increased 

functional coupling32 and white matter myelination106. Moreover, premotor-motor ccPAS 

aftereffects appeared to be functionally specific, as demonstrated by task-dependent 

electroencephalography (EEG)101 and behavioral results39.  

Nonetheless, several outstanding questions remained unclear and worthy of further study, 

outlined in the next paragraph. 

Open questions and challenges 

The first set of open research questions we aimed to address in this thesis was methodological, 

meaning to further clarify the mechanisms of action of ccPAS. 

All previous studies applying ccPAS to the PMv-M1 network have focused on changes in 

cortico-cortical connectivity, without clarifying whether the protocol is also able to locally 

modulate M1 (i.e., the area of convergent activation during protocol administration). Some 

prior research has investigated local M1 effects when ccPAS was administered to modulate 

synaptic inputs from the contralateral M1100, the parietal cortex33 or the cerebellum107, 

providing mixed results regarding ccPAS effects on M1 excitability. However, none of the 
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previous studies have systematically investigated local changes in M1 excitability following 

ccPASPMvM1. This issue is particularly relevant as the ccPASPMvM1 protocol was proven to 

enhance hand dexterity39; therefore, providing insights into the physiological underpinnings of 

ccPASPMvM1 is critical in view of its potential clinical applications in motor rehabilitation. We 

addressed this question in a study presented in Chapter 2. 

Secondly, to date ccPAS has been applied to the PMv-M1 circuit selecting an ISI between the 

two paired pulses meeting the temporal rules of short-latency (supposedly direct) connections, 

informed by dual-site TMS (dsTMS)62. However, recent dsTMS studies tested the chronometry 

of PMv-to-M1 interactions and showed that they occur at different time scales62,75,108. For 

example, conditioning PMv was found to reduce the size of motor-evoked potentials (MEPs) 

induced by stimulation of ipsilateral M1 not only at a 8-ms ISI (short-latency interaction)62, but 

also at longer (e.g., 40-ms) ISIs75, thus demonstrating long-latency, likely indirect, inhibitory 

PMv-to-M1 interactions. Despite this notion, there is no evidence that ccPAS protocols based 

on long-latency interactions can induce associative plasticity in humans. We empirically 

address this question in a study presented in Chapter 3. 

Notably, all prior studies have mostly focused on physiological and behavioral aftereffects of 

ccPAS32,34–37,39,41,100,109,110, without clarifying whether and how plastic changes build up already 

during protocol administration. Importantly, clarifying the dynamics of physiological changes 

“online” during ccPAS administration may provide insights into the optimal duration of the 

protocol. Moreover, while prior studies have suggested that interindividual differences in motor 

excitability predict sensitivity to exogenous manipulations of STDP39,111, whether individual’s 

resting motor threshold (rMT) predicts plastic changes during the administration of ccPAS is a 

relevant and yet largely uncharted issue. We explored these research questions in a study 

presented in Chapter 4. 
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A second research line we pursued had, instead, the goal of using paired associative stimulation 

as a tool to manipulate connectivity and causally clarify the contribution of the PMv-M1 circuit, 

rather than the two single areas, to behavior. Firstly, we studied the role and relevance of PMv-

to-M1 interactions in the establishment of arbitrary visuomotor associations. Although the PMv 

has been proposed as the pivotal hub for visuomotor transformations65,95,112, the limitations of 

the real and virtual lesion approaches available so far have not allowed to causally probe the 

functional relevance of the PMv-to-M1 connectivity to arbitrary visuomotor associations. We 

tackled this question in studies presented in Chapters 5.1, 5.2 and 5.3. 

After exploring the role of the PMv-to-M1 circuit to arbitrary visuomotor associations, we 

turned well-established, automatic visuomotor behavior by studying automatic imitation. 

Automatic imitation is thought to rely on the bottom-up activation of motor nodes of the Action 

Observation Network (AON)92,93, encompassing ventral sectors of the parietal cortex that 

receive visual input from occipito-temporal areas; and rostro-ventral premotor areas in the 

posterior inferior frontal cortex (PMv), including the posterior inferior frontal gyrus and the 

adjacent ventral premotor cortex). In turn, these parieto-frontal areas send projections to the 

primary motor cortex (M1), allowing motor implementation of observed action96,97. However, 

these notions are mostly based on correlational functional imaging studies. Indeed, only a few 

brain stimulation studies have provided initial causal evidence that frontal regions of the 

AON99,113,114 and brain areas involved in self-other discrimination like the temporo-parietal 

junction99,115, are critical for automatic imitation. However, causal evidence that the AON 

influences M1 to support automatic imitation remains elusive; thus, we investigated the 

malleability and functional relevance of PMv-to-M1 projections to automatic imitation in a 

study presented in Chapter 6. 

The third and final research avenue pursued and presented in this thesis regards the study of 

residual plasticity of the motor system in the ageing brain. 
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Aging is consistently associated with a progressive decay of motor control that limits daily 

activities and thus affects personal well-being and independence. The reasons of this decline 

are multifactorial. Lifestyle, diseases, peripheral changes play a considerable role, but growing 

research is also pointing to physiological changes that involve the central nervous system 116,117, 

such as brain structural and functional changes that correlate with poor motor performances 

118,119. These include cortical volume reduction in both gray and white matter 120–126. The latter 

appears to be of particular interest as age-related changes in brain connectivity can index 

reduced network efficiency and functionality 127–131 126,132–135. Although age-related changes in 

motor system connectivity can play a pivotal role in motor control, to date no studies have 

systematically explored rostral premotor-M1 intra-hemispheric interactions to explain reduced 

manual performance in the elderly. To fill this gap, in the study presented in Chapter 7 we used 

dual coil TMS to target neural interactions between the posterior sector of the inferior frontal 

cortex and the pre supplementary motor area with ipsilateral M1, aiming to identify 

neurophysiological markers of altered cortico-cortical connectivity in aging that are associated 

with poor motor unimanual performance. 

Subsequently, in the study presented in Chapter 8 we sought to investigate whether younger 

and older adults show different sensitivity to exogenous manipulations of PMv-M1 network 

connectivity via induction of plasticity between PMv and M1 through ccPAS over the left PMv-

to-M1 circuit of a sample of healthy young and elderly participants, and assessed changes in 

manual dexterity after the protocol. Finally, we analysed whether indices of impaired cortical 

plasticity in the elderly were associated and could accurately predict motor performance, thus 

indicating a causal link between preserved plasticity and successful ageing, in a study presented 

in Chapter 9. 
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Chapter 2 - Cortico-cortical paired associative stimulation (ccPAS) over premotor-motor areas 

affects local circuitries in the human motor cortex via Hebbian plasticity 

Introduction 

Motor network functioning is based on neural interactions between different premotor and 

motor areas. The ventral premotor cortex (PMv) and the primary motor cortex (M1) are two 

key cortical motor areas primarily involved in fine motor control. PMv is a component of the 

dorsolateral motor stream that transforms sensory stimuli, processed in parietal regions, into 

specific motor commands65,95,112 mainly implemented via M1. Moreover, the PMv-M1 circuit 

is consistently involved in a number of cognitive processes including motor imagery136–138, 

action perception 95,139, and language production and comprehension140–142. Remarkably, the 

functional coupling between these two nodes is highly flexible, shifting as a function of 

experiences ranging from motor training143–147 to brain injuries148–151. 

Recent advances in non-invasive brain stimulation allow not only for the modulation of activity 

within these individual regions, but also for the manipulation of connectivity between them via 

Hebbian plasticity. Cortico-cortical paired associative stimulation (ccPAS) is a dual coil 

transcranial magnetic stimulation (dcTMS) technique aimed at modulating the synaptic efficacy 

of cortico-cortical connections31–33,35–43. The ccPAS protocol stems from the classical paired 

associative stimulation (PAS) protocol that employs repetitive peripheral nerve stimulation and 

TMS over M144,152 to induce spike timing-dependent plasticity (STDP) – a form of plasticity 

based on the Hebbian rule12,18,19,45. In the ccPAS protocol, two focal coils are used to target two 

physiologically connected cortical areas to induce STDP between them19,46,100. According to 

the Hebbian principle, synapses are potentiated when presynaptic neurons fire immediately 

before postsynaptic neurons in a coherent and repeated manner 12,18,19,45. This pre- and post-

synaptic pairing is modeled in the ccPAS protocol by targeting two areas with a specific pattern 

where the “pre-synaptic area” is repeatedly stimulated immediately before stimulation of the 
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“post-synaptic area”, with an inter-stimulus interval (ISI) between the two pulses tailored to the 

temporal properties of the pathway connecting the two areas. It is held that the repeated dcTMS 

pairing in the ccPAS protocol can increase the synaptic efficacy of the connections between the 

two target areas, showing long-term potentiation-like (LTP-like) effects31,34,35,40. 

The ccPAS protocol has been successfully applied to the PMv-to-M1 pathway31,32,37,39,101,153, 

relying on extensive knowledge of PMv-M1 interactions154–157. In humans, these interactions 

have been explored using dcTMS to assess cortico-cortical effective connectivity; a 

conditioning TMS pulse over PMv affects motor-evoked potentials (MEPs) induced by a 

second TMS pulse over M1 at short ISIs between PMv and M1 stimulation (i.e., 6-8 ms 62,64,74), 

but also at longer ISIs (e.g., 40 ms75,76) – highlighting both short- and long-latency PMv-to-M1 

interactions. Building on this dcTMS evidence, other work found that ccPAS over the PMv-to-

M1 circuit (ccPASPMvM1) potentiated the physiological conditioning effect of PMv stimulation 

on M1 corticospinal excitability, both when ccPAS targeted short31- and longer-latency PMv-

to-M1 interactions37. These studies provide evidence that ccPAS potentiates PMv-to-M1 

effective connectivity via increased efficacy of PMv synaptic input to M1. These pathway-

specific changes in connectivity31,37 are corroborated by magnetic resonance imaging (MRI) 

evidence of increased functional coupling32. Moreover, ccPAS PMvM1 aftereffects appear to be 

functionally specific, as demonstrated by task-dependent electroencephalography (EEG)101 and 

behavioral results39. 

All this prior work has focused on changes in cortico-cortical connectivity, without clarifying 

whether ccPAS PMvM1 is also able to locally modulate M1 (i.e., the area of convergent 

activation during ccPAS protocol stimulation). Interestingly, previous ccPAS studies have used 

different stimulation parameters, possibly tapping onto different inhibitory vs. excitatory 

cortico-cortical interactions. In a first study, Buch and colleagues (2011) assessed the 

conditioning effect of PMv stimulation on MEPs induced by M1 stimulation – i.e., a dcTMS 
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measure of PMv-to-M1 effective connectivity. Suprathreshold PMv conditioning was found to 

reduce MEPs, and that inhibitory effect was enhanced after ccPAS PMvM1, reflecting LTP of 

glutamatergic PMv projections on inhibitory interneurons in M1. In contrast, ccPAS did not 

affect M1 corticospinal excitability as measured by single-pulse TMS (spTMS) over M1 

administered at a fixed intensity (see also37). 

Two recent studies conducted in our laboratory used subthreshold PMv stimulation instead 

during ccPAS PMvM1. Assessing MEPs “online” during protocol administration (i.e., MEPs 

evoked by the repeated dcTMS paired stimulation of PMv and M1), we reported a gradual 

increase in MEP amplitude throughout the protocol39,153. This suggested a possible progressive 

enhancement of excitatory (rather than inhibitory) PMv-to-M1 interactions, due to the gradually 

increasing efficacy of excitatory synaptic input to M1 neurons. However, our prior studies did 

not clarify whether the adopted ccPAS PMvM1 protocol (i.e., with subthreshold PMv 

stimulation) rests on excitatory PMv-to-M1 interactions, or whether this protocol induces local 

changes in M1 activity. 

A few prior studies have investigated local M1 effects when ccPAS was administered to 

modulate synaptic inputs from the contralateral M154,100, the parietal cortex33,34 or the 

cerebellum107. These studies provided mixed results regarding ccPAS effects on M1 

excitability, which may reflect network- and protocol-specific features. However, none of the 

previous studies systematically investigated local changes in M1 excitability following 

ccPASPMvM1. This issue is particularly relevant as a ccPAS PMvM1 protocol with subthreshold 

PMv stimulation was shown to enhance hand dexterity39. Elucidating the physiological 

underpinnings of ccPAS PMvM1 is therefore critical in view of its potential clinical applications 

in motor rehabilitation. 
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To address this question, here, we performed two studies. In an initial pilot study, building on 

our previous work39,153, we used dcTMS to test whether subthreshold conditioning of the left 

PMv would exert a facilitatory conditioning effect over the ipsilateral M1. We tested short ISIs 

(6, 8, 10 ms), indexing early excitatory PMv-to-M1 interactions. Results confirmed that dcTMS 

PMv conditioning with an 8-m ISI induced a consistent MEP facilitation, relative to MEPs 

induced by spTMS. Building on this pilot study, in the main experiment we administered 

ccPASPMvM1 with subthreshold PMv stimulation and an 8-ISI (as in39,153). We assessed the 

online effect of ccPASPMvM1 by recording MEPs induced by dcTMS during protocol 

administration. Moreover, we assessed ccPAS aftereffects by recording different measures of 

M1 corticospinal excitability following spTMS of the left M1, namely the resting motor 

threshold (rMT), the TMS intensity required to elicit a MEP of 1 mV amplitude (SI1mV), and 

the input-output (IO) curve. Additionally, we used paired-pulse TMS (ppTMS) over the left M1 

to assess short interval intracortical inhibition (SICI) and intracortical facilitation (ICF) as 

measures of intracortical M1 excitability. As a control, in the ccPASM1PMv group the order of 

the dcTMS pulses was reversed, i.e., M1 always preceded PMv stimulation, to ensure that any 

potential effects of ccPASPMvM1 were due to specific directional changes in effective 

connectivity and not to generic stimulation of PMv and M1. 

The rMT provides a well-established global measure of M1 corticospinal excitability21,158. The 

SI1mV also provides a global measure of motor excitability, which is partially distinct from 

rMT as it uses higher intensities which allow one to evaluate the contribution of larger neuronal 

populations (e.g., less excitable neurons and neurons spatially further from the targeted region). 

The IO curve is the sigmoidal relation between MEP amplitude and incremented TMS 

intensities158,159, covering and extending the intensities used for assessing rMT and SI1mV; 

fitting the curve provides key parameters, such as its slope, inflection point and the upper 

asymptote, that accurately characterize this relation160–163. It is held that the IO curve reflects 
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the recruitment of larger neuronal populations at increased TMS intensities, but also a change 

in balance between GABAergic and glutamatergic activity within M1158,164,165. 

Lastly, SICI and ICF reflect M1 intracortical mechanisms that can be tested using ppTMS over 

M1. The SICI effect consists of a reduction in MEP size that is obtained when a suprathreshold 

test TMS pulse over M1 is preceded by a subthreshold conditioning TMS pulse administered 

with the same coil at short (i.e., 1–5 ms) ISIs. The ICF effect consists of an increase in MEP 

size that is obtained when conditioning and test pulses are administered with longer ISIs (i.e., 

7–20 ms). Studies indicate that these inhibitory (SICI) and facilitatory (ICF) modulations of 

MEP amplitude take place at the cortical level without affecting spinal circuits166–170. SICI is 

classically thought to represent the activation of populations of inhibitory interneurons 

reflecting GABAA transmission; ICF, on the other hand, is a more complex measure generally 

considered a proxy of N-methyl-D-aspartate (NMDA) glutamatergic interneurons within 

M1166,171–173 . 

Consistent with the concepts of Hebbian plasticity and STDP18,46 and prior ccPAS work31,33,35 

ccPAS PMvM1 would lead to LTP of PMv-to-M1 projections. If the protocol potentiates PMv-

to-M1 excitatory interactions via synaptic plasticity, we expect that ccPAS PMvM1 aftereffects 

could be traceable locally at the level of M1 intracortical circuitry, as M1 neurons might be 

affected by the increased efficacy of PMv excitatory inputs into them. In turn, this would result 

in increased M1 corticospinal excitability assessed through spTMS and evidenced by reduced 

rMT and SI1mV and steeper IO recruitment curves. Investigating SICI and ICF allowed us to 

test for potentiated PMv-to-M1 projections due to ccPAS PMvM1 effects on GABAergic and 

glutamatergic transmission in M1, which is key to synaptic plasticity174–176. Importantly, 

assessing the activity of inhibitory and excitatory interneurons projecting to M1 corticospinal 

neurons provides novel mechanistic insights into the physiological basis of ccPAS and its 

impact on corticospinal output.  
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Materials and Methods 

Participants 

A total of 60 right-handed healthy volunteers took part in the study. 15 participants (8 females, 

mean age ± standard deviation: 23 ± 2.5 years) were tested in a pilot study whose aim was to 

provide insights into PMv-to-M1 interactions underlying the ccPAS protocol and select the 

most promising ISI (see below). In the main experiment, participants were randomly assigned 

to two groups of 24 individuals each, one undergoing ccPASPMvM1 and the other ccPASM1PMv. 

This sample size was based on a power calculation computed in Gpower, using a power (1-β) 

of 0.80 and an alpha level of 0.05 two-tailed. Assuming a medium effect size (f=0.28), based 

on previous results that used a similar ccPAS protocol in healthy young adults39, the suggested 

sample size was of 44 participants. We increased the sample size to 48 to account for possible 

attrition or technical failures. Three participants were tested in both groups, with the two 

sessions at least three weeks apart. The two groups were balanced for age and gender (see Table 

1). Before starting the experiment, all participants gave informed consent and were screened to 

avoid adverse reactions to TMS21,23. All the experimental procedures were performed in 

accordance with the 1964 Declaration of Helsinki and later amendments177, and approved by 

the Department of Psychology “Renzo Canestrari” Ethical Committee and the Bioethics 

Committee at the University of Bologna. During the experiment the recommended safety 

procedures for non-invasive brain stimulation during the COVID-19 pandemic were 

followed178. No adverse reactions or TMS-related discomfort were reported by participants or 

noticed by the experimenters. 

Table 1 

  Gender 
Age (mean ± standard 
deviation) 

ccPASPMvM1 
group 

F = 15 22.67 y ± 3.22 

M = 9 22.89 y ± 2.15 
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ccPASM1PMv 
group 

F = 12 22.58 y ± 2.50 

M = 12 24.42 y ± 3.96 

Statistical analysis X2 =.76; p =.38 All F ≤ 1.27; all p ≥ .26 

Demographic characteristics of participants in the main experiment. Chi-square and F tests 

were performed to ensure there were no differences in gender or age across groups. 

Pilot dual coil TMS Study 

The purpose of the pilot study was to select the best ISI for testing short-latency effective 

connectivity from PMv to M1 in young healthy adults using dual coil TMS21,37,62,64,75,76, to 

inform the ccPAS protocol to be used in the main experiment. We therefore explored the effect 

of PMv conditioning on M1 excitability by varying the ISI between the two TMS pulses (6, 8 

and 10 ms ISIs). PMv was stimulated at a subthreshold intensity (90% of the individual rMT; 

see below), whereas M1 was stimulated at a suprathreshold intensity necessary to induce MEPs 

of ~1 mV of amplitude (SI1mv). We derived stimulation parameters from our prior ccPASPMvM1 

studies39,153, which were also used in the main experiment. See Supplementary Materials for 

details on the pilot study and below for details on the main experiment. 

General experimental design 

The main study aimed to assess the neurophysiological effects of ccPAS on motor excitability. 

To this end, each participant underwent a neurophysiological assessment consisting of rMT, 

SI1mV, IO curve, SICI and ICF measures in two test blocks: one before (Pre) and one 

immediately after (Post) the administration of ccPAS (Figure 1). The order of those measures 

was counterbalanced across participants, but remained constant for each individual between the 

Pre and Post block.  
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Figure 1 

 

General experimental design. rMT, SI1mV, the I/O curve, and intracortical parameters SICI 

and ICF were assessed before and after a plasticity induction period consisting of 90 pairs of 

pulses delivered at 0.1 Hz over the ventral premotor-to-motor circuit. In the ccPASPMvM1 

group the stimulation over PMv always preceded the M1 pulse by 8 ms; conversely, in the 

ccPASM1PMv, PMv always followed M1 stimulation by 8 ms. 

We delivered two ccPAS protocols to manipulate the strength of the pathway between the left 

PMv and left M131,32,37,39,101. For participants assigned to the ccPASPMvM1 group, during the 

ccPAS, the pulse over PMv always preceded that over M1; for those assigned to the group 

ccPASM1PMv, instead, the order was reversed and PMv stimulation always followed M1 

stimulation. During these protocols, we recorded MEPs to test for online changes in motor 

system excitability39,153. Moreover, before (Pre) and after (Post) the ccPAS protocol, 

participants underwent neurophysiological assessment (Figure 1). 

Neurophysiological assessment 

Ag/AgCl surface electrodes were placed in a belly-tendon montage over the right first dorsal 

interosseus muscle (FDI). EMG signals were acquired using a Biopac MP-35 (Biopac, U.S.A.) 

electromyograph, band-pass filtered between 30 and 500 Hz and sampled at 10 kHz. TMS was 
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performed using a Magstim Bistim2 stimulator composed of two interconnected Magstim 2002 

(The Magstim Company, Carmarthenshire, Wales, U.K.) connected to two 50-mm iron 

branding figure-of-eight coils, with the handles perpendicular to the plane of the wings to 

minimize their interference in the paired stimulation of PMv and M1 during ccPAS. Pulses 

were remotely triggered by a MATLAB script (The MathWorks, Natick, USA) 

The experiment started with the electrode montage setup. Then we localized the left M1 as the 

optimal scalp position where MEPs of maximal amplitudes could be induced in the right FDI 

and the localization of the left PMv using neuronavigation (see next paragraph). The coil over 

left M1 was positioned tangentially to the scalp at an angle of 45° from the midline to induce a 

posterior-to-anterior current in the brain179,180, and was used for testing all indices in the Pre and 

Post blocks.  

Both blocks started with assessment of the rMT, defined as the minimum intensity of stimulator 

output that evokes MEPs with an amplitude of at least 50 µV in 5 out of 10 consecutive trials181. 

Then, we assessed the intensity required to obtain MEPs of an average peak-to-peak amplitude 

of 1 mV (SI1mV). The rMT and SI1mV were reassessed following the ccPAS, and the intensity 

parameters of all other indices (i.e., the IO curve, and conditioning and test stimulus intensities 

for SICI and ICF) were readjusted accordingly107,166,182–185. For the IO curve, 10 MEPs were 

collected at each intensity ranging from 100% to 150% of the rMT in steps of 10% (60 trials 

total). SICI and ICF (30 trials each) were recorded in accordance with established 

protocols166,186. They consisted of paired TMS pulses (ppTMS) delivered through the same coil 

over the left M1. The first stimulus was labeled the conditioning stimulus and preceded the test 

stimulus by 3 ms for SICI and 12 ms for ICF187,188. The intensity of the conditioning stimulus 

was set to 80% of rMT, while the test stimulus intensity was set to SI1mV. 30 MEPs induced by 

the test stimulus alone (spTMS) were also separately recorded, and SICI and ICF were 

expressed as the ratio between MEP amplitudes induced by ppTMS (conditioned and test pulse) 
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and spTMS (test pulse alone). To minimize carryover effects, for all three indices (IO curve, 

SICI, ICF) the trials were separated by a random time ranging from 6430 to 8570 ms. 

ccPAS protocol  

The ccPAS consisted of 15 minutes of paired pulses delivered over the left PMv and M1 sites 

at 0.1 Hz (i.e., 90 paired pulses), with an ISI of 8 ms31,32,37,39,101, to activate short latency 

connections between the two areas62,64. The coil over left M1 was placed as previously 

described, and M1 was stimulated with an intensity equal to SI1mV. The PMv coil was placed 

tangentially to the scalp, inducing a current flow in the neural tissue pointing toward the M1 

site31,32,39 (Figure 2 a, b). 

Figure 2 

 

a) Coil positioning on the scalp. b) Coils’ location and orientation; the arrows indicate current 

directions within the coils. c) and d) Individual targeted sites reconstructed on a standard 
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template using MRIcron software after conversion to MNI space for illustrative purposes. c) 

ccPASPMv→M1 group. d) ccPASM1→PMv group. 

PMv stimulation intensity was adjusted to 90% of each participant’s rMT37,39,153. The 

effectiveness of subthreshold conditioning has been demonstrated in other ccPAS 

studies33,37,39,153 and is also supported by dcTMS studies testing PMv-to-M1 interactions62,64,74–

76. To minimize potential discomfort, we exposed participants to active stimulation of PMv 

beforehand, using 3-4 pulses of increasing intensity. All participants tolerated the stimulation 

well. 

Neuronavigation 

The left PMv was identified using a SofTaxic Navigator System (Electro Medical System, 

Bologna, IT), as in previous studies conducted in our laboratory91,139,189. Skull landmarks (2 

preauricular points, nasion and inion) and ~80 points were digitized using a Polaris Vicra 

digitizer (Northern Digital). We obtained an estimated MRI through a 3D warping procedure 

fitting a high-resolution MRI template to each participant’s scalp and craniometric points. To 

target the left PMv, we used the following Talairach coordinates: x = –52; y = 10; z = 24. These 

coordinates were obtained by averaging the coordinates reported in previous studies190–194; 

those studies showed that stimulating this ventral frontal site (at the border between the anterior 

sector of the PMv and the posterior sector of the inferior frontal gyrus) affected planning, 

execution and perception of hand actions. These coordinates are also consistent with those used 

in previous ccPAS31,32,37,39, TMS-EEG195 and dual-site TMS studies targeting PMv-to-M1 

connections62,64,75,76. The Talairach coordinates corresponding to the projections of the left PMv 

and M1 scalp sites onto the brain surface were estimated by the SofTaxic Navigator from the 

MRI-constructed stereotaxic template, and the resulting coordinates are consistent with the 

regions defined as human PMv and M1196 (Figure 2c, d).  

Data preprocessing  
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All data were processed offline. MEP peak-to-peak amplitudes were measured within a 60-ms 

time-window starting 15 ms after the test stimulus, using a MATLAB script. Since background 

EMG affects motor excitability160, we discarded any MEP showing EMG activity in the 

preceding 100-ms time-window that deviated from the individual mean of the block by more 

than 2 SD; moreover, we discarded outlier MEPs deviating from the mean amplitude of their 

test block by more than 3 SD (6% of MEPs excluded in total). (For further data preprocessing 

in the pilot study, see Supplementary Materials.)  In the Main Experiment, each participant’s 

IO curve was assessed by plotting the mean MEP amplitude vs. the intensity of stimulation; the 

data were subsequently fitted with a sigmoid function equation161,197: MEP(s) = MEPmax/(1 + 

expm(IP−s)), where MEP(s) is the MEP amplitude at the stimulation intensity s, MEPmax is the 

upper asymptote, IP is the inflection point, and m is the global slope of the function. From these 

parameters, we also derived the curve's peak slope (PS), which is the instantaneous slope of the 

ascending limb of the curve at the steepest point, reflecting the recruitment gain of 

motoneurons197. PS is calculated using the following formula: PS = m x MEPmax/4. As expected, 

considering the widely reported individual variability in SICI198,199, 4 participants (2 per group) 

did not show an inhibitory effect using the chosen protocol; rather, these participants showed a 

marked facilitation (mean +1.73) and were statistical outliers deviating from the mean of their 

group by over 2 SD. They were therefore excluded from the analysis of SICI. 2 participants 

belonging to the ccPASM1PMv group were excluded from the analysis of MEPs collected during 

the ccPAS, due to technical failure. 

Statistical analyses  
Data normality was assessed by visual inspection and using the Shapiro-Wilk test. Parametric 

and non-parametric analyses were chosen accordingly. In the Main Experiment, rMT and SI1mV 

data were normally distributed. Therefore, we ran two separate mixed factors ANOVAs, one 

for each index, with the within-subjects factor Time (2 levels: Pre and Post block) and the 

between-subjects factor Group (2 levels: ccPASPMv-M1 and ccPASM1-PMv). Data collected during 
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the ccPAS were also normally distributed and were therefore analyzed using an ANOVA by 

dividing the 90 pulses into 6 epochs of 15 MEPs each (Fiori et al., 2018); the resulting analysis 

included the factors Epoch (within, 6 levels) and Group (between, 2 levels: ccPASPMv-M1 and 

ccPASM1-PMv). Newman Keuls post-hoc analyses were performed to correct for multiple 

comparisons. In all the ANOVAs, partial η2 (ηp
2) was computed as a measure of effect size for 

significant main effects and interactions. For significant post-hoc comparisons, Cohen’s d was 

computed. By convention, ηp
2 effect sizes of ~ .01, ~.06, and ~.14 are considered small, medium 

and large, respectively. Cohen’s d effect sizes of ~.2, ~.5, ~.8 are considered small, medium 

and large instead200. 

All parameters obtained from fitting IO curves, i.e., the slope, asymptote, inflection point and 

peak slope, as well as SICI and ICF data were not normally distributed, so direct comparisons 

between and within groups were computed through nonparametric Mann Whitney U and 

Wilcoxon signed-rank tests, respectively. All the analyses were conducted using STATISTICA 

(version 12, StatSoft, Tulsa, USA). 

Results 

dcTMS highlights early facilitatory PMv-to-M1 interactions  

The pilot study confirmed that an 8-ms ISI is best suited to consistently influence M1 

excitability via PMv conditioning31,62,64 (Figure 3). We used dual coil TMS (dcTMS) on 15 

healthy volunteers who did not participate in the main experiment, to investigate the 

inhibitory/facilitatory sign of cortico-cortical interactions between PMv and M1 at early ISIs, 

and to get insights into the targeted neural mechanism during ccPAS. Additionally, this pilot 

study allowed us to select the best ISI at which PMv conditioning influenced M1 excitability, 

to be used in the ccPAS protocol. To these ends, we administered 36 single pulse TMS (spTMS) 

trials, where only the left M1 was stimulated, and 54 dcTMS trials, where M1 stimulation was 

preceded by a conditioning pulse over PMv at 3 different interstimulus intervals (ISIs): 6, 8 and 
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10 ms (18 MEPs for each ISI). Trial order was randomized. PMv and M1 locations were defined 

in Talairach coordinates as described in the Neuronavigation paragraph of the main text and 

were consistent with the regions defined as human PMv and M1196. The mean MNI-transformed 

coordinates (± standard deviation) corresponding to the projections of the left PMv and M1 

scalp sites onto the brain surface were x = –57.26 ± 2.48, y = –12.74 ± 1.35, z = 21.46 ± 1.95 

for PMv and x = –34.72 ± 3.31, y = –15.95 ± 6.11, z = 63.75 ± 2.74 for M1. PMv was stimulated 

at 90% of the individual rMT, while M1 was stimulated at SI1mV. MEPs were assessed by 

measuring peak-to-peak EMG amplitude (in mV). Trials with background EMG activity were 

excluded from analysis (4% on average) as described in the main text. The mean MEP 

amplitude of each dcTMS trial was expressed as the ratio relative to the mean of the 5 nearest 

spTMS trials31. MEP ratios were analyzed using a repeated-measures ANOVA with ISI (3 

levels: 6, 8, 10) as a within-subjects factor.  

The ANOVA revealed a marginally significant influence of ISI (F2,28 = 3.30, p = 0.051, ηp
2 = 

0.19; Figure 3). Bonferroni-corrected one-sample t-tests against 1 showed that dcTMS MEPs 

at an 8-ms ISI were consistently facilitated relative to spTMS (1.15 ± 0.19 of spTMS trials; p 

= 0.009; Cohen’s d = 0.77), whereas MEPs at a 6-ms or 10-ms ISI were not (both p ≥ 0.35, 

Cohen’s d ≤ 0.25). 

Interestingly, we observed that PMv conditioning over MEPs induced by M1 stimulation was 

facilitatory, i.e., PMv conditioning increased M1 corticospinal excitability when the ISI was set 

at 8 ms (Figure 3). This provides insights into the physiological basis of the ccPAS protocol 

used in the main experiment.  
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Figure 3 

 

Conditioning effect of left PMv stimulation on left M1 excitability at different interstimulus 

intervals. Asterisks indicate significant comparisons: ** = p ≤ .01. Error bars represent 1 

standard deviation. 

Enhancement of MEPs during ccPASPMvM1 administration  

In the main study, MEPs recorded during the ccPAS protocols (i.e., 90 MEPs for each protocol, 

one for each paired stimulation of PMv and M1) were analyzed by means of an Epoch x Group 

ANOVA which showed a significant main effect of Epoch (F5,220 = 8.58, p < .001; ηp
2 = .16) 

and an Epoch x Group interaction (F5,220 = 2.85, p = .02; ηp
2 = .06), suggesting that the average 

MEP amplitude varied differently according to the ccPAS protocol being administered (Figure 

4a). Newman-Keuls post-hoc analyses further clarified the interaction: the ccPASPMvM1 group 

showed an increase in MEP amplitude over epochs, almost significant in the second compared 

to the first (p = .06, Cohen’s d = 0.67), and fully significant from the third to the sixth (all p ≤ 

.004; all Cohen’s d ≥ 0.76). No change in MEP amplitude was detected in the ccPASM1PMv 
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group across epochs (all p ≥ .09). This effect was further explored by extracting a MEP 

modulation index, computed as the difference between MEP amplitude in Epoch 6 and Epoch 

1 of the ccPAS, and comparing that index between the two groups (Figure 4d); the analysis 

revealed a significant difference between the two groups (t44=2.88, p = .006; Cohen’s d = 0.86), 

indicating a greater modulation during ccPASPMvM1 compared to ccPASM1PMv. 

Figure 4 

 

a) MEP amplitudes collected during ccPASPMvM1 (red line, N=24). b) Example of EMG traces 

from one representative participant during the ccPASPMVM1 protocol; grey and red 

superimposed lines represent single trial EMG traces and median MEP EMG traces, 

respectively. c) Average MEP amplitude collected during the ccPAS protocol in the 

ccPASM1PMv group (green line, N=22). d) Violin plots showing individual MEP modulation 

during the ccPAS, computed as the difference between MEP amplitudes in Epoch 6 and Epoch 

1, in both groups. Asterisks indicate significant comparisons (** p ≤ .01, *** p ≤ .001). Error 

bars represent one standard deviation. 
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Reduction in rMT and SI1mV following ccPASPMvM1 

The Time x Group ANOVA conducted on rMT showed no main effect of Time or Group (all 

F ≤ 2.90, p ≥ .10), but a significant Time x Group interaction (F1,46 = 5.07, p = .03; ηp
2=.10; 

Figure 5a), suggesting that rMT varied differently over time based on the administered ccPAS 

protocol. Newman-Keuls post-hoc analyses revealed that rMT was comparable between the 

two groups at baseline (p = .75). Following the plasticity induction, the ccPASPMvM1 group 

showed a significant decrease in rMT (p = .008, Cohen’s d = .64; Figure 5a, top row), while no 

change was detected for the ccPASM1PMv group (p = .70; Figure 5a, middle row). This effect 

was further qualified by an analysis conducted on an rMT modulation index computed as the 

difference between rMT in the Post and Pre blocks; the modulation index was significantly 

different between the two groups (t46 = –2.25, p = .029; Cohen’s d = 0.65; Figure 5a, bottom 

row). 

Similar effects were detected in the ANOVA conducted on SI1mV: a significant main effect of 

Time (F1,46 = 4.93, p = .03; ηp
2 = .10) was qualified by a significant Time x Group interaction 

(F1,46 = 6.81, p = .01; ηp
2=.13; Figure 5b), which was explored through post-hoc analyses. The 

SI1mV amplitudes were comparable at baseline (p = .30) and decreased following ccPASPMVM1 

(p = .001, Cohen’s d =.59; Figure 5b, top row), but not after ccPASM1PMv (p = .92; Figure 5b, 

middle row). A SI1mV modulation index was calculated as the difference between SI1mV in the 

Post and Pre blocks and compared between the two groups, revealing a significant difference 

(t46=–2.61; p=.012; Cohen’s d = 0.75; Figure 5b, bottom row). 
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Figure 5 

 

Effects of ccPAS on a) rMT and b) SI1mV. The top row depicts motor thresholds before (lighter 

bars) and after (darker bars) the ccPASPMVM1 protocol (N=24); the middle row depicts motor 

thresholds before (lighter bars) and after (darker bars) the ccPASM1PMv protocol (N=24); the 

bottom row depicts violin plots showing individual modulation in motor thresholds, computed 

as the difference between rMT (a) and SI1mV (b) in the Post and Pre blocks, in both groups. 

Asterisks indicate significant comparisons (*p ≤ .05; **p ≤ .01). Error bars represent one 

standard deviation. 
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Enhancement of IO curve following ccPASPMvM1 

Figure 6 shows a steeper IO curve following ccPASPMvM1, but not following ccPASM1PMv.  

Figure 6 

 

Effect of ccPAS on the IO curve. a) Effect of ccPASPMvM1, showing a steeper IO curve slope 

and increased inflection points (stars) (N=24). B) Effect of ccPASPMvM1 showing no change 

across blocks (N=24). Error bars represent one standard deviation. c) Example of IO curve 

EMG traces from one representative participant before and after the ccPASPMVM1 protocol. 

For each stimulation intensity condition of the IO curve, grey and red superimposed lines 

represent single trial EMG traces and median MEP EMG traces, respectively. 
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Mann-Whitney comparisons conducted on IO curve parameters, namely the slope, the MEPmax 

(upper asymptote) and the inflection point, showed no differences between groups at baseline 

(all p≥.14). Wilcoxon paired samples tests showed that the slope parameter significantly 

increased in the Post block compared to the Pre block only in the ccPASPMvM1 group (mean ± 

standard deviation: 10.77 ± 3.81 vs. 16.76 ± 9.61; p = .03, Figure 6a). In contrast, no change 

was observed in the ccPASM1PMv group (12.95 ± 5.46 vs. 14.49 ± 7.58; p = .48, Figure 6b). 

Similar results, although only marginally significant, were also obtained for the inflection point: 

its value decreased (i.e., the curve shifted to the left, suggesting that higher MEPs could be 

obtained with lower stimulation intensities) in the ccPASPMvM1 group (1.30 ± 0.13 vs. 1.23 ± 

0.08; p = .059), but not in the ccPASM1PMv group (1.29 ± 0.18 vs. 1.22 ± 0.06; p = .10). In 

contrast, the asymptote was not affected by the applied protocol (both p ≥ .35). However, the 

peak slope parameter (PS), which is calculated from both the slope and the upper asymptote, 

was differentially impacted by the administered ccPAS protocol. Indeed, it increased only after 

ccPASPMvM1 (6.87 ± 5.78 vs. 9.98 ± 11.61; p = .004), but not ccPASM1PMv (10.27 ± 6.52 vs. 

10.14 ± 7.88; p = .65).  

We further analyzed the effect of ccPASPMvM1 on the IO curve by entering MEP amplitudes 

into a Time (2 levels: Pre and Post block) x Stimulation Intensity (6 levels: 100%, 110%, 120%, 

130%, 140% and 150% of rMT) ANOVA. To reduce skewness and approximate the MEP data 

to a normal distribution, mean amplitudes in each condition were transformed using the formula 

Log10(value+1). The ANOVA showed a main effect of Stimulation intensity (F5,115 = 90.96, p 

< .001; ηp
2 = .80), qualified by a significant Time x Intensity interaction (F5,115 = 2.72, p = .02; 

ηp
2 = .11; Figure 7a). Post-hoc analysis revealed that MEP amplitudes in the Pre and Post blocks 

were comparable at 100% and 110% rMT intensities (all p ≥ .52), but were significantly higher 

in the Post block at 120%-140% rMT (all p ≤ .05). At 150% rMT, intensity MEP amplitudes, 

again, did not differ between timepoints (p = .25). 
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Figure 7 

 

Input-output curve before and after ccPASPMvM1 (panel a) and ccPASM1PMv (panel b). 

Asterisks indicate significant comparisons: * = p ≤ .05; ** = p ≤ .01. Error bars represent 1 

standard deviation. 

We also carried out a Time x Stimulation intensity ANOVA in the ccPASM1PMv control group 

(Figure 7b). The analysis only showed a significant main effect of Intensity (F5,115 = 158.07, p 

< .001; ηp
2 = .87), with a gradual increase in MEP amplitudes as intensities increased, but no 

main effect of Time or Time x Intensity interaction (all F ≤ 1.09; all p ≥ .31). This suggests 

there was no change in M1 corticospinal excitability following ccPASM1PMv.  

Reduction of SICI, but not of ICF, following ccPASPMvM1  

As previously stated, mean MEP amplitudes elicited by the test stimulus alone (spTMS) should 

not differ across timepoints as SI1mV intensity was reassessed following ccPAS. In keeping with 

this, the Time x Group ANOVA ran on these MEPs revealed no significant main effects nor 

interactions (all F ≤ 2.48; all p ≥ .12). 

A non-parametric comparison using a Mann-Whitney test found no differences in SICI between 

groups at baseline (p = .20). Intracortical inhibition was differentially impacted by the two 
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ccPAS protocols, as shown by Wilcoxon tests: the inhibitory effect decreased following 

ccPASPMvM1 (p = .03, Figure 8a, top row) and showed a non-significant increase following 

ccPASM1PMv (p = .12, Figure 8a, middle row). The differential effect of the two ccPAS 

protocols on intracortical inhibition was further corroborated by extracting a SICI modulation 

index, computed as the difference between SICI in the Post and Pre blocks. Direct comparison 

revealed a significant difference (p = .012) between the two groups (Figure 8a, bottom row). 

The same analyses conducted on ICF found no baseline differences between groups (p = .35), 

and no difference across time points in either group (both p ≥ .15). 
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Figure 8 

 

Changes in intracortical inhibition (a) and facilitation (b). The top row depicts SICI and ICF 

before (lighter bars) and after (darker bars) the ccPASPMvM1 protocol; the middle row 

depicts SICI and ICF before (lighter bars) and after (darker bars) the ccPASM1PMv 

protocol; the bottom row depicts violin plots showing individual modulations of SICI and ICF, 

computed as the difference between SICI (a) and ICF (b) in the Post and Pre blocks, in both 

groups. Asterisks indicate significant comparisons (*p ≤ .05). Error bars represent one 

standard deviation. c) Example of EMG traces from one representative participant before and 
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after the ccPASPMvM1 protocol. For each TMS condition, grey and red superimposed lines 

represent single trial EMG traces and median MEP EMG traces, respectively. 

Discussion 

Although several studies have applied ccPAS to enhance PMv-to-M1 connectivity via Hebbian 

plasticity31,32,39,101,153, prior work did not systematically investigate ccPAS effects on M1 

corticospinal excitability or intracortical mechanisms in M1, leaving the question of whether 

ccPAS acts locally over M1 unclear. To answer this question, in the present study we tested: i) 

online changes in motor excitability probed by dcTMS of PMv and M1 during ccPAS 

administration; ii) ccPAS aftereffects on multiple indices of M1 corticospinal excitability; and 

iii) ccPAS aftereffects on distinct populations of intracortical inhibitory and facilitatory 

interneurons. Our study provides evidence that ccPASPMvM1 enhances distinct indices of M1 

corticospinal excitability and suppresses inhibitory interneuronal activity, thus demonstrating 

local changes in M1 that are relevant for understanding the physiological bases of ccPAS.  

Building on prior work 31,32,39,101,153 and a dcTMS pilot study, we applied a ccPAS protocol 

using a short ISI (8 ms) between the pulses, targeting a cortico-cortical route between the two 

sites62,64. Our dcTMS pilot study showed that subthreshold PMv conditioning tends to already 

increase M1 corticospinal excitability at a 6-ms ISI, but the most consistent facilitation was 

observed at an 8-ms ISI. Therefore, by adopting the latter ISI in our ccPASPMvM1 protocol, we 

assumed that, in each TMS pair, the corticocortical volley elicited by PMv stimulation reached 

M1 immediately before the pulse over M1, resulting in convergent activation of pre- and post-

synaptic neural populations in M1. This is instrumental to the establishment of Hebbian STDP 

plasticity in the PMv-to-M1 pathway31,37,101,153. In the main experiment, these facilitatory PMv-

to-M1 interactions were thus coherently and repeatedly elicited in the critical ccPASPMvM1 

condition to induce LTP in PMv-to-M1 connections. 
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The most novel finding of our study is the robust and convergent evidence of enhanced M1 

corticospinal excitability following ccPASPMvM1, supporting LTP-like effects within the 

targeted motor circuit31,33,46. First, in keeping with our prior studies39,153, we observed that the 

repeated paired stimulation of PMv and M1 during ccPASPMvM1 caused a gradual increase in 

MEP amplitude – showing a progressive build-up of functional plasticity that already begins 

during protocol administration. In line with prior research focused on changes in PMv-to-M1 

connectivity31,37, it is likely this gradual increase primarily reflects LTP of the PMv-to-M1 

pathway, increasing the efficacy of PMv synaptic input to M1 interneurons, which in turn shape 

the output of pyramidal cells (see below). Second, consistent with these online changes, we 

observed further potentiation effects on M1 corticospinal neurons after ccPAS administration. 

Following ccPASPMvM1 we found a decrease in both the rMT and the intensity necessary to 

produce MEPs of 1-mV amplitude (SI1mV), indicating a shift towards increased excitability of 

both lower- and higher-threshold M1 corticospinal neurons. This was also accompanied by a 

steeper IO curve as shown by changes in the slope and the peak slope, and marginal changes in 

inflection point; remarkably, IO curve changes were detected despite having re-adjusted all 

stimulation intensities with respect to the re-assessed rMT in the Post block. Because rMT 

decreased following ccPASPMvM1, stimulation intensities used to assess the IO curve in the 

Post block were lower than those used in the Pre block; nonetheless, we could still observe 

robust IO curve changes, reflecting greater recruitment of M1 corticospinal neurons. All these 

modulations were specific to the ccPASPMvM1 protocol, as they were absent following the 

control ccPASM1PMv condition. These changes were thus not merely due to generic stimulation 

of either PMv or M1, but depended on the specific manipulation of directional connectivity 

aimed at increasing efficacy of excitatory synaptic inputs from PMv to M1, meeting the 

Hebbian principle. 
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Taken together, changes in the rMT, SI1mV, and IO curve demonstrate that ccPAS, besides 

strengthening PMv-to-M1 connectivity as previously demonstrated31,32,37, also acts locally by 

affecting descending M1 corticospinal neurons due to increased synaptic input. While previous 

studies that directly tested connectivity changes following ccPAS have ascribed its effects to 

potentiated cortico-cortical mechanisms31–33,40, our study is the first to highlight that potentiated 

PMv-to-M1 projections result in a clear enhancement of M1 corticospinal excitability, which 

could in principle contribute to improved hand functioning following this stimulation 

protocol39. 

What mechanism underlies the physiological changes induced by ccPASPMvM1? Research 

using dcTMS has shown that the premotor cortex can exert both inhibitory and excitatory 

influences on M1, depending on the functional state of the connection, the ISI and/or the 

intensity of TMS pulses62,74–76. Based on prior74 and present (Figure 3) evidence of the latency 

of PMv-to-M1 interactions, it is arguable that the subthreshold conditioning of PMv neurons 

influences M1 corticospinal neurons indirectly, mainly via excitatory interneurons in M1. This 

fits with established anatomical and neurophysiological evidence that PMv-to-M1 projections 

are glutamatergic and, while a few synapse directly onto M1 corticospinal neurons, most 

synapse onto both glutamatergic and GABAergic M1 interneurons. These interneurons 

surround pyramidal cells in M1 and modulate their output, giving rise to both excitatory and 

inhibitory effects on corticospinal excitability83,154,155. Neurophysiological studies in monkeys 

have highlighted PMv-to-M1 excitatory interactions154,157,201. These studies have shown that 

electrical stimulation of M1 evokes direct (D) and indirect (I1, I2, and I3) volleys in the 

corticospinal tract, and preconditioning the PMv (monkey area F5) robustly facilitates M1 

corticospinal output156,157 by acting on longer-latency I-waves (I2 and I3)157. These later waves 

are generated by presynaptic inputs onto M1 corticospinal neurons202, suggesting that PMv 

conditioning can enhance excitatory interneuronal circuits within M1, which in turn impact M1 
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pyramidal neurons after a synaptic delay. These excitatory PMv-to-M1 interactions promptly 

account for the latency and the facilitatory nature of the MEP modulations that we observed in 

the dcTMS pilot study, following subthreshold PMv conditioning. Similarly, during 

ccPASPMvM1, the repeated pairing of PMv and M1 potentiated the targeted excitatory pathway 

via Hebbian plasticity, increasing the efficiency of the PMv projections onto excitatory 

interneurons in M1. In turn, these interneurons project to pyramidal cells and contribute to 

regulating corticospinal excitability. During spTMS, these neural elements are likely recruited 

by the magnetic pulse over M1, and this explains the consistent increase in M1 corticospinal 

excitability following ccPASPMvM1. 

Another major point of novelty in our study is the finding that ccPASPMvM1 reduced the 

magnitude of SICI, without affecting ICF. This indicates that ccPASPMvM1 reduced local 

inhibitory GABAA-mediated interneuronal activity within M1, which accounts for the SICI 

effect203,204. A few prior studies using the classical PAS protocol have reported results similar 

to ours, i.e., an increase in M1 corticospinal excitability accompanied by a decrease in SICI 

following PAS185,205 or PAS combined with aerobic training184. On the other hand, a ccPAS 

study targeting the parietal-motor circuit failed to observe SICI reduction and instead reported 

enhanced ICF33, whereas another ccPAS study targeting cerebellar-motor circuits found a 

decrease in inhibition across a range of stimulation parameters107, together with modulation of 

corticospinal excitability. These apparent discrepancies may reflect key features of the 

stimulated circuits: while parietal-to-motor connections are facilitatory206, the cerebellum has a 

starkly inhibitory influence over M1207. On the other hand, as reported above, the PMv exerts 

both facilitatory and inhibitory influences over M1 via distinct classes of interneurons.  

The reduction in SICI points to a disinhibition mechanism that could contribute at least in part 

to the observed increase in M1 corticospinal excitability. Such a mechanisim would not 

contradict the notion that ccPAS induces LTP in the targeted cortico-cortical circuit 207, or the 
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supposed involvement of excitatory interneurons in ccPASPMvM1 as discussed above. Rather, 

our findings suggest that the repeated targeting of facilitatory PMv-to-M1 interactions may 

have biased PMv synaptic inputs toward excitatory rather than inhibitory interneurons in M1, 

leading to reduced GABAA-mediated inhibition. This is in line with the notion of reciprocal 

interactions between excitatory and inhibitory processes within the PMv-to-M1 pathway, as 

supported by monkey studies where pharmacological administration of GABAA agonists in M1 

was found to suppress the facilitatory effects of PMv conditioning on M1 corticospinal 

output157. However, we do not rule out the possibility that the SICI reduction may reflect a 

chain of inhibitory interneurons in M1, with ccPASPMvM1 enhancing the efficacy of PMv 

synaptic input to inhibitory non-SICI-related interneurons (for example, GABAB-mediated 

interneurons) via LTP; in turn, these interneurons would suppress the activity of inhibitory 

GABAA-mediated interneurons involved in SICI, thus ultimately releasing the corticospinal 

tract from inhibition and contributing to its increased excitability. However, further research 

investigating multiple inhibitory mechanisms in M1 is needed to validate this possibility. Also, 

past research has suggested that a reduction in GABAergic activity is a necessary precursor to 

plastic changes due to motor learning or brain stimulation174–176. While the present findings hint 

at simple interneuronal mechanisms underlying the SICI reduction, it remains to be investigated 

whether changes in GABAergic transmission might reflect more systemic and complex 

interactions critical for the induction of STDP in PMv-to-M1 connections. 

While our ccPASPMvM1 protocol might enhance excitatory interneurons in M1, our study 

suggests those neurons are not the ones involved in ICF208, as we found no modulation of that 

index. While the inhibitory and local nature of SICI is well established, the ICF is a more 

complex measure of intracortical excitation, as it is thought to be influenced by glutamatergic 

facilitation through NMDA receptors209, but also GABAergic inhibition through GABAA 

receptors170. Moreover, ICF is thought to result from the recruitment of long-range connections 
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originating from remote areas209,210, including parietal areas33, and some evidence suggests a 

possible spinal contribution to ICF211. Indeed, prior studies have rarely detected ICF modulation 

following brain stimulation of M1208. Thus, further research is needed to directly investigate 

the aftereffect of ccPASPMvM1 on local excitatory mechanisms in M1, such as short 

intracortical facilitation (SICF). 

Our study presents some limitations. First, our experimental design did not include behavioral 

tasks, which would have allowed us to draw parallels between physiological changes and 

functional outcomes; however, because the primary focus of the present work was to highlight 

the physiological bases of ccPAS, we refrained from including behavioral tasks that could 

potentially exert further effects on motor physiology due to practice212. Second, our chosen 

SICI and ICF protocols were not individualized to obtain comparable inhibition and facilitation 

effects in all individuals. Moreover, we assessed these indices using separate blocks of ppTMS 

and spTMS trials, instead of using a randomized intermixed order. While personalizing the 

protocol could yield more consistent effects 212, we wanted to use stimulation paradigms similar 

to those employed in other studies that have tested SICI/ICF modulations after plasticity 

inductions33,107,204,213,214, to make better comparative inferences relating to the previous 

literature. On the other hand, future research could confirm the present results by adopting 

personalized protocols for SICI and ICF, but also for additional intracortical indices such as 

long intracortical inhibition (LICI) or short intracortical facilitation (SICF), as these indices 

could also take part in the observed modulations. 

Conclusions 

Our study confirms prior reports of a gradual enhancement of MEPs during ccPASPMvM1 

administration39,153 and significantly expands prior knowledge about ccPASPMvM1 aftereffects 

on PMv-to-M1 connectivity31,32,37 and motor control39, by providing convergent novel evidence 

that this protocol also acts locally on M1 – the area of cortico-cortical convergence during 
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ccPASPMvM1 . Specifically, we demonstrated that our ccPASPMvM1 protocol relies on 

excitatory PMv-to-M1 interactions and consistently enhances M1 corticospinal excitability, an 

effect which could be at least partially mediated by intracortical M1 disinhibition due to a 

decrease in local GABAergic activity215–217. These findings highlight the neurophysiological 

underpinnings of Hebbian plasticity in the human PMv-to-M1 network and could contribute to 

understanding behavioral changes following induction of STDP. These findings also provide 

new mechanistic insights into the physiological basis of ccPAS that are relevant for developing 

novel optimized ccPAS protocols for clinical and experimental settings. 
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Chapter 3 - Driving associative plasticity in premotor-motor connections through a novel paired 

associative stimulation based on long-latency cortico-cortical interactions. 

Introduction  

Repeated pre- and post-synaptic neuronal activation is fundamental for strengthening synaptic 

connections, a key mechanism referred to as spike-time-dependent plasticity (STDP)19. In 

humans, associative plasticity with STDP properties can be induced through a TMS protocol, 

named cortico-cortical paired associative stimulation (ccPAS)31,32,39,101. By administering 

repeated pairs of TMS pulses over two interconnected brain areas at specific inter-stimulus 

intervals (ISI), ccPAS allows for the modulation of cortico-cortical connections efficiency. 

To date ccPAS has been predominantly applied to cortico-cortical motor pathways31,32,39,101. 

For example, following ventral premotor-to-motor cortex (PMv-to-M1) ccPAS, scholars 

documented a strengthening of the targeted circuit, indexed by the increase of the (inhibitory) 

effect of PMv conditioning over ipsilateral M1 excitability at rest31 and the increase in resting-

state connectivity of the broader functional network encompassing PMv-M1 areas32. Effects of 

increased connectivity are long-lasting31,32,39,101, anatomically specific31,32 and associated with 

functionally specific behavioral gains39. 

All the aforementioned studies reported plastic effects induced by ccPAS when the selected ISI 

met the temporal rules of short-latency (supposedly direct) connections, informed by dual-site 

TMS (dsTMS)62. Notably, recent dsTMS studies tested the chronometry of PMv-to-M1 

interactions and showed that they occur at different time scales62,75,108. For example, 

conditioning PMv was found to reduce the size of motor-evoked potentials (MEPs) induced by 

stimulation of ipsilateral M1 not only at a 8-ms ISI (short-latency interaction)62, but also at 

longer (e.g., 40-ms) ISIs75, thus demonstrating long-latency, likely indirect, inhibitory PMv-to-

M1 interactions. Despite this notion, there is no evidence that ccPAS protocols based on long-

latency interactions (i.e., ll-ccPAS) can induce associative plasticity in humans.  
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Materials and Methods 

General Experimental Design 

Here we empirically address this question by testing the effect of 3 ll-ccPAS protocols on PMv-

M1 interactions in healthy volunteers (see Supplementary information for details on methods). 

In the PMv-to-M1 ll-ccPASPMvM1 group (N=12), we continuously administered 90 pairs of 

TMS pulses over the left PMv and the left M1 at a rate of 0.1 Hz32,109,218. For each pair, PMv 

preceded M1 stimulation by 40 ms. Such ISI was aimed at activating long-latency PMv-to-M1 

inhibitory connections75. To test for neuroanatomical specificity109, we administered the same 

ll-ccPAS protocol over a parallel pathway connecting the supplementary motor areas (SMA) to 

M1 (i.e., ll-ccPAS SMAM1; N=12). Lastly, to control for unspecific effects, we administered 

sham ll-ccPAS (ll-ccPASSham, N=12). 

To assess for the effect of ll-ccPAS across the 3 groups, we probed long-latency PMv-M1 

interactions on MEP amplitudes using the dsTMS protocol75,219 in 5 blocks (every 20 minutes): 

2 prior to (pre-A, pre-B) and 3 following (T0, T20, T40) ll-ccPAS. Each block included both 

single-pulse trials, in which a test stimulus (TS) was applied alone over the left M1 to measure 

baseline MEPs, and paired-pulse trials, in which a conditioning stimulus (CS) applied over the 

left PMv –activating pathways to M1– preceded the TS by 40 ms75, thus probing long-latency 

inhibitory effects that PMv conditioning exerts over M1 excitability. In all protocols, the left 

M1 was identified as the motor hotspot of the first dorsal interosseous (FDI) and stimulated 

using an intensity adequate to induce a MEP amplitude of ~1 mV in the right FDI, while MEPs 

were concurrently recorded in a control muscle (abductor digit minimi, ADM). Premotor areas 

were identified as in195,218,220 (Figure 9a) and stimulated at 90% of the FDI resting motor 

threshold. Participants were at rest during the whole experiment. TMS was administered using 

two 50-mm butterfly-shaped iron-branding coils connected to two independent Magstim 200 

stimulators (Magstim, UK), delivering single monophasic waveform pulses. The same 
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stimulators and coils were used for the dsTMS and ll-ccPAS protocols (see corresponding 

paragraphs below for specifics on dsTMS and ll-ccPAS). 

Participants 

Twenty-eight right-handed healthy volunteers took part in this study after providing written 

informed consent. This sample size was chosen as adequate for an exploratory study, based on 

the sample size of previous similar works31. Participants were assigned to one of the three ll-

ccPAS group, namely the ccPASPMvM1 group (5 females, mean age ± SD: 25.4 y ± 2.5; N = 

12), the ccPASSMAM1 group (4 females, mean age ± SD: 25.7 y ± 2.3; N = 12) and the 

ccPASSham group (9 females, mean age ± SD: 23.8 y ± 1.8; N = 12). Data of one participant in 

the Sham group could not be analyzed due to a technical failure in the acquisition phase, thus 

the final sample in this group was of 11 participants. Eight participants in the PMv-to-M1 group 

were also tested on a separate session (interval between sessions: median value ± standard 

deviation = 32 ± 60 days; minimum = 19 days) in the SMA-to-M1 group (7 participants) or in 

the Sham group (1 participant). There is no evidence of TMS induced metaplastic effect over 

such a prolonged period and therefore we assumed no carry over effect of one session over 

another109,221. Direct comparisons of MEPs in participants tested in more than one protocol 

suggest no effect of order as shown by a series of Mann-Whitney U tests computed across time 

points in the target muscle FDI (all p > .31) and control muscle ADM (all p > .08). None of the 

participants reported adverse reactions or discomfort related to TMS and all of them were naïve 

as to the aims of the experiment. The study was conducted in accordance with the ethical 

standards of the 1964 Declaration of Helsinki and approved by the Bioethics Committee of the 

University of Bologna (2.6/07.12.16). 

dsTMS protocol  
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In all groups, we assessed long-latency PMv-to-M1 interactions using the dsTMS protocol75,219. 

In each of the 5 dsTMS blocks (pre-A, pre-B, T0, T20, T40) we collected 25 TS trials (single-

pulse TMS over the left M1) and 25 CS-TS trials (paired-pulse TMS, with TS over the left M1 

preceded by a CS over the left PMv with an ISI of 40 ms). TS and CS-TS trials were pseudo-

randomly intermixed and separated by an inter-trial interval of 7.5-8.5 s. In each trial, the TS 

simultaneously induced MEPs in the relaxed right FDI (target) and ADM (control) hand 

muscles. MEPs were recorded using Ag/AgCl electrodes placed in a belly-tendon montage and 

a Biopac MP-35 (Biopac, USA) electromyography. EMG activity was band-pass filtered (30–

500 Hz), acquired at a sample rate of 5 kHz and stored for offline analyses. 

The left M1 was identified as the optimal scalp position to elicit MEPs of maximal amplitude 

in the resting FDI muscle. The intensity of the TS was set in order to elicit a MEP of ~1 mV 

amplitude in the target FDI muscle. Such intensity was adequate to induce stable MEPs also in 

the control ADM muscle. The left PMv was identified using a neuronavigation system as 

reported below. CS intensity for PMv stimulation was set at 90% of the individual resting motor 

threshold (rMT), defined as the minimum stimulator output intensity that induced MEP with > 

50 μV amplitude in 5 out of 10 consecutive trials22.  

TS intensity (mean ± S.D.: 69% ± 13 of the maximum stimulator output; F3,31 = .52, p = .67; 

ηp
2 = .05) and CS intensity (36% ± 5 of the maximum stimulator output; F3,31 = .78, p = .52; ηp

2 

= .07) were comparable across the three groups. 

ll-ccPAS 

In all groups, we administered 90 pairs of TMS pulses at a rate of 0.1 Hz for 15 

min32,35,36,109,218,221. In the two active ll-ccPAS groups (i.e., in the ll-ccPASPMvM1 and the ll-

ccPASSMAM1 groups) in each pair, a first pulse was administered either over the left PMv or 

the SMA (according to the participant’s group assignment), and the second pulse was 
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administered over the left M1 with an ISI of 40 ms, so to activate long-latency connections 

between the two regions75,219. The first and second pulses of each pair were set at an intensity 

equal to the CS (90% rMT) and TS (~1 mV MEPs criterion) of the dsTMS protocol. The very 

same stimulation parameters were adopted in the Sham group, however in this group the coils 

were held perpendicularly so that no current was induced in the brain.  

Brain localization  

For both dsTMS and ll-ccPAS protocols, coil positions were identified using established 

methods22,219,221 as detailed below. The left M1 was identified functionally as the FDI motor 

hotspot. To target M1, the coil was held at 45° to the sagittal midline inducing a posterior-to-

anterior current direction in the brain222. 

The left PMv was identified using the SoftTaxic neuronavigation system (EMS, Italy). Skull 

landmarks (nasion, inion, and two pre-auricular points) and about 90 points providing a uniform 

representation of the scalp were digitized by means of the Polaris Vicra digitizer (Northern 

Digital INC, Ontario, CA). An individual estimated magnetic resonance image (MRI) was 

obtained for each subject through a 3D warping procedure fitting a high-resolution MRI 

template with the participant’s scalp model and craniometric points. This procedure ensures a 

global localization accuracy of ~5 mm223. The targeted an anterior sector of the PMv at the 

border with the posterior part of the inferior frontal gyrus using the following Talairach 

coordinates: x = −54, y = 10, z = 24. The coil was placed at ~45° to the midline to induce a 

ventro-lateral to medio-posterior current75,219,224.  

The SMA was stimulated 4 cm anterior to the vertex on the sagittal midline219,225 with the coil 

handle pointing forward to induce an anterior-posterior current226.  

The scalp locations that corresponded best to left M1, left PMv and SMA coordinates were 

identified and marked with a pen. Then, the SofTaxic Navigator system was used to estimate 
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the projection of all targeted scalp positions on the brain surface, confirming correct coil 

placement for all the sites. Across the three groups, the estimated Talairach coordinates for the 

left M1 were (mean ± S.D.): x = –33.2 ± 6.1, y = –16 ± 7.5, z = 56.7 ± 5.6; for the left PMv 

were: x = –53.8 ± 1.9, y = 9.6 ± 1.2, z = 23.6 ± 1. In the SMA-to-M1 group, SMA coordinates 

were: x = –4.9 ± 3.5, y = 3.5 ± 6.4, z = 63.1 ± 2.7. 

Data preprocessing and Statistical Analyses 

Peak-to-peak MEP amplitudes from the FDI and the ADM muscles were automatically 

extracted from EMG signals using a custom Matlab code (v. 2016b; MathWorks, USA) and 

measured in mV. Trials showing EMG activity 100 ms prior to TMS were discarded from 

further analysis (6.7%). Mean MEP amplitude in each block was transformed using the formula 

Log10(value+1) to address lack of normality in a few conditions226. We computed a CS-TS 

modulation index as the difference between MEPs obtained in the CS-TS and TS trials. The 

index looked sufficiently normal to carry out parametric testing by visual inspection and 

statistic test of normality (Kolmogorov-Smirnov test: all p > .20) and was therefore analyzed 

using a Protocol x Time x Muscle ANOVA. Post-hoc analysis was conducted using the Duncan 

test to correct for multiple comparisons. Statistical analyses were performed using the 

STATISTICA software (v. 12; StatSoft Inc., USA). 

Results 

We computed the differences between log-transformed peak-to-peak mean MEP amplitudes in 

the CS-TS and TS trials and analysed such differences with a Protocol (PMv-to-M1, SMA-to-

M1, Sham) × Time (pre-A, pre-B, T0, T20, T40) × Muscle (FDI, ADM) ANOVA. The analysis 

showed a significant 3-way interaction (F8,128=2.07, p=.043, ηp
2=.11).  
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Figure 9 

 

Talairach coordinates of the targeted cortical sites reconstructed using Surf Ice 

(https://www.nitrc.org/projects/surfice) (A). Changes in the strength of PMv-to-M1 

interactions following PMv-to-M1 (B) and SMA-to-M1 (C) ll-ccPAS. Error bars denote s.e.m. 

*=p<.05; **=p<.01; ***=p<.001 

Follow-up analysis revealed that prior to the ll-ccPAS protocols the 3 groups showed 

comparable MEPs amplitudes (all p > .10). Importantly, following ll-ccPAS, MEPs were 

differently modulated according to the stimulation group. Both active protocols led to enhanced 

inhibitory interactions but at different timings in the target muscle, whilst no changes in the 

sham group were observed over time (Table 2). Specifically, the llccPASPMvM1 group showed 

an increased magnitude of PMv-to-M1 inhibitory interactions selectively for the FDI and 

exclusively at T0 (p<.02; Figure 9b), thus demonstrating that ll-ccPAS can induce associative 

plasticity in humans. 

As reported, the ANOVA yielded to 3-way interaction. We observed no significant change over 

time in the ll-ccPASSham group (Table 2) either in the FDI (all p > .41), nor the ADM (all p > 

.15).   
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Table 2 

 FDI - CS-TS modulation index 
log(MEPCS-TS+1) - log(MEPTS+1) 

ADM - CS-TS modulation index 
log(MEPCS-TS+1) - log(MEPTS+1) 

 pre-A pre-B T0 T20 T40 pre-A pre-B T0 T20 T40 
Sham ll-
ccPAS   

–0.06 
(0.06) 

–0.07 
(0.07) 

–0.07 
(0.06) 

–0.06 
(0.06) 

–0.06 
(0.05) 

–0.05 
(0.04) 

–0.03 
(0.04) 

–0.03 
(0.03) 

–0.04 
(0.05) 

–0.03 
(0.04) 

Mean (standard deviation) values of the modulation index. 

In contrast, the two active groups showed significant changes over time (see Figure 9) with a 

reduction in the FDI CS-TS modulation index at T0 (ll-ccPASPMvM1) or T20 (ll-

ccPASSMAM1). To ensure these changes purely reflected changes in premotor-motor 

interactions, not accompanied by changes in M1 excitability, we conducted a control analysis 

on MEPs induced by the TS alone (single-pulse trials; Table 3). Data were not normally 

distributed, and distribution could not be ameliorated using data transformation. Therefore, we 

analyzed these MEPs using Friedman ANOVAs. The analyses showed no significant change in 

FDI MEPs in either the PMv-to-M1 group (Chi2
4 = 3.27, p = .51) nor the SMA-to-M1 group 

(Chi2
4 = 7.13, p = .13). 

Table 3 

 FDI MEPs induced by TS alone ADM MEPs induced by TS alone 
 pre-A pre-B T0 T20 T40 pre-A pre-B T0 T20 T40 
PMv-to-
M1 

0.32 
(0.03) 

0.33 
(0.04) 

0.34 
(0.05) 

0.31 
(0.06) 

0.31 
(0.05) 

0.26 
(0.09) 

0.25 
(0.09) 

0.24 
(0.10) 

0.24 
(0.01) 

0.24 
(0.09) 

SMA-to-
M1 

0.31 
(0.05) 

0.31 
(0.05) 

0.35 
(0.06) 

0.34 
(0.08) 

0.32 
(0.08) 

0.19 
(0.11) 

0.19 
(0.08) 

0.21 
(0.12) 

0.20 
(0.09) 

0.19 
(0.10) 

Sham 0.31 
(0.05) 

0.33 
(0.06) 

0.34 
(0.07) 

0.35 
(0.06) 

0.34 
(0.06) 

0.30 
(0.12) 

0.29 
(0.10) 

0.32 
(0.13) 

0.34 
(0.11) 

0.33 
(0.13) 

Mean (standard deviation) log-transformed MEP amplitudes during single-pulse trials. 

Discussion 
Our results demonstrate that ll-ccPAS can induce associative plasticity in the human brain; 

however, in contrast to short-latency ccPAS protocols109,218, ll-ccPAS effects on PMv-to-M1 

network were much more transient as we could not observe them at T20 or T40. Remarkably, 

while these plastic effects were anatomically specific at T0 (ll-ccPASSMAM1 did not lead to 
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any significant FDI MEP modulation as in previous studies109), ll-ccPASSMAM1 increased 

PMv-to-M1 inhibitory interactions at T20 (p<.03; Figure 9c). Thus while short-latency ccPAS 

seems to leave the coupling of unstimulated premotor-motor pathways unaltered109 or 

weakened32, here we show that ll-ccPAS over SMA-to-M1 can transiently enhance long-latency 

interactions between the unstimulated PMv and M1, although in this case plastic effects took 

longer to build-up. Spreading of associative plasticity might be due to the activation of indirect 

pathways: i.e., during ll-ccPASSMAM1, the cortical volley elicited by SMA stimulation (first 

TMS pulse) could recruit PMv195,220 before reaching M1 at 40 ms (second pulse), resulting in a 

convergent M1 activation that could strengthen a wider circuit encompassing PMv-to-M1 

connectivity. Yet, it is important to note that the different temporal evolution of indirect (SMA-

to-M1) and direct (PM-to-M1) associative stimulation impact on MEP amplitudes together with 

the lack of MEP modulation following sham stimulation, rule out unspecific effects. 

In sum, we show that a novel ccPAS tuned to informed long-latency interactions75,219 is 

effective in modulating premotor-motor long-latency connectivity. Further studies are needed 

to determine whether ll-ccPAS also affects short-latencies interactions. Our study suggests that 

ll-ccPAS can strengthen wider networks through indirect pathways modulations, a feature that 

might be desirable for efficient modulation of network‐to‐network connectivity110,195 engaging 

complex brain functions. 
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Chapter 4 - Cortical plasticity in the making: gradual enhancement of corticomotor excitability 

during cortico-cortical paired associative stimulation  

Introduction 
Cortico-cortical paired associative stimulation (ccPAS) is an effective transcranial magnetic 

stimulation (TMS) method for inducing associative plasticity between interconnected brain 

areas in humans34,46,100,109, based on the Hebbian principle of spike-timing-dependent plasticity 

(STDP)12,19,227. The ccPAS protocol consists in the repeated application of pairs of TMS pulses 

over two interconnected brain sites32,34–36,39,41,46,100,109,110,227, using an optimal interstimulus 

interval (ISI) between the pulses so that, for each pair, the first pulse administered over the first 

site (containing “pre-synaptic neurons”, according to the Hebbian principle12) would induce an 

activation spread reaching the second site (containing “post-synaptic neurons”) immediately 

before/simultaneously with the administration of a pulse over that site. This pre- and post-

synaptic coupling mimics patterns of neural stimulation instrumental for achieving STDP19,227, 

thus enhancing (or weakening) the strength of the neural pathway connecting the stimulated 

brain areas32,34–36,39,41,46,100,109,110,227 Indeed, studies have reported that ccPAS induces changes 

in functional32,228 and effective34,37,109,110 connectivity of the targeted networks, as well as 

behavioral effects both in the motor39,100, visual35,36 and executive functions41 domains, 

suggesting that ccPAS could be a useful tool for investigating and changing behavior following 

plastic ‘re-wiring’ of the human connectome. 
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Figure 10 

 

Targeted brain sites and MEP changes during ccPAS. a) Mean Talairach coordinates of the 

targeted cortical sites reconstructed using MRIcron. b) Changes in mean MEPs across Epochs. 

Error bars denote s.e.m. Asterisks indicate significant post-hoc comparisons: ∗∗ = p ≤ 0.01; 

∗∗∗ = p ≤ 0.001. c) Gradual changes in MEP size at the single-trial level. 
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Notably, prior studies have mostly focused on physiological and behavioral aftereffects of 

ccPAS32,34–37,39,41,100,109,110, without clarifying whether and how plastic changes build up already 

during protocol administration. Addressing this issue is the main goal of the present study. 

Importantly, clarifying the dynamics of physiological changes “online” during ccPAS 

administration may provide insights into the optimal duration of the protocol. Moreover, while 

prior studies have suggested that interindividual differences in motor excitability predict 

sensitivity to exogenous manipulations of STDP39,111, whether individual’s resting motor 

threshold (rMT) predicts plastic changes during the administration of ccPAS is a relevant and 

yet largely unexplored issue. 

To fill these gaps, we administered ccPAS over a premotor-motor circuit encompassing the left 

ventral premotor cortex (PMv) and the left primary motor cortex (M1), while continuously 

monitoring changes in corticomotor excitability via motor-evoked potentials (MEPs) recording. 

Indeed, because M1 was targeted using suprathreshold intensity, on each pulse a MEP was 

recorded in the contralateral (right) first dorsal interosseous of participants’ hand (see Methods 

for details).  

The PMv-M1 is a hierarchically organized neural network primarily involved in fine motor 

control of sensory-guided actions such as grasping and manipulating objects58,79, but has also 

been implicated in several other functions including action imitation94,229, processing of 

observed actions230–232 and action-related language141,142,233.Of particular relevance to the 

present research, prior studies have established the temporal properties of the PMv-to-M1 

pathway, by showing that a conditioning TMS pulse over PMv results in a modulation of MEPs 

induced by a second pulse over M1 when an ISI of 8 ms is used63,64. Accordingly, previous 

ccPAS studies targeting the PMv-to-M1 pathway have selected an 8-ms ISI to repeatedly and 

coherently couple pre- and post-synaptic activity - optimal for inducing STDP32,39,109.  
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Building on this prior work, we designed a ccPAS protocol consisting in 90 pairs of TMS pulses 

delivered at 0.1 Hz, adopting an 8-ms ISI to induce STDP in the PMv-to-M1 pathway. 

Participants were randomly divided into two groups (Figure 10a): premotor-motor ‘ccPASPMv-

M1’, i.e., a protocol aimed at enhancing the hierarchical organization of the circuit, where PMv 

conveys signals to M1 for motor command implementation, by repeatedly stimulating PMv 

before M1, or ‘ccPASM1-PMv’, in which the order of the pulses on each pair was reversed – i.e., 

M1 stimulation was followed by PMv stimulation. Based on the Hebbian rule12,19,227, ccPASPMv-

M1 should induce long-term potentiation-like enhancement of the PMv-to-M1 pathway, 

resulting in increased corticomotor excitability, whereas ccPASM1-PMv would weaken that 

pathway, resulting in decreased corticomotor excitability. 

Results  
Figure 10b shows changes in corticomotor excitability during the ccPAS protocol in the two 

groups. The Protocol (ccPASPMv-M1, ccPASM1-PMv) x Epoch (1-6) ANOVA on MEP amplitudes 

revealed a significant main effect of Epoch (F5,535 = 8.25; p < 0.001; ηp
2 = 0.08), which was 

qualified by a significant Protocol x Epoch interaction (F5,535 = 13.06; p < 0.001; ηp
2 = 0.11). 

Tukey’s post-hoc tests showed that ccPASPMv-M1 induced a clear increase in MEP amplitudes 

over time, significant from the fourth epoch onwards (all p < 0.001), while MEPs during 

ccPASM1-PMv did not show consistent changes across epochs (all p ≥ 0.45). 
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Figure 11 

 

a) Individual variability in the response to ccPASPMv-M1 as shown by the distribution of 

individual MEP modulation indices computed as the percentage increase in the last epoch 

compared to the first epoch. (b) Relation between changes in MEPs and resting motor threshold 

(rMT) during ccPASPMv-M1. 

Notably, the excitatory effect of ccPASPMv-M1 was quite consistent across participants, although 

variable in magnitude. To assess inter-individual variability, we computed a MEP modulation 

index as the percentage increase of MEP amplitude in the last epoch compared to the first epoch 

[(last epoch – first epoch) / first epoch*100]. Figure 11a shows that the vast majority of 
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participants (87.5%) presented larger MEPs at the end of the protocol, 75% showed an increase 

of at least +10% and 46% showed a consistent increase of at least +30% in the last epoch. In 

contrast, only 3.6% of participants showed a reduction of approximately 10% in the last epoch. 

Building on previous studies investigating predictors of TMS aftereffects35,36,41,111,218, we also 

tested whether individual’s rMT – a reliable global measure of motor excitability21 – predicted 

differences in the magnitude of MEP increase during ccPASPMv-M1. We found that rMT 

significantly predicted the MEP modulation index (Bend Correlation R = –0.31; p = 0.01; 

Figure 11b), with participants with lower rMT showing the greater increase in corticomotor 

excitability.  

In a control analysis, we checked whether there was an influence of the type of TMS machine, 

gender and motor activity carried out just before ccPAS and found no evidence supporting a 

role of these factors in modulating the strength of the ccPAS effect (Figure 13). 

Lastly, to provide more insights into the temporal features of the modulatory effects, we plotted 

the distribution of the single-trial MEPs (Figure 10c). Importantly, during the administration of 

the 90 pulses in the forward ccPAS condition, we observed an increase in MEP size, accurately 

fitting a linear distribution (f(x)=0.006*x+1.002; R2=0.89). 

We compared different fittings to establish which one better described changes in MEPs during 

ccPASPMv-M1 (Figure 12) and found several adequate equations fittings. The best fitting 

equation corresponded to a two-term power distribution (f(x) = 0.007 * x0.977 + 0.998; R2 = .90; 

Figure 12a). However, such an equation is virtually corresponding to a simple linear 

distribution, which indeed proved to have an almost identical graph and R2 (Figure 12b and 

Figure 12c). Lastly, a single term power could also be used to adequately describe our results, 

although achieving a lower R2 (f(x) = 0.766 * x0.141; R2 = .81; Figure 12c). The linear fitting, 

therefore, appeared to be the best accurate model and notably, the observed increase suggests 
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that no clear plateau was reached by the end of stimulation (15 min). Moreover, although we 

observed no significant change across epochs during ccPASM1-PMv, the last portion of the graph 

indicates a clear trend towards reduced corticomotor excitability. 

Figure 12 

 

Fitting equations for single-trial MEPs distribution during ccPASPMv-M1: a) two-term Power 

distribution; b) linear distribution; c) single-term power distribution. 

Discussion 
We highlight the dynamics of changes in corticomotor excitability during ccPAS over PMv and 

M1. Our study shows a gradual increase in MEP amplitudes during ccPASPMv-M1, targeting the 

connection from PMv to M1, with continuous amplitude increase along the stimulation train. 

In contrast, ccPASM1-PMv showed a trend toward inhibition at the end of the train. Thus, pattern 

of corticomotor excitability was not merely due to repeated stimulation of PMv or M1, and 

critically depended on the order between each pair of pulses over these two areas.   

The gradual changes in MEP amplitudes that we observed – in particular during ccPASPMv-M1 

– are in line with prior work highlighting dose-dependent effects of TMS, and showing larger 

effects associated with increasing the number of pulses within a single session234,235 or along 

the number of sessions236–238. Interestingly, MEP increase fitted a linear model and did not reach 

a plateau at the end of the train, raising the interesting issue of protocol duration: in most of the 

prior studies, the number of pulses in the ccPAS protocol have been arbitrarily set between 90 

and 10031,32,34–37,41,100,110,218. Our findings of linear, dose-dependent MEPs increase during 

ccPASPMv-M1, suggest that increasing the number of paired-stimulations may induce more 
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prominent plastic effects. This possibility is potentially relevant for clinical applications of 

ccPAS, when stronger alterations could be desirable. Yet, this should be directly tested as the 

relationship between additional doses and changes in excitability could evolve non-

linearly239,240. Moreover, while our study suggests that the number of paired pulses could be a 

relevant variable to consider to increase ccPAS effectiveness, future studies could also test the 

role of frequency and intensity of stimulation, as these parameters are known to influence the 

effects of repetitive TMS21,44; moreover, implementing closed-loop state-dependent paradigms 

may offer additional specificity and efficiency benefits. 

A growing literature shows that the effect of brain stimulation is highly variable across 

individuals189,241–243. In keeping, while most participants receiving ccPASPMv-M1 showed a 

consistent increase in corticomotor excitability, the magnitude of the increase was variable 

across them. Notably, we found that the magnitude of MEP enhancement during ccPASPMv-M1 

was predicted by interindividual differences in rMT, with larger MEP enhancement associated 

with lower rMT. Because the rMT provides a measure of motor excitability235, these findings 

lend direct support to the notion that greater motor excitability is associated with higher 

sensitivity to associative plasticity111,218.  

In our control analyses we further explored individual predictors of sensitivity to ccPAS 

manipulation by testing the influence of gender. These analyses suggest no influence of this 

factor, in keeping with a prior TMS study testing STDP effects244. However, we did not assess 

the phase of the menstrual cycle of female subjects, and prior reports suggest a possible 

influence of ovarian hormones on motor system sensitivity to repetitive TMS245. Moreover, we 

tested young participants only, thus limiting the possibility to investigate the effect of age on 

STDP. Future studies should further explore inter-individual differences in responsiveness to 

ccPAS, and factors that account for such variability, such as age, gender or genetic 

polymorphisms, and, crucially, individual patterns of structural brain connectivity244; finally, 
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because the present work has used a between subject design, it has not been possible to 

characterize whether each individual’s malleability to ccPASPMv-M1 protocols and ccPASM1-PMv 

protocols correlate. Despite these limitations, our study identifies a common and well-

established neurophysiological parameter, namely the individual’s rMT, as a predictor of 

ccPAS sensitivity, expanding prior studies focusing on ccPASPMv-M1 aftereffects218 and thus 

providing insights into the issue of individualized approaches to brain stimulation.   

While we observed protocol-specific effects, with a clear increase in corticomotor excitability 

during ccPASPMv-M1 and a tendency toward decrease in the last phases of ccPASM1-PMv, our 

measure (MEPs) does not clarify the precise level at which plastic effects occur (e.g., cortico-

cortical connections, M1 corticospinal neurons, or both). We did not include a control condition 

(i.e., a single-pulse stimulation of M1 to record unconditioned MEPs) interleaved with the 

protocol’s paired-stimulation, as such control stimulation could potentially interfere with 

ccPAS efficacy, by reducing the coherence of the repeated paired-stimulation – which is 

essential for STDP to occur12,19,31,34,46,100,227. Moreover, the bulk of available works, including 

ours, have limited their investigation to the left (dominant) hemisphere of right-handed 

participants and the malleability of the right hemisphere PMv-to-M1 pathway to ccPAS 

manipulation remains to be established31,32,37,218. However, prior ccPAS studies targeting 

interhemispheric and right-hemisphere motor and/or visual circuits have commonly reported 

results coherent with the notion of STDP35,56,100, similarly to studies testing the left 

hemisphere31,32,37,218; moreover, studies directly testing STDP-effects over the left and right M1 

have commonly reported comparable long-term potentiation effects in the two hemispheres246.  

Additionally, our study has only assessed one ISI between the two interested nodes, namely 8 

ms; this specific timing was chosen based on previous results indicating it as the most effective 

to probe direct cortico-cortical connections between PMv and M162–64. Indeed, prior studies 

have established that the most effective ISI for driving STDP with ccPAS corresponds to the 
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most effective ISI to probe cortico-cortical connections31,32,34–37,41,46,100,110,218,227. Although we 

did not investigate further ISIs, our design allows to rule out that the increase of corticomotor 

excitability that we observed following ccPASPMv-M1 was due to the mere stimulation of PMv 

and M1, as we observed no increase in excitability in the (control) ccPASM1-PMv condition. 

However, in a previous ccPAS study targeting the PMv-M1 circuit37, we found that a ccPAS 

using a longer ISI between the pulses, based on long-latency cortico-cortical connectivity75,108, 

is also able to induce STDP-like effects. Thus, future studies should explore the comparative 

efficacy of ccPAS protocols informed by different timings and assess whether personalizing 

the ISI to match individual connectivity patterns could maximize ccPAS efficiency210,247,248. 

Despite these limitations, we can conclude that ccPAS over the PMv-M1 circuit induces a 

consistent modulation of corticomotor excitability that gradually and linearly builds up already 

during protocol administration, and depends on stimulation parameters (i.e., order of the paired-

pulse) and interindividual differences in motor excitability. All in all, our study suggests that 

MEP monitoring during STDP manipulation could provide insights into the malleability of the 

motor system and protocol’s effectiveness, and paves the way to the possibility to adopt real-

time physiological monitoring during ccPAS for optimizing individual stimulation parameters 

in experimental and clinical settings. 

Material and Methods  
Participants 

A total sample of 109 right-handed healthy volunteers took part in this study after providing 

written informed consent. All were right-handed, based on the Edinburgh Handedness 

Inventory, had normal or corrected-to-normal vision and were naïve to the purpose of the study. 

All participants gave written informed consent prior to the study and were screened to avoid 

adverse reactions to TMS21 and exclude individuals with neurological disorders or subject to 

pharmacological treatment acting on the central nervous system. The study was conducted in 
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accordance with the ethical standards of the 1964 Declaration of Helsinki and approved by the 

Bioethics Committee of the University of Bologna (2.6/07.12.16). None of the participants 

reported adverse reactions or discomfort related to TMS.  

The sample was randomly divided into two groups (Figure 10a). The first group (N = 56, 36 

females, mean age ± SD: 22.6 y ± 2.6) underwent premotor-motor ‘ccPASPMv-M1’: on each TMS 

pair, a conditioning pulse over PMv was administered immediately before M1 stimulation (ISI 

= 8 ms), so that the first TMS pulse (PMv) would elicit a cortico-cortical volley reaching M1 

slightly before the second TMS pulse (M1), resulting in convergent M1 activation – optimal 

for inducing STDP12,19,31,32,34,35,37,41,46,100,110,218,227. A second group (N = 53, 30 females, mean 

age ± SD: 22.8 y ± 2.7) underwent ‘ccPASM1-PMv’, having each M1 stimulation followed by 

PMv stimulation. This control condition allows us to rule out that any observed effects of 

ccPASPMv-M1 may be ascribed to the mere repeated stimulation of PMv or M1, and critically 

depended on the order between each pair of pulses over these two areas.  

Participants in this study were tested in further sessions before and after ccPAS. Specifically, 

21 participants were tested in visuomotor dexterity and choice reaction tasks (results from this 

study have been already published218); 40 and 48 participants were tested in two further 

experiments testing the effect of ccPAS on imitation and M1 intracortical excitability, 

respectively. All three studies reported significant and coherent after-effects; these data will be 

presented in separate publications addressing different and independent research questions and 

focusing on ccPAS aftereffect. Because the ccPAS procedure was the same across the different 

experiments (see below), here, we pooled data from the three experiments together to increase 

sample size and drawn more robust conclusions regarding MEP changes during ccPAS 

administration.  

General experimental design 
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We administered ccPAS over PMv and M1; the protocol consisted of 90 pairs of TMS pulses 

over the two areas delivered at 0.1 Hz frequency31,32,37,218. Importantly, M1 stimulation was 

performed using suprathreshold TMS intensity. Thus, on each paired-stimulation we induced a 

motor-evoked potential (MEP) in the relaxed right first dorsal interosseous (FDI), allowing to 

track the emergence of changes in corticomotor excitability during protocol administration. 

ccPAS: 

TMS was administered using two 50-mm butterfly-shaped iron-branding coils. In both forward 

and ccPASM1-PMv protocols, we administered 90 pairs of TMS pulses at a rate of 0.1 Hz for 15 

min31,34,100. Each participant’s rMT was assessed using the established procedure as the 

minimum stimulator output intensity able to induce MEPs >50 μV in 5 out of 10 consecutive 

trials21. In all participants, rMT was assessed immediately before the ccPAS protocol. In the 

ccPASPMv-M1 protocol a first pulse was administered over the left PMv and the second pulse 

was administered over the left M1 with an ISI of 8 ms, so to activate short-latency PMv-to-M1 

connections62. In the ccPASM1-PMv protocol, instead, the order of stimulation was reversed, with 

the M1 pulse always preceding the one over PMv. In both groups, the PMv pulse intensity was 

set to 90% of the individual’s rMT while the M1 stimulation was adjusted to evoke ~1 mV 

MEPs31,34,100. TMS was performed using either two independent Magstim 200 (monophasic) 

stimulators (in 88 participants) or a Magstim 200 stimulator for PMv stimulation and a Magstim 

Rapid2 (biphasic) stimulator for M1 stimulation (see Supplementary Results).  

Brain localization 

Coil positions were identified using established methods75,108,218 as detailed below. The left M1 

was identified functionally as the FDI motor hotspot. To target M1, the coil was held at 45° to 

the sagittal midline inducing a posterior-to-anterior current direction in the brain222. The left 

PMv was identified using the SoftTaxic neuronavigation system (EMS, Italy). Skull landmarks 
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(nasion, inion, and two pre-auricular points) and about 90 points providing a uniform 

representation of the scalp were digitized by means of the Polaris Vicra digitizer (Northern 

Digital INC, Ontario, CA). An individual estimated magnetic resonance image (MRI) was 

obtained for each subject through a 3D warping procedure fitting a high-resolution MRI 

template with the participant’s scalp model and craniometric points. The targeted an anterior 

sector of the PMv at the border with the posterior part of the inferior frontal gyrus using the 

following Talairach coordinates: x = −52, y = 10, z = 24. These coordinates were obtained by 

averaging the coordinates reported in previous studies80,191–194; these studies showed that 

stimulating this ventral frontal site affected planning, execution and perception of hand actions, 

confirming the functional relevance of the PMv site. The selected PMv coordinates are 

consistent with those used in previous ccPAS31,32,40 and dual-site TMS studies targeting the 

PMv-to-M1 circuit62,75,108. The coil over PMv was placed at ~45° to the midline to induce a 

ventro-lateral to medio-posterior current75,108,194.  

The scalp locations that corresponded best to left M1 and left PMv coordinates were identified 

and marked with a pen. Then, the SofTaxic Navigator system was used to estimate the 

projection of all targeted scalp positions on the brain surface, confirming correct coil placement 

for all the sites. Across the ccPASPMv-M1 and ccPASM1-PMv groups, the estimated Talairach 

coordinates for the left M1 were (mean ± S.D.): x = –30.6 ± 5.5, y = –17.1 ± 6.8, z = 59.6 ± 

3.9; for the left PMv were: x = –53.4 ± 1.8, y = 10.1 ± 1.7, z = 23.4 ± 1.9.  

Data Analysis 

Peak-to-peak MEP amplitudes induced by M1 stimulation in the FDI muscle were 

automatically extracted from EMG signals using a custom MatLab code (MathWorks, USA) 

and measured in mV. Trials showing EMG activity 100 ms prior to TMS were discarded from 

further analysis (4.7%). The 90 MEPs recorded during the ccPAS were divided into 6 epochs 
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of 15 MEPs each, and the mean MEP amplitude in each epoch was transformed using the 

formula Log10(value+1) to address lack of normality. These data were analyzed using a 

Protocol x Epoch ANOVA, whose results are reported in the main text.  

To explore predictors of MEP changes, we first calculated a modulation index for each subject 

as the MEP amplitude in the last epoch divided by the MEP amplitude in the first epoch. Then, 

we computed robust correlations between such MEP modulation index and individual’s rMT 

using MatLab Toolbox249. 

Supplementary Results 
 

Table 4 

 Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5 Epoch 6 

ccPASPMv-M1 
1.05 ± 0.36 
mV ± SD 

1.15 ± 0.51 
mV ± SD 

1.20 ± 0.53 
mV ± SD 

1.34 ± 0.56 
mV ± SD 

1.37 ± 0.58 
mV ± SD 

1.51 ± 0.62 
mV ± SD 

ccPASM1-PMv 
1.14 ± 0.55 
mV ± SD 

1.14 ± 0.69 
mV ± SD 

1.19 ± 0.61 
mV ± SD 

1.16 ± 0.76 
mV ± SD 

1.23 ± 0.81 
mV ± SD 

1.12 ± 0.82 
mV ± SD 

Raw MEP amplitudes in mV ± standard deviation. 

Influence of study design or gender on ccPAS efficacy 

Because the present work pools together data from three studies that have used the ccPAS 

protocol over the same PMv-M1 circuit but had different general experimental designs, it would 

be theoretically possible that different pre-ccPAS test blocks might have influenced the 

activation status of the selected PMv-to-M1 pathway, resulting in it being more or less 

malleable and responsive to ccPAS between the three studies. For example, in Study 1 pre-

ccPAS test blocks involved neurophysiological assessment while participants remained at rest, 

whereas in Study 2 and 3 participants actively performed motor tasks (imitation and manual 

dexterity tasks, respectively). Moreover, while participants from Study 1 and 2 were tested 

using two monophasic Magstim 200 stimulators, participants in Study 3 were tested using a 
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monophasic Magstim 200 stimulator for PMv stimulation and a biphasic Magstim Rapid2 

stimulator for M1 stimulation (as reported in the study of Fiori et al.218). Because the biphasic 

stimulator induces a main current spread in opposite direction relative to the monophasic 

stimulation, the coil over M1 was rotated to induce a posterior-to-anterior current spread in all 

participants.  

To ensure that such differences were not to contaminate the reported increase in corticomotor 

excitability during administration of ccPASPMv-M1, we computed the slope of the MEP increase 

across the 90 paired-pulses, separately for each of the three studies, and compared them through 

a 1-way ANOVA. The analysis was not significant (F2,53 = .37, p = .68, Figure S1, panel a), 

indicating similar slopes across Study 1-3. Thus, MEP enhancement observed during 

ccPASPMv-M1 was comparable in the two subgroups of participants performing motor tasks 

before ccPAS (Study 2 and 3) relative to the subgroup of participant tested at rest (Study 1). 

Moreover, results suggest comparable findings when using two monophasic stimulators (Study 

1 and 2) relative to a monophasic and biphasic stimulator (Study 3). The same results were 

obtained when using the MEP modulation index (F2,53 = .24, p = .78). 

We subsequently adopted the same method to test for any gender related differences in 

individual responsiveness to ccPAS, comparing our female and male participants; both the 

slope (F1,54 = .001, p = .96, Figure S1, panel b) and the MEP modulation index (F1,54 = 1.22, p 

= .27) were comparable between them. 

Finally, to ensure the absence of any interaction between gender related differences and the 

three different study designs we ran two ANOVAs with factors gender (male, female) and 

experimental design (Study 1, Study 2 and Study 3) on both the slope of the MEP increase and 

MEP modulation index. For both ANOVAs, no main effects or interactions reached 

significance (all Fs < 1.08, all p > .31) 
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Figure 13 

 

Influence of Study design (a) and gender (b) on MEP growth during ccPASPMv-M1. 
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Chapter 5 - State-dependent application of ccPAS in the motor system 

Single cell recording studies conducted in animals demonstrate that neurons in the motor system 

display different response profiles, shifting from purely perceptive to motor, based on the 

cognitive state of the animal (i.e., awake at rest, awake and moving, anesthetised)250,251. Thus, 

the black box approach of brain stimulation that doesn’t take into account the activation state 

of the underlying neural population runs the risk of missing an important piece of information 

on NIBS efficacy46,252. 

Non-invasive brain stimulation (NIBS) methods can reach remarkable specificity when 

stimulation parameters are finely tuned and combined with behavioural techniques46. 

Stimulation paradigms that precondition the activation state of the neural population by using 

behavioural methods are referred to as state-dependent paradigms46,252: by pre-activating 

specific neural circuits through the execution of relevant tasks, their susceptibility to exogenous 

neuromodulation should be modified and, thus, the functional resolution of NIBS protocols 

should be increased252,253. The first pioneering work on this concept have been conducted on 

the visual194,254,255 and motor62–64,109,130,224 systems of healthy human subjects; however, the 

application to ccPAS had thus far been limited to the visual system36. 

Chapter 5.1 - Stay tuned: driving plastic changes in visuo-motor chains through function-tuning 

paired associative stimulation over premotor-motor networks 

Introduction 

The ability to arbitrarily link sensory information and cues to movements or, more generally, 

goals is a key behavioural capacity expressed by the mammalian brain85. It can be termed as 

‘arbitrary visuomotor mapping’ because, unlike in other types of behaviour where sensory 

features of the cue carry information about the adequate response, arbitrary visuomotor 
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mapping tasks involve visual stimuli that lack any intrinsic relationship with the associated 

voluntary movement. 

Although seminal research initially indicated the dorsal premotor cortex as the essential 

component for this capacity86, more recent studies have described a whole host of areas that 

appear to be involved, including the hippocampal formation, the basal ganglia and the frontal 

cortex85,87,88. The ventral premotor area (PMv) has garnered particular interest because of the 

peculiar response pattern exhibited by its neurons: single cell studies have shown learning 

related activity from neurons in the PMv61, rapidly becoming sensitive to novel features such 

as color89, encoding the entire processing of sensory stimuli into motor responses90. Crucially, 

the learnt responses are maintained after the end of the task, even once they are no longer 

relevant89. Due to its connectivity profile within the dorsolateral stream, linking it both to 

sensory cortices and the primary motor cortex (M1)32 the PMv has been proposed as the pivotal 

hub for visuomotor transformations65,95,112. However, because of the relative limitations of the 

real and virtual lesion approaches available so far, the functional relevance of the PMv-to-M1 

connectivity to arbitrary visuomotor associations has never been causally demonstrated. 

To tackle this issue, in the present study we applied a novel transcranial magnetic stimulation 

(TMS) technique, called cortico-cortical paired associative stimulation (ccPAS)31,32,37,101,218, 

which allows to enhance or hinder connectivity, rather than targeting single areas, increasing 

the connectivity between two cortical nodes through their repeated and paired stimulation; 

mimicking the temporal patterns of the physiological functional connectivity between the two 

sites, it induces spike-timing-dependent plasticity (STDP) – a form of plasticity based on the 

Hebbian rule46. 

PMv-to-M1 projections, which were the target of the ccPAS in the present study, have been 

extensively studied and described from the neurophysiological standpoint, showing their 
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markedly state-dependent properties. The conditioning effect exerted by PMv stimulation over 

M1 shifts from inhibitory to facilitatory based on the activation state of the circuit and the 

movement phase31,73 and it is highly selective for the muscles involved in the movement 

underway62–64. 

This specific circuit has already proven malleable to ccPAS manipulations at 

neurophysiological, neuroanatomical, and behavioural level31,32,37,218, however, previous 

ccPAS studies haven’t considered its well documented state dependent properties. TMS is 

affected by the state of the neural population it targets252 and, to account for this issue, state-

dependent paradigms provide for a pre-conditioning of the functional state of selected neural 

populations before TMS application, allowing for a higher functional specificity46,256. Acting 

on the signal-to-noise ratio, it is possible to target the preactivated neural route and overcome 

the issue of functionally specialized but spatially overlapping pathways257. Applying this notion 

Chiappini and colleagues36 have introduced a new paradigm, called “function-tuning ccPAS” 

which, by combining the ccPAS with the presentation of a distinct visual feature, has reached 

a remarkable and unprecedented level of specificity, increasing the behavioural performance 

selectively for that feature. 

Here we aimed at exploring the neurophysiological effects of function-tuning ccPAS in the 

motor system to characterize the functional role of PMv-M1 connections in arbitrary 

visuomotor mapping. We adapted the ccPAS protocol used in Fiori and colleagues218 by 

coupling the stimulation with the execution of a simple arbitrary visuomotor association (i.e. 

the abduction of a target finger in response to the presentation of a colour square on a computer 

screen) and predicted that this manipulation would allow us to maximally target the network 

relative to the specific association performed during the ccPAS administration. To this 

endeavour corticospinal excitability (CSE) in response to different visual cues was assessed 

before and after the function-tuning ccPAS. 
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We hypothesised that PMv-to-M1 function-tuning ccPAS would boost the hierarchical 

connection between PMv and M1 and that, if this effect was due to Hebbian-like plasticity, 

reversing the order of the stimulation (i.e., M1-to-PMv ccPAS) would lead to a weakening of 

the same circuit.  

Based on previous findings about the state-dependency of the PMv-M1 circuit, the PMv cortex 

exerts a net facilitatory effect over the M1 during movement preparation and execution, and an 

inhibitory effect during movement inhibition31,73. Therefore, we assumed that delivering the 

stimulation during the visuomotor association, i.e., while the subject is viewing the visual 

stimulus and performing the associated movement, would recruit facilitatory premotor-motor 

effective connectivity, and modulate it according to the Hebbian principle. Moreover, according 

to published results which strongly involve glutamatergic and GABAergic intracortical 

transmission in the induction of plasticity175,214,258,259, we anticipated such potential results to 

be further characterised by coherent modulations in dual-pulse TMS indices, namely short 

interval intracortical inhibition (SICI) and intracortical facilitation (ICF), known to reflect 

respectively GABAa and glutamate levels in the M1 cortex166,260. 

Materials and Methods 

Participants 

Thirty-eight volunteers participated in the study (mean age: 24.39; SD: 3.9; 19 females), four 

of them participated in both the Main and the Control Experiment. All were right-handed, based 

on the Edinburgh Handedness Inventory261, and had normal or corrected-to-normal vision. The 

two experiments were on average (mean  SD) 177  56 days apart (range: 117 to 248 days). 

In each experiment, participants completed two sessions. In both experiments they were divided 

into two groups, based on which muscle was targeted during the ccPAS, either the first dorsal 

interosseus (FDI) or the abductor digiti minimi (ADM) (See Table 5 for detailed demographics). 
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Before beginning the experiment, all participants gave informed consent and were screened to 

avoid adverse reaction to TMS21,24. All the experimental procedures were performed in 

accordance with the 1964 Declaration of Helsinki and approved by the local Bioethics 

Committee of the University of Bologna. No adverse reactions or discomfort related to the TMS 

were reported by participants or noticed by the experimenters. 

Table 5 

   Group Gender (M/F) Age (mean ± SD) 

main 
experiment 

FDI  5/5 24.2 ± 2.30 

ADM  5/5 23.2 ± 3.05 

control 
experiment 

FDI  4/4 24.7 ± 2.67 

ADM  4/4 25.7 ± 6.82 

statistical analysis 
X2 = 0.000; Φ = 0.000; 
p = 1.000 

All F < 0.71; all p > 0.240  

Demographic characteristics of participants. Chi-square tests were performed to ensure no 

difference in gender or age across groups occurred. 

General experimental design 

 In the main experiment we tested the malleability of the PMv-to-M1 connection. To do so we 

administered a ccPAS stimulation over PMV and M1 to repeatedly activate the neural pathway 

between them31,32,218. 20 volunteers participated to the main experiment and underwent both 

PMv-to-M1 ccPAS (Main PMv→M1) and M1-to-PMv ccPAS (Main M1→PMv), in a randomized 

order, on two different days (mean distance between experimental sessions: 13.10 ± 7.95 days; 

range: 6 to 33 days). In the control experiment instead, we tested that the effects we found in 

the main experiment depended on the stimulation of the premotor-to-motor pathway, and not 

on the stimulation of either single one of the two areas. 18 participants were tested; they 

underwent two fictitious ccPAS stimulation, with the intensity of the stimulator set at 1% either 

over M1 (Ctrl PMv→Sham) or PMv (Ctrl Sham→M1), on two different days (mean distance between 

experimental sessions: 11.94 ± 7.85 days; range: 4 to 28 days). Both the experiments had a 
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within subject design involving two sessions with the very same structure. Each session started 

with an electrophysiological preparation consisting of the electrodes montage, resting motor 

threshold detection (rMT) and 1 mV stimulation amplitude assessment (see TMS and EMG 

recording paragraph). 

Then, the experiment started with a pre-treatment Time-Block (Baseline Block), followed by 

the identification of the appropriate coil positions and TMS parameters for the ccPAS 

stimulation (for details see ccPAS protocol and neuronavigation paragraphs below). After that, 

participants underwent the ccPAS stimulation, and one post treatment Time-Block, recorded 

immediately after (Expression Block) the end of the plasticity induction. Within each Time-

Block the following neurophysiological parameters were recorded: corticospinal excitability 

(CSE), short interval intracortical inhibition (SICI) and intracortical facilitation (ICF) (for 

details see the TMS and EMG procedures paragraph). All these parameters were recorded from 

both right FDI and right ADM muscles (Figure 14a).  

Test block procedure: Participants seated comfortably on a chair and were asked to maintain 

their right hand relaxed whilst looking at a computer screen (53 x 30 cm) positioned 

approximatively at a distance of 80 cm, where a randomized sequence of blue or orange squares 

(200 x 200 pixels) appeared. Each test block consisted of 20 trials per colour plus 4 catch trials 

(44 total). Each trial started with a black screen followed by a gray screen, a coloured square 

(blue or orange) and then the screen turned to be gray. The TMS pulses were administered while 

the coloured square was displayed, either 250 or 320 ms after their appearance. The trials were 

separated by a random time ranging from 6430 to 8570 ms (for the exact timeline of each trial 

see Figure 14c). 

ccPAS procedure  
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The ccPAS consisted of 15 minutes of paired pulses delivered over selected left PMv and M1 

brain sites with an interstimulus interval (ISI) of 8 ms at 0.1 Hz frequency (90 paired 

pulses)31,32,35,218. During the plasticity induction, participants kept their right hand on a table in 

front of them and looked at the computer screen where a sequence of alternate blue or orange 

squares appeared (for the complete sequence and the exact timeline of the ccPAS see Figure 

14b). Each colour was coupled with a finger movement (e.g. orange – little finger abduction; 

blue – index finger abduction). The association was communicated to the participants just 

before starting the ccPAS administration. The paired TMS pulse was given 500 ms after the 

square onset on the screen. Participants were stimulated only while performing the associated 

visuomotor combination, and never the other. Subjects were instructed to produce a wide and 

slow movement, that was constantly monitored by the experimenter, to ensure that the 

stimulation was delivered during the muscular contraction. 
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Figure 14 

 

a) General experimental design. b) Plasticity induction procedure. All time durations are 

expressed in ms. A gray screen appeared and lasted 1250 ms, followed by the coloured square 

for 1000 ms, then the screen turned to be gray for 1250 ms and finally black for 1500 ms. This 

same cycle was repeated 180 times. The coloured square appeared alternatively orange or 

blue, for a total of 90 trials for each colour. Based on the assigned visuomotor combination, 

for each subject TMS was delivered only when the assigned combination was presented. That 

is, only the target muscle was contracted while viewing the target colour, therefore receiving 

one pulse every 10 seconds (0.1 Hz). The impulse was given 500 ms after the presentation of 

the square on the screen. C) General Test Block procedure. Each trial started with 3000 to 
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5000 ms of black screen, followed by 1000 ms of gray screen. Then the coloured square (blue 

or orange) was presented for a duration of 500 ms, and finally the screen turned to be gray for 

2000 ms. The TMS impulse was given either 250 or 320 ms after the appearance of the coloured 

square. The trials were separated by a random time ranging from 6430 to 8570 ms.   

TMS and EMG recording 

The experiment started with the electrode montage setup, detection of optimal scalp position 

relative to right FDI or ADM (depending on the group of assignment of each subject), rMT and 

1 mV MEP amplitude assessment. Ag/AgCl surface electrodes were placed using a belly-

tendon montage, with ground electrodes placed on the right wrist. EMG signals were recorded 

from the right FDI and ADM, using a Biopac MP-35 (Biopac, U.S.A.) electromyograph, band-

pass filtered between 30 and 500 Hz, sampled at 10 kHz, digitized, and stored for offline 

analysis. For the test block recording, the rMT over left M1 was assessed by means of two 

Magstim 2002 stimulators, connected through a Bistim module (The Magstim Company, 

Carmarthenshire, Wales, U.K.), using a single 50 mm iron banding figure-of-eight coil. The 

coil was positioned over left M1, tangentially to the scalp at an angle of 45° from the midline, 

to induce a posterior-to-anterior current in the brain180,222. rMT was defined as the minimum 

intensity of the stimulator output inducing MEPs with a minimum amplitude of 50 µV in 5 out 

of 10 consecutive trials21. The optimal scalp position was then marked with a pen on a swim 

cap, to ensure the exact coil placement during the whole experiment. Then, 1 mV stimulation 

amplitude was assessed, setting it to produce a MEP of about 0.75-1.25 mV (for mean 

stimulation amplitudes across groups and experiments see Table 6)31,32. 

Test blocks: Subjects were tested by means of two Magstim 2002 stimulators, connected through 

a Bistim module. Each test block consisted of SICI, ICF and CSE collection. CSE was measured 

by delivering a single TMS pulse (spTMS) to evoke MEPs with an average peak-to-peak 
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amplitude of 1 mV. SICI and ICF consisted of paired TMS pulses (ppTMS) delivered through 

the same coil over the left M1. The first stimulus was labelled as conditioning stimulus (CS) 

and preceded the second test stimulus (TS) of a few ms in accordance with established 

protocols. CS intensity was set to 80% of rMT, while TS intensity was the same used in the 

CSE session. The ISI was set to 3 ms for SICI and to 12 ms for ICF166,186. 

Table 6 

   Main Experiment Control experiment  

   Main PMv→M1 Main M1→ PMv Ctrl PMv→Sham Ctrl Sham→M1  

   Maximum stimulator output (% Mean ± SD)  Statistical 
Analysis 

   FDI ADM FDI ADM FDI ADM FDI ADM 

T
es

t 
B

lo
ck

 

rMT 46.3% ± 5.6 47.4% ± 9.5 46.9% ± 5.3 
47.7% ± 
8.4 

47.7% ± 
6.8 

52.3% ± 
12.0 

47.6% ± 
6.2 

51.9% ± 
11.2 

All F < 1.43; 
all ηp2 < 0.169; 
all p > 0.271  

mV 
62.8% ± 
12.6 

61.6% ± 
12.3 

63.2% ± 
10.3 

66.8% ± 
11.5 

63.6% ± 
9.7 

67.1% ± 
14.8 

62.5% ± 
9.9 

66.5% ± 
14.9 

All F < 3.95; 
all ηp2 < 0.361; 
all p > 0.087  

cc
P

A
S

 

M1 54.4% ± 7.8 
61.6% ±  
12.2 

56.2% ± 8.4 
66.8% ± 
11.5 

55.4% ± 
7.8 

60.9% ± 
15.5 

56.6% ± 
9.4 

60.3% ± 
14.6 

All F < 1.74; 
all ηp2 < 0.199; 
all p > 0.228 

PMv 38.8% ± 4.3 39.4% ± 7.4 39.0% ± 3.7 
38.9% ± 
6.9 

39.4% ± 
5.9 

43.1% ± 
10.9 

39.2% ± 
5.6 

42.1% ± 9.2 
All F < 1.30; 
all ηp2 < 0.156; 
all p > 0.292  

Mean ± SD of stimulation intensities. 

ccPAS: During the ccPAS, the pulses were administered through two 50-mm figure-of-eight 

iron branding coils with the handle perpendicular to the plane of the wings, to minimize the 

handles’ interference (Figure 15a). Each coil was connected to a separate Magstim 2002 

monophasic stimulator (The Magstim Company, Carmarthenshire, Wales, UK). Since the 

output intensity is altered when using the two stimulators separately, rMT and the intensity 

necessarily to evoke MEPs with an amplitude of 1 mV were reassessed before starting the 

ccPAS, using the same method as previously described. The ccPAS protocol consisted of 90 

pairs of TMS pulses, delivered at a frequency of 0.1 Hz for 15 minutes. In each pair, the ISI 

was set at 8 ms31,32,218, to activate short-latency connections between the two regions64. One 
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coil was placed over the left M1, and the other over the left PMv. M1 site was located 

functionally as the optimal scalp position for inducing MEPs of maximal amplitude in the target 

muscle, while PMv was determined by means of a neuronavigation system (see next paragraph). 

The M1 coil was placed tangentially to the scalp and oriented at a 45° angle to the midline, 

inducing a posterior-to-anterior current flow in the brain180,222; the PMv coil was placed 

tangentially to the scalp, inducing a posterior-to-anterior and lateral-to-medial current flow 

(Figure 15b). Across all conditions, M1 stimulation intensity was set to evoke MEPs with an 

average peak-to-peak amplitude of 1 mV and PMv stimulation intensity was adjusted to 90% 

of each participant’s rMT31,32,218. No between-group or between-condition differences in the 

intensities of PMv or M1 stimulation were found (See Table 6). The effectiveness of 

subthreshold conditioning has been demonstrated in other ccPAS studies33,34,218 and is also 

supported by dual-coil TMS studies testing PMv-to-M1 early interactions62,64,224. 

In the main experiment, the participants received a PMv-to-M1 (Main PMv→M1) ccPAS session, 

with the PMv pulse always preceding the M1 pulse. Otherwise, when the order of pulses was 

reversed (Main M1→PMv) the M1 pulse was always delivered prior to the PMv pulse.  

In the control experiment subjects received regular 1mV stimulation over M1 preceded by a 

pulse set at 1% of the maximal stimulator output (MOS) over PMv in the Ctrl Sham → M1 session. 

Otherwise, in the Ctrl PMv → Sham condition, subjects received a first regular pulse over PMv, set 

at 90% of rMT, followed by a second pulse over M1 at 1% of MOS. Pulses were remotely 

triggered by a MATLAB script (MathWorks, Natick, USA). To minimize potential discomfort, 

we made participants experience active stimulation of PMv beforehand, using 4-5 pulses of 

increasing intensity. All participants tolerated well the stimulation. During the ccPAS 

administration, participants performed the visuomotor association as previously described (see 

paragraph above).  
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Figure 15 

 

A) Coil positioning on the scalp. B) Current flow in the coils. 

Neuronavigation: Left PMv was identified using the SofTaxic Navigator System (Electro 

Medical System, Bologna, IT), Skull landmarks (2 preauricular points, nasion and inion) and ~ 

80 points were digitized using a Polaris Vicra digitizer (Northern Digital). We obtained an 

estimated MRI through a 3D warping procedure fitting a high-resolution MRI template from 

each participant’s scalp and craniometric points. To target the left PMv we used the following 

Talairach coordinates: x = -52; y = 10; z = 24, consistent with those used in previous 

studies31,32,62–64,75,218. The Talairach coordinates corresponding to the projections of the left 

PMv and M1 scalp sites onto the brain surface were estimated by the SofTaxic Navigator from 

the MRI constructed stereotaxic template and the resulting coordinates are consistent with the 

regions defined as human PMv and M1196 (Figure 16).  



90 
 

Figure 16 

 

Individual subject’s targeted sites reconstructed on a standard template using MRIcron 

software (MRIcron/NPM/dcm2nii) after conversion to MNI space for illustrative purposes. A) 

Main experiment Main PMv→M1 session. B) Main experiment Main M1→PMv session. C) 

Control experiment Ctrl ShamM1 session. D) Control experiment Ctrl Pmv → Sham session. 

Results 

Preliminary analysis: Neurophysiological data were processed offline. MEP peak-to-peak 

amplitudes were measured for 60 ms, starting 15 ms after the TS through a MATLAB script. 

Since background EMG affects motor excitability160, MEPs preceded by background EMG 

activity deviating from the individual mean of the block by more than 2 SD were discarded 

from the analysis. Moreover, MEPs deviating from the mean amplitude of their test block by 

more than 3 SD were also discarded (5% of MEPs excluded in total). For each subject, the 

finger in movement, stimulated during ccPAS, was labelled as “target”, while the other was 
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labelled as “control”. Similarly, the colour associated with the muscle contraction, presented 

during ccPAS stimulation, was labelled as “target”, and the other as “control”. Thus, the data 

were organized as a 2 levels factor muscle (target, control) and a 2 levels factor colour (target, 

control) design. CSE was expressed in mV, while SICI and ICF were expressed as a percentage 

of the mean MEP amplitude induced by the TS in the corresponding test block. CSE data were 

log transformed to account for normality issues. 

Data Analysis: To ensure that there were no differences in age, gender and motor excitability 

ANOVAs and non-parametric tests (2) were performed. Data from the main and the control 

experiment were analysed separately.  

For each experiment we conducted one main ANOVA on CSE data (spTMS), and direct 

comparisons on SICI and ICF using Wilcoxon’s test, due to their non-normal distribution. The 

analyses conducted on SICI and ICF concerned only MEPs recorded from the target muscle 

since the intensity of the CS was adjusted on the rMT assessed over the target muscle, making 

them the only reliable measure. In both Experiments, CSE ANOVA presented the following 

within factors: ccPAS x Time x Muscle x Colour. Tukey’s post-hoc analyses were performed 

to correct for multiple comparisons. Partial η2 (ηp
2) was computed as a measure of effect size 

for significant main effects and interactions. For significant post-hoc comparisons Cohen’s d 

were computed. By convention, ηp
2 effect sizes of ~ .01, ~.06, and ~.14 are considered small, 

medium and large, respectively. Cohen’s d effect sizes of ~.2, ~.5, ~.8 are considered small, 

medium and large200. All the analyses were conducted using STATISTICA version 10 and/or 

IBM SPSS Statistics version 25.  

Main experiment 

Corticospinal excitability (CSE) 
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CSE was analysed by means of a repeated measures ANOVA with the following factors: ccPAS 

(Main PMv→M1; Main M1→PMv) x Time (Baseline Block; Expression Block) x Muscle (Target; 

Control) x Colour (Target; Control) conducted on spTMS MEP amplitudes which revealed a 

significant four-way interaction (F1,19 = 5.300; p = .033.001; ηp
2 = 0.218). This result was 

further explored with two separate ccPAS (Main PMv→M1; Main M1→PMv) x Time (Baseline 

Block; Expression Block) x Colour (Target; Control) ANOVAs, one for each muscle tested 

(target or control). 

Target muscle ANOVA: The ccPAS (Main PMv→M1; Main M1→PMv) x Time (Baseline Block;  

Expression Block) x Colour (Target; Control) conducted on MEPs collected from the target 

muscle revealed several main effects and interaction, qualified by the critical triple interaction 

ccPAS x Time x Colour (F1,19 = 7.171; p = .015; ηp
2 = 0.274), indicating that the changing in 

MEP amplitudes over time depended crucially on the stimulation performed and the visual 

association recalled by the coloured stimulus presented on the screen. 

 This result was more closely analysed by further splitting the ANOVA by ccPAS 

direction. The ANOVA conducted on data collected in the MainPMvM1 session showed a 

significant Time x Colour interaction (F1,19 = 7.368; p = .014; ηp
2 = .297). Studying this 

interaction by means of Tukey’s post hoc test, MEPs from the target muscle appeared 

significantly larger at the Expression Block compared to Baseline Block only when the 

participant viewed the target colour, associated to the target muscle contraction during the 

ccPAS (Δ= 0.027; p < .01; Cohen’s d = 0.380), and not when he viewed the control one (p > 

.959). Furthermore, after the stimulation, MEPs were larger when viewing the target colour 

than the control one (Δ= 0.024; p < .01; Cohen’s d =0.967), whereas this difference was of 

course not detected at baseline (p > .999) (Figure 17).  



93 
 

Figure 17 

 

MAIN EXPERIMENT: Time x Colour interaction recorded from the target muscle in vision of 

either the target colour (black line) or the control one (grey line). Measurements were taken 

before (Baseline Block) and after ( Expression Block) PMv-to-M1 ccPAS (F1,19 = 7.368; p = 

.014; ηp2 = .297). **p < .01; ***p < .001. Error bars represent 1 SEM. 

When the stimulation order was reversed (MainM1PMv ANOVA), the results on the target 

muscle are strikingly different: only the main effect of Time reaches significance (F1,19 = 

29.950; p < .001; ηp
2 = .612) (Figure 18). No main effect or interaction involving the colour 

presented on screen reached significance, indicating that, applying the stimulation reversing the 

physiological order of the connection between PMv and M1, the association between muscle 

contracted and colour viewed during the plasticity induction period was not in any way 

strengthened. 
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Figure 18 

 

Main effect of Time on MEP amplitudes recorded from the target muscle before (Baseline 

Block) and after (Expression Block) M1-to-PMv ccPAS (F1,19 = 29.950; p < .001; ηp2 = .612). 

Error bars represent 1 SEM. 

Control muscle ANOVA: The ccPAS (Main PMv→M1; Main M1→PMv) x Time (Baseline Block; 

Expression Block) x Colour (Target; Control) conducted on MEPs collected from the control 

muscle (the one not moving during the ccPAS protocol) revealed only the main effect of Time 

(F1,19 = 5.246; p = .034; ηp
2 = .216). This indicates an overall larger net LTD effect of the M1-

to-PMv stimulation compared with the LTP effect induced by PMv-to-M1 ccPAS, determining 

a generally inhibitory effect of Time. However, no other main effect or interaction reached 

significance (all p > .059). 

To demonstrate the significant gradient of modulation depending on the combination of 

target/control muscle and colour, we computed an index of CSE modulation by subtracting the 

mean MEP amplitudes at the Baseline Block to that one at Expression Block. Then, a three-

way ANOVA was conducted, with two within-subject factors: ccPAS (MainPMvM1; 

MainM1PMv), Muscle (target; control) and Colour (target; control). It revealed a significant 

triple interaction (F1,19 = 5.300; p = .034; ηp
2 = 0.218). By further analysing this interaction 
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using Duncan’s post hoc test, it becomes clear that, following the PMV-to-M1 ccPAS, the 

association between targeted muscle and colour has been maximally affected by the stimulation, 

since the modulation of the CSE of the targeted muscle when viewing the targeted colour is 

significantly higher than for any other combination of muscle and colour (all p < .014). 

Crucially, the modulation of the CSE of the target muscle was significantly different between 

the two colours (Δ= 0.023; p = .014; Cohen’s d =0.607). Following the M1-to-PMV ccPAS the 

decrease in CSE wasn’t affected by the visual input, nor for the target muscle (p > .07) nor for 

the control one (p > .957) (Figure 19). 

Figure 19 

 

Interaction ccPAS protocol (MainPMvM1; MainM1PMv) x Muscle (target;control) x 

Colour (target; control) on the modulation index extracted by subtracting the MEP amplitude 

recorded before (Baseline Block) to that recorded after ( Expression Block) the plasticity 

induction period (F1,19 = 5.300; p = .034; ηp2 = 0.218). **p < .01; ***p < .001. Error bars 

represent 1 SEM. 

Short Interval Intracortical Inhibition (SICI) 
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SICI was analysed by means of Wilcoxon’s direct comparisons. The comparisons regarding 

ccPASPMvM1 revealed a marginally significant decrease (p = .067) in inhibition detected only 

when the target colour is presented on screen, whereas the analyses conducted on data collected 

after the ccPASM1PMv shows a fully significant increase in intracortical inhibition (both ps 

< .033) , irrespective of the visual input presented (Figure 20).  

Figure 20 

 

Time effects detected on SICI data. A) SICI decrease following ccPASPMvM1 when the 

target colour (p = .067) and the control colour (p = .167) is presented. B) SICI increase 

following ccPASM1PMv when the target colour (p = .006) and the control colour (p = .033) 

is presented. *p < .05; **p < .01; # marginal significance. Error bars represent 1 SEM. 

Intracortical Facilitation (ICF) 

ICF was analysed by means of Wilcoxon’s direct comparisons. Following ccPASPMvM1 a shift 

towards excitability is recorded, fully significant when the target colour is presented on screen 

(p = .028), while the reverse order protocol induced a non-significant trend towards a decreased 

glutamatergic activity (Figure 21).  
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Figure 21 

 

Time effects detected on ICF data. A) ICF increase following ccPASPMvM1 when the target 

colour (p = .028) and the control colour (p = .135) is presented. B) ICF decrease following 

ccPASM1PMv when the target colour (p = .204) and the control colour (p = .433) is 

presented. *p < .05. Error bars represent 1 SEM. 

Control experiment 

Corticospinal excitability (CSE) 

CSE was analysed by means of a repeated measures ANOVA with the following factors: ccPAS 

(Main PMv→M1; Main M1→PMv) x Time (Baseline Block;  Expression Block) x Muscle (Target; 

Control) x Colour (Target; Control) conducted on spTMS MEP amplitudes which revealed no 

significant main factors or interactions (all p > .070). 

Discussion 

The efficacy of ccPAS in inducing plasticity in PMv-to-M1 connectivity has been demonstrated 

at the neurophysiological, neuroanatomical, and behavioural level31,32,218. Although previous 

studies demonstrated the base principles of ccPAS, coherent with Hebbian learning and STDP, 

one of their limits is the impossibility to make inferences about the specificity of the induced 

plasticity. Since in all these studies the ccPAS protocol was administered while the subjects 
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were at rest, without considering the state of the targeted neural population, it is likely that the 

stimulation non-specifically acted on different classes of neurons. In fact, the connections 

between PMv and M1 are complex and heterogeneous. Most of PMv synapses to M1 are 

glutamatergic, projecting onto GABAergic interneurons in superficial layers of M1; a small 

percentage, instead, directly connects to descending corticospinal neurons72,83,262. Convincing 

and copious evidence shows that the effects of TMS are state-dependent62–64,256,257, and a way 

to improve the specificity of TMS stimulation is to pre-condition the neural state of the 

interested areas, pre-activating a selected pathway.  

To test the potential functional specificity of ccPAS in the motor system, here we applied a 

state-dependent ccPAS protocol, delivering the stimulation while pre-conditioning the activity 

of the targeted neuronal population. In this way it is possible to maximally target and enhance 

functionally specific circuits36, which are already pre-activated and tuned to the task at hand. 

Thus, we reversed the “typical” procedure usually implied in NIBS plasticity induction studies: 

instead of delivering the plasticity induction protocol at rest and test its potential effects on 

various tasks, in the present study the ccPAS was paired with a visuomotor association task and 

therefore delivered in an active condition, rather than at rest, and its effects were tested at motor 

rest. Although participants were asked not to move during the Test Blocks, data was still 

collected in a state-dependent way: in fact, the same visuomotor circuits were re-activated, by 

presenting the visual stimuli used in the task performed during ccPAS. We hypothesised that 

this protocol would enhance ccPAS’ selectivity and specificity in the motor system, both 

functionally and anatomically, which our results clearly support. 

Overall, our study strongly reinforces the notion that the PMv-to-M1 network is an essential 

component in the dorsolateral motor stream, allowing us to perform visuomotor 

transformations32,59,69,79,95,112,201. Our findings shed an important light on the anatomy of this 
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circuit, causally demonstrating the existence in this network of spatially overlapping but 

functionally specific pathways257.  

As predicted, and coherently with previous literature31,32, ccPASPMvM1 induces a long-term 

potentiation (LTP) effect. The corticospinal excitability increase that we detected, however, 

also demonstrates from a neurophysiological standpoint that the function-tuning ccPAS can 

reach a remarkable functional and spatial specificity. Indeed, by pre-activating a selected 

visuomotor pathway during the stimulation, the induced CSE enhancement is highly specific 

for that targeted visuomotor circuit: following the stimulation of the premotor-to-motor 

pathway, its increase is not a general and non-specific effect, but instead, the CSE of the targeted 

muscle appears to shift dynamically, and critically to increase only when the participant was 

presented with the target colour, reactivating the visuomotor association performed during the 

ccPAS. Our results confirm that, applying stimulation while the subject is actively executing 

one specific association between a colour in view and a muscle movement, excitatory fibres 

connecting PMv to M1, preactivated and tuned to that task, are maximally targeted. If instead, 

while the subject is performing such association, the hierarchical sequence of processing of the 

visuomotor transformation is contrasted and the order of the paired stimulation (ccPASM1-PMv) 

is reversed, an opposite but asymmetrical pattern of long-term depression (LTD) emerges: in 

the target muscle the CSE lowers irrespective of which colour the participant is presented with, 

indicating no relationship is retained between visual information and motor response is 

weakened. One possible explanation for this LTD-like effect is that, by perturbing the 

physiological connectivity in premotor-to-motor connections, an alarm signal is forced into the 

circuit, repeatedly dissociating the visual stimulation from the production of a motor response 

and determining a suppression in CSE. In fact, a general decrease in MEP amplitude is already 

detected during the ccPASM1PMv
218, suggesting that a process of motor excitability reduction 
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is already underway. Crucially, the effects are not led by the stimulation of either PMv or M1 

alone, as the Control Experiment proves. 

Inhibition and facilitation data provide a novel insight into the mechanisms underlying such 

plastic changes, suggesting that they might rely on local shifts in glutamatergic and GABAergic 

activity. Specifically, following the state-dependent ccPASPMv M1 an increase in ICF is 

detected, hinting that the LTP-like effect is due to an increase in local glutamatergic activity, 

coherent with findings on the role of this neurotransmitter on plasticity induction259. 

Conversely, the non-specific LTD-like effect that we observe following ccPASM1PMv is 

mirrored by an increase in intracortical inhibition, of comparable size irrespective of the visual 

input presented. Although the functional significance of SICI is still partially unspecified, it has 

been proposed that it has a role in shaping the motor cortex output, minimizing unwanted 

movements203. This allows us to infer that the depression effect might be due to an increase in 

interneural GABAergic activity, in keeping with previous studies that strongly imply it in 

learning and plasticity107,175,204,214,258.  

The present study significantly expands previous results, establishing for the first time in the 

motor system that, taking into account the state-dependency of TMS and the deriving 

facilitatory/suppressive range model of online TMS effects256, ccPAS can reach a noteworthy 

level of functional specificity. We conclude that function-tuning ccPAS allows a better 

anatomical and functional precision, an advancement which has great potential and could 

deeply ameliorate our understanding of cortical correlates of behaviour. Hopefully, further 

research will uncover and demonstrate the clinical and rehabilitative potential of this protocol. 
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Chapter 5.2 - Induction of long lasting state-dependent plastic changes in visuo-motor chains 

through function-tuning paired associative stimulation in the motor system 

In a second study we aimed to replicate our previous findings and to lengthen the duration of 

our aftereffects assessments, to test the duration of the reported state-dependent results. 

Materials and Methods 

Participants 

Forty-eight volunteers participated in the study (mean age: 24.39; SD: 3.9; 19 females); twenty-

four participants took part in the Main experiment and twenty-four in the control one. All were 

right-handed, based on the Edinburgh Handedness Inventory261, and had normal or corrected-

to-normal vision. In each experiment, participants completed two sessions. In both experiments 

they were divided into two groups, based on which muscle was targeted during the ccPAS, 

either the first dorsal interosseus (FDI) or the abductor digiti minimi (ADM) (See Table 7 for 

detailed demographics). This sample size was based on a power calculation computed in 

Gpower, using a power (1-β) of 0.80 and an alpha level of 0.05 two-tailed. Assuming a 

medium/large effect size (f=0.28), based on the previous results presented in Chapter 5.1, the 

suggested sample size was of 23 participants per experiment. We increased the sample to 24 to 

be able to counterbalance participants by assigned target muscle and colour. Before beginning 

the experiment, all participants gave informed consent and were screened to avoid adverse 

reaction to TMS21,23. All the experimental procedures were performed in accordance with the 

1964 Declaration of Helsinki and approved by the local Bioethics Committee of the University 

of Bologna. No adverse reactions or discomfort related to the TMS were reported by 

participants or noticed by the experimenters. 

Table 7 

 
Main 
experiment 

Control 
experiment 

Statistical 
analysis 
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Gender 
(M/F) 

10/14 10/14 X2 = 1.00 

Age (mean ± 
SD) 

23.6 ± 2.3 24.6 ± 4.4 
t(46) = 2.01; p = 
0.31 

Demographic characteristics of participants. Chi-square tests were performed to ensure no 

difference in gender or age across groups occurred. 

General experimental design  

The general experimental design perfectly corresponded to the one described in the preceding 

study. One timepoint was added in both the main and control experiments, and all 

neurophysiological parameters (CSE, SICI, ICF) were additionally recorded 40 minutes after 

the end of the ccPAS protocol (Figure 22a). Thus, the test block procedure (Figure 20B) and 

ccPAS protocol (Figure 22c) were the same.  

Stimulation intensities and coordinates across groups are reported in Table 8 and Table 9, 

respectively.  
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Figure 22 

 

a) General experimental design. b) General Test Block procedure. Each trial started with 3000 

to 5000 ms of black screen, followed by 1000 ms of gray screen. Then the coloured square (blue 

or orange) was presented for a duration of 500 ms, and finally the screen turned to be gray for 

2000 ms. The TMS impulse was given either 250 or 320 ms after the appearance of the coloured 

square. The trials were separated by a random time ranging from 6430 to 8570 ms. c) Plasticity 

induction procedure. All time durations are expressed in ms. A gray screen appeared and lasted 

1250 ms, followed by the coloured square for 1000 ms, then the screen turned to be gray for 

1250 ms and finally black for 1500 ms. This same cycle was repeated 180 times. The coloured 

square appeared alternatively orange or blue, for a total of 90 trials for each colour. Based on 

the assigned visuomotor combination, for each subject TMS was delivered only when the 

assigned combination was presented. That is, only the target muscle was contracted while 
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viewing the target colour, therefore receiving one pulse every 10 seconds (0.1 Hz). The impulse 

was given 500 ms after the presentation of the square on the screen. 

Table 8 

   

Session 1 Session 2    

   ccPAS Test Block ccPAS Test Block 

   rMT 1mV rMT 1mV rMT 1mV rMT 1mV 

M
ai

n 
E

xp
er

im
en

t 

FDI 
group 

Mean 42.50 52.67 45.67 60.17 42.92 54.92 45.75 61.08 

SD 5.00 9.45 6.07 13.48 4.60 10.57 5.36 12.31 

ADM 
group 

Mean 42.42 55.08 46.17 60.58 42.67 56.67 47.25 65.42 

SD 7.97 9.72 9.11 11.40 6.77 8.41 7.69 10.98 

C
on

tr
ol

 
E

xp
er

im
en

t 

FDI 
group 

Mean 41.58 52.58 45.08 59.75 39.67 51.42 43.58 57.08 

SD 15.07 19.06 16.17 21.44 13.70 18.37 14.83 20.10 

ADM 
group 

Mean 47.08 60.33 51.00 66.00 46.92 60.17 51.50 66.00 

SD 10.39 13.34 10.79 13.25 8.75 12.96 9.54 13.01 

Mean ± SD of stimulation intensities. 

Table 9 

   Session 1 Session 2 

   M1 PMv M1 PMv 

   x y z x y z x y z x y z 

M
ai

n 
E

xp
er

im
en

t 

FDI 
grou
p 

Mean -27.38 -19.37 61.76 -52.76 9.67 24.55 -30.27 -17.86 60.71 -53.25 9.29 24.15 

SD 7.36 5.91 3.25 2.64 3.07 1.62 4.38 6.93 2.27 2.52 1.98 1.26 
ADM 
grou
p 

Mean -33.96 -15.29 53.33 -51.22 3.47 28.93 -30.63 -20.11 58.99 -53.65 8.93 23.46 

SD 10.73 12.00 14.88 4.79 14.52 12.46 5.44 6.23 2.80 2.04 1.92 1.33 

C
on

tr
ol

 
E

xp
er

im
en

t 

FDI 
grou
p 

Mean -35.23 -24.78 57.40 -53.18 9.10 24.27 -45.77 -31.23 56.26 -51.41 6.32 38.88 

SD 7.15 8.20 3.85 2.56 2.20 1.22 34.55 41.21 11.95 6.51 8.69 37.33 
ADM 
grou
p 

Mean -36.33 -24.31 54.19 -52.28 6.50 36.81 -35.76 -23.10 54.72 -52.46 6.01 47.51 

SD 9.04 14.08 10.10 6.21 9.92 36.23 9.39 15.29 11.16 5.16 9.44 47.71 

Mean ± SD of stimulation coordinates 

Results 

Preliminary analysis: Neurophysiological data were processed offline. MEP peak-to-peak 

amplitudes were measured for 60 ms, starting 15 ms after the TS through a MATLAB script. 

Since background EMG affects motor excitability160, MEPs preceded by background EMG 

activity deviating from the individual mean of the block by more than 2 SD were discarded 
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from the analysis. Moreover, MEPs deviating from the mean amplitude of their test block by 

more than 3 SD were also discarded (5% of MEPs excluded in total). For each subject, the 

finger in movement, stimulated during ccPAS, was labelled as “target”, while the other was 

labelled as “control”. Similarly, the colour associated with the muscle contraction, presented 

during ccPAS stimulation, and was labelled as “target”, and the other as “control”. Thus, the 

data were organized as a 2 levels factor muscle (target, control) and a 2 levels factor colour 

(target, control) design. CSE was expressed in mV, while SICI and ICF were expressed as a 

percentage of the mean MEP amplitude induced by the TS in the corresponding test block. Data 

were log transformed to account for normality issues. 

Data Analysis: To ensure that there were no differences in age, gender and motor excitability 

ANOVAs and non-parametric tests (2) were performed (See Table 7 and Table 8). Data from 

the main and the control experiment were analysed separately. For each experiment we 

conducted two main ANOVAs: one on spTMS (CSE) and another on SICI and ICF. The 

ANOVA conducted on SICI and ICF concerned only MEPs recorded from the target muscle 

since the intensity of the CS was adjusted on the rMT assessed over the target muscle. Hence, 

the only reliable measure of SICI and ICF were those recorded over the target muscle. In both 

Experiments, CSE ANOVA presented the following within factors: ccPAS x Time x Muscle x 

Colour. The ANOVA computed on SICI and ICF instead, had the following within factors: 

ccPAS x Time x Neurophysiological Index x Colour. Tukey’s post-hoc analyses were 

performed to correct for multiple comparisons. Partial η2 (ηp
2) was computed as a measure of 

effect size for significant main effects and interactions. For significant post-hoc comparisons 

Cohen’s d were computed. By convention, ηp
2 effect sizes of ~ .01, ~.06, and ~.14 are 

considered small, medium and large, respectively. Cohen’s d effect sizes of ~.2, ~.5, ~.8 are 

considered small, medium and large200. All the analyses were conducted using STATISTICA 

version 10 and/or IBM SPSS Statistics version 25.  
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Main experiment 

Corticospinal excitability 

CSE was analysed by means of a repeated measures ANOVA with the following factors: ccPAS 

(Main PMv→M1; Main M1→PMv) x Time (T-pre; T-0; T-40) x Muscle (Target; Control) x Colour 

(Target; Control) conducted on spTMS MEP amplitudes which revealed a significant four-way 

interaction (F2,36 = 4.05; p = .023; ηp
2 = 0.150). This result was further explored with two 

separate Time (T-pre; T-0; T-40) x Muscle (target; control) x Colour (target; control) ANOVAs, 

one for each ccPAS direction (PMv → M1 and M1 → PMv). 

PMv M1 ccPAS: The Time (T-pre; T-0; T-40) x Muscle (target; control) x Colour (target; 

control) ANOVA conducted over the spTMS revealed a significant three-way Time x Muscle 

x Colour (F2,46 = 4.02; p = .025; ηp
2 = 0.148) interaction, indicating that the change in MEP 

amplitude over time depended on the various combination of target and control muscle and 

colour.  

This result was more closely analysed by further splitting the ANOVA by muscle. The ANOVA 

conducted on data collected in the target muscle showed a significant Time x Colour interaction 

(F2,46 = 7.552; p = .001; ηp
2 = .247, Figure 23). Studying this interaction by means of Tukey’s 

post hoc test, MEPs from the target muscle appeared significantly larger at both T-0 (p < .001; 

Cohen’s d = 0.47) and T-40 (p < .001; Cohen’s d = 0.90) timepoints compared to the T-pre only 

when the participant viewed the target colour, associated to the target muscle contraction during 

the ccPAS. When the control color was presented, MEPs showed an increase in size only at T-

40 (p < .001; Cohen’s d = 0.44). This increase was, however, smaller in magnitude, as higher 

MEPs were recorded when the target colour was presented both at T-0 (p < .01; Cohen’s d = 

0.81) and T-40 (p < .001; Cohen’s d = 0.86).  
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Figure 23 

 

MAIN EXPERIMENT: Time x Colour interaction effect on corticospinal excitability recorded 

from the target muscle in vision of either the target colour (blue line) or the control one (orange 

line). Measurements were taken before (T-pre), immediately (T-0) and 40’ after (T-40) PMv-

to-M1 ccPAS. ***p < .001. Error bars represent 1 SEM. 

The ANOVA conducted on data collected in the control muscle showed a significant main 

effect of Colour (F2,46 = 9.873; p = .004; ηp
2 = .300), with larger MEPs collected when 

participants were presented with the target than the control colour. However, this effect was 

nonspecific and not influenced by time and, thus, by the administered stimulation.  

M1PMv ccPAS: The Time (T-pre; T-0; T-40) x Muscle (target; control) x Colour (target; 

control) ANOVA conducted over the spTMS revealed a significant two-way Time x Muscle 

interaction (F2,46 = 3.63; p = .034; ηp
2 = 0.136). Studying this interaction by means of Tukey’s 

post hoc test, MEPs appeared to decrease at T-0 (p < .001; Cohen’s d = 0.79) and T-40 (p < 

.001; Cohen’s d = 0.58) compared to T-pre in the target muscle; the same pattern was also 

observed in the control muscle (T-0 vs. T-pre: p < .05; Cohen’s d = 0.38; T-40 vs. T-pre: p < 

.05; Cohen’s d = 0.44, Figure 24). Critically, the main effect of Color (i.e., the presented visual 

stimulus) and all its interactions were not significant (all p>.23). 
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Figure 24 

 

MAIN EXPERIMENT: Time x Muscle interaction effect on corticospinal excitability. 

Measurements were taken before (T-pre), immediately (T-0) and 40’ after (T-40) M1-to-PMv 

ccPAS. ***p < .001. Error bars represent 1 SEM. 

Short interval intracortical inhibition (SICI) 

SICI was analysed by means of a ccPAS (Main PMv→M1; Main M1→PMv) x Time (T-pre; T-0; T-

40) x Colour (Target; Control), which revealed a significant ccPAS x Time interaction (F2,46 = 

4.76; p = .013; ηp
2 = 0.171, Figure 25), analysed through Tukey’s post hoc test. Following 

PMvM1 ccPAS SICI appeared to decrease at T-40 as compared to T-pre (p < .05; Cohen’s d 

= 0.57), while no significant modulation was observed following M1PMv ccPAS (all p > 

.63) 
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Figure 25 

 

MAIN EXPERIMENT: Time x ccPAS interaction effect on SICI. Measurements were recorded 

before (T-pre), immediately (T-0) and 40’ after (T-40) the ccPAS. *p < .05. Error bars 

represent 1 SEM. 

Intracortical facilitation (ICF) 

ICF was analysed by means of a ccPAS (Main PMv→M1; Main M1→PMv) x Time (T-pre; T-0; T-

40) x Colour (Target; Control), which revealed no significant main effects or interactions (all p 

> .61). 

Control experiment  

Corticospinal excitability 

To analyse CSE we conducted a repeated measures ANOVA on spTMS MEP amplitudes with 

factors ccPAS (Ctrlsham-M1; CtrlPMv-sham) x Time (T-pre; T-0; T-40) x Muscle (Target; Control) 

x Colour (Target; Control) which revealed a main effect of Time (F2,44 = 3.42; p = .041; ηp
2 = 

0.134, Figure 26) and a Muscle x Colour interaction (F1,22 = 6.76; p = .016; ηp
2 = 0.235, Figure 

27). Upon further investigation of the main effect of Time using Tukey’s post-hoc test, MEPs 
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appeared to be larger at T-40 compared to T-pre (p < .05; Cohen’s d = 0.49). However, this 

effect was nonspecific and not influenced by the presented visual stimulus. 

Figure 26 

 

CONTROL EXPERIMENT: Time main effect on corticospinal excitability. Measurements were 

taken before (T-pre), immediately (T-0) and 40’ after (T-40) M1-to-PMv ccPAS. *p < .05. Error 

bars represent 1 SEM. 

The Muscle x Colour interaction was investigated using Tukey’s post hoc test, however no 

comparison reached significance (all p > .16). However, using the more liberal Duncan’s test, 

CSE of target muscle is significantly higher when the target colour is presented rather than the 

control (p = .039; Cohen’s d = 0.27). Still, because the variable time does not interact with this 

effect, we cannot conclude that this slight modulation should be ascribed to the applied ccPAS 

protocol.   
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Figure 27 

 

CONTROL EXPERIMENT: Color x Muscle interaction effect on corticospinal excitability. *p 

< .05. Error bars represent 1 SEM. 

Short interval intracortical inhibition (SICI) 

SICI was analysed by means of a ccPAS (Main PMv→M1; Main M1→PMv) x Time (T-pre; T-0; T-

40) x Colour (Target; Control), which revealed no significant main effects or interactions (all p 

> .15). 

Intracortical facilitation (ICF) 

ICF was analysed by means of a ccPAS (Main PMv→M1; Main M1→PMv) x Time (T-pre; T-0; T-

40) x Colour (Target; Control), which revealed no significant main effects or interactions (all p 

> .14). 

Discussion 

The efficacy of ccPAS in inducing plasticity in PMv-to-M1 connectivity has been demonstrated 

at the neurophysiological, neuroanatomical and behavioural level32,109,218. Although previous 

studies demonstrated the base principles of ccPAS, coherent with Hebbian learning and STDP, 

one of their limits is the impossibility to make inferences about the specificity of the induced 
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plasticity. In all these studies, ccPAS was applied on resting subjects and the effects were 

measured on subjects either at rest or while performing a simple grasping task.  Buch et al., 

(2011) observed a simple overall enhancement of physiological connectivity when participants 

were tested at rest, whereas during movement a change in the conditioning function of PMv 

was evidenced. Since the ccPAS protocol was administered while the subjects were at rest, 

without taking into account the state of the targeted neural population, it is likely that the 

stimulation non-specifically acted on different classes of neurons32,109. In fact, the connections 

between PMv and M1 are complex and heterogeneous. Most of PMv projections to M1 are 

glutamatergic, projecting onto GABAergic interneurons in superficial layers of M1; a small 

percentage, instead, directly connects to descending corticospinal neurons72,82,262. A way to 

improve the specificity of TMS stimulation is to pre-condition the neural state, and pre-activate 

a selected pathway. There is, indeed, convincing evidence that the effects of TMS are state-

dependent62,64,252,255,257. In order to test the potential functional specificity of ccPAS in the motor 

system,  we took advantage of a state-dependent TMS protocol applying the ccPAS while pre-

conditioning the activity of the targeted neuronal population. “Function-tuning ccPAS” is based 

on the idea that, delivering a subthreshold TMS conditioning stimulus (CS) while the subject is 

performing a specific task, it is possible to maximally target and enhance functionally specific 

circuits, which are already preactivated and tuned to the task at hand. Thus, to activate the 

PMvM1 circuit, ccPAS was paired with a visuomotor association task and therefore delivered 

in an active condition; its effects were tested at motor rest but still in a state-dependent way: in 

fact, the same visuomotor circuits were re-activated, by presenting the visual stimuli used in 

the task performed during ccPAS.  We hypothesised that, due to the state-dependent properties 

of TMS, it would be possible to enhance ccPAS’ selectivity and specificity in the motor system, 

both functionally and anatomically. Our results clearly support our hypotheses. 
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Overall, our study reinforces the notion that the PMv-to-M1 network is an essential component 

in the dorsolateral motor stream, allowing us to perform visuomotor 

transformations32,59,79,95,112,201,263. As predicted, and coherently with previous literature, 

ccPASPMvM1 induces a long-term potentiation (LTP) effect: CSE is enhanced, and a general 

shift towards excitability is also suggested by data on SICI and ICF. However, as hypothesised, 

here we demonstrated neurophysiologically in the motor system that the function-tuning ccPAS 

reached the functional and spatial specificity previously only observed in the visual domain36. 

The CSE enhancement we found is highly specific for the targeted visuomotor circuit: CSE is 

enhanced significantly more for the targeted muscle (i.e., the one moving when the ccPAS was 

delivered) compared with the control muscle, whose movement is not coupled with the 

stimulation. Moreover, this CSE modulation is significantly stronger when the subject is also 

presented with the associated colour, as compared with the presentation of the other, control 

colour.  Our results confirm that, applying ccPAS while the subject is performing one specific 

association between a colour in view and a muscle movement, excitatory fibres connecting PMv 

to M1, preactivated and tuned to that association being performed, are maximally targeted. 

When, instead, the hierarchical sequence of processing of the visuomotor transformation, which 

the subject is however executing during ccPAS administration, is contrasted and the order of 

the paired stimulation (ccPASM1PMv) is reversed, an opposite but asymmetrical pattern of long-

term depression (LTD) emerges. The target muscle shows a decrement in CSE, significantly 

more than the control muscle. Also, the presentation of the target colour induces a decrease in 

CSE, when compared to the control one. However, the colour presentation doesn’t differentially 

impact the CSE of the two tested muscles, indicating that the association between visual 

information and motor response is weakened.  

Inhibition and facilitation data suggest a partial overlap with those of corticospinal excitability: 

immediately after the state-dependent ccPASM1PMv, both indices show a trend towards 
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stronger inhibition. However, this tendency is reversed 40 minutes after ccPAS, potentially 

expressing a compensatory mechanism, restoring the homeostatic balance between GABA and 

glutamate and re-establishing the optimal corticospinal excitability. The asymmetry between 

CSE data and paired-pulse excitability data that we report, and the lack of an effect of the colour 

presentation in modulating intracortical inhibition and facilitation, might be due to the intrinsic 

difference between these measures. CSE, measured as MEP size, assesses the excitability of 

the entire corticospinal system as a whole, that is both the corticomotor neuron and the spinal 

motor neuron175. Subsequently, it reflects cortical, subcortical and spinal mechanisms. SICI and 

ICF, instead, are a proxy of the inhibitory and excitatory circuits specifically at the M1 

level166,204,264.  

Crucially, the effects are not led by the stimulation of either PMv or M1 alone, as the Control 

Experiment proves. In fact, the interaction between the moving muscle and colour in vision in 

modulating CSE is only significant at T-40, likely due to a training effect. Our findings 

significantly expand previous results32,35,36,56,100,101,107,109,218 demonstrating, for the first time in 

the motor system that, profiting off the state-dependency of TMS, ccPAS can reach a high level 

of functional specificity. Taken together, our results corroborate and reinforce the hypothesis 

that ccPAS’ effects may take advantage of the activation state of synapses, and the 

facilitatory/suppressive range model of online TMS effects proposed by Silvanto and 

Cattaneo256. In function-tuning ccPAS, synapses tuned to the target visuomotor association, 

both in their perceptive and motor component, are facilitated by the TMS pulses. Because the 

CS is below threshold, the intensity of stimulation is too low to activate synapses not tuned to 

the task the subject is performing. This results in a different activation in neuronal 

populations36,257. We conclude that function-tuning ccPAS allows a better anatomical and 

functional specificity, an advancement which has great potential and could deeply ameliorate 
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our understanding of cortical correlates of behaviour. Hopefully further research will uncover 

and demonstrate the clinical and rehabilitative potential of this protocol.  
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Chapter 5.3 – Function tuning ccPAS contrasting physiological connectivity in the premotor-

motor network hinders arbitrary visuomotor mapping behavioural performance. 

Introduction 

Arbitrary visuomotor mapping is the ability to arbitrarily link movements or goals to sensory 

information that lack any intrinsic relationship with the associated voluntary response85. The 

ventral premotor cortex (PMv), whose connectivity profile within the dorsolateral stream links 

it to both sensory cortices and the primary motor cortex (M1), has been proposed as a pivotal 

hub for both arbitrary and automatic visuomotor transformations61,89,90. However, causal 

evidence that projections from PMv to M1 are critical in arbitrary visuomotor mapping is 

meagre. 

The development of multisite brain stimulation techniques such as cortico-cortical paired 

associative stimulation (ccPAS)31,39,153 allows for the non-invasive manipulation of connectivity 

within cortical networks, increasing or decreasing its strength through the repeated and paired 

stimulation of two target nodes; the ccPAS protocol is tailored to the temporal properties of the 

pathway connecting the two target areas and mimics patterns of neuronal stimulation known to 

induce spike-timing-dependent plasticity (STDP) – a form of plasticity based on the Hebbian 

rule46. ccPAS manipulations of PMv-to-M1 connectivity induce neurophysiological and 

behavioural aftereffects31,39; however, previous ccPAS studies have not considered the well 

documented state dependent properties of the PMv-to-M1 route62. To account for this, state-

dependent paradigms provide for a pre-conditioning of the functional state of subpopulations 

of neurons before TMS application, so to sensitize these neurons within the stimulated area46. 

Chiappini et al. (2018) have introduced a new paradigm, called “function-tuning ccPAS” which 

applied this notion by combining the ccPAS with the presentation of a distinct visual feature, 

and have reported remarkably specific behavioural effects, increasing the performance 

selectively for that feature36.  
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Similarly, the previous results presented in Chapters 5.1 and 5.2 of the present thesis found that 

combining PMv-to-M1 forward ccPAS with the execution of a distinct visuomotor association 

allows for strikingly selective state-dependent enhancement of motor excitability specifically 

for that association. On the contrary, applying the reverse order ccPAS (i.e., M1-to-PMv), 

which contrasts physiological signal communication during visuomotor association through 

PMv-to-M1 connectivity strength weakening, resulted in a generalized strongly inhibitory 

motor response to all visual cues. However, whether plastic changes of selective neural 

populations are functionally relevant to accurate behavioral performance on tasks tapping on 

arbitrary visuomotor associations remains unclear. To this endeavor, similar to the experimental 

design we devised for the studies presented in Chapters 5.1 and 5.2, we paired the ccPAS over 

PMv and M1 with the execution of a visuomotor task to test the potential state-dependent 

behavioral aftereffects of ccPAS, i.e., the choice reaction task (CRT). To activate the PMv-to-

M1 route of our interest, four different visual stimuli (red, yellow, blue or green squares) could 

be presented on a computer screen, and participants were instructed to respond to two of them 

(e.g., red and yellow in the example in Figure 28) by pressing one key with their right index 

finger, and to respond to the remaining two cues (i.e., blue and green) by pressing another key 

with their right thumb. Thus, four randomized and counterbalanced visuomotor associations 

were created, two for each finger. Reaction times and overall accuracy were collected as 

performance measures. This task was repeated before and after the state-dependent ccPAS; 

during the protocol, subjects performed the same CRT, but were stimulated during the 

execution of two selected visuomotor associations, one per finger. Based on our findings from 

studies presented in Chapters 5.1 and 5.2, we expected the PMv-M1 ccPAS to strengthen the 

targeted visuomotor associations (one per finger), but leave unaltered the untargeted ones; 

conversely, we hypothesized that M1-PMv ccPAS would results in a reduction of visuomotor 
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associative performance, which we expected to be general and involve all the tested visual 

stimuli and both muscles. 

Materials and methods 

We applied ccPAS over PMv and M1 on 30 participants during the execution of a choice 

reaction task (CRT). Participants were seated in front of a computer screen and were asked to 

respond to the presentation of visual cues by pressing on a standard keyboard. To activate the 

PMv-to-M1 route of our interest, four different visual stimuli (red, yellow, blue or green 

squares) could be presented, and participants were instructed to respond to two of them (e.g., 

red and yellow in the example) by pressing one key with their right index finger, and to respond 

to the remaining two cues (i.e., blue and green) by pressing another key with their right thumb. 

Thus, four randomized and counterbalanced visuomotor associations were created, two for each 

finger. A total of 240 trials was conducted (60 per color). After a brief training period, the task 

was performed at Baseline, immediately (Post 0), 30 minutes (Post 30) and 60 minutes after 

(Post 60) the end of the function tuning ccPAS protocol. Reaction times and overall accuracy 

were collected as performance measures. 

The ccPAS protocol consisted of a 22-minute intervention. Each coloured square was presented 

50 times (200 total), and participants were instructed to carry out the same visuomotor 

association CRT performed during the test blocks. During the presentation of two of the four 

coloured squares - one for each finger – participants received pairs of TMS pulses over PMv 

and M1 while they performed the associated motor response. Thus, for each finger, the 

movement in response to one colour was repeatedly and consistently combined with paired 

TMS; this color was labelled as “target color”. The other one, instead, acted as a “control color”. 

Participants were divided into three groups based on the type of ccPAS protocol they received. 

The first experimental group underwent ccPASPMvM1: therefore, on each paired stimulation, 
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the left PMv cortex was stimulated 8 ms before the ipsilateral M1, to activate short latency 

PMv-to-M1 connections62,64 and, based on the Hebbian rule, increase their synaptic efficacy. 

The second experimental group, instead, underwent ccPASM1PMv: on each pair of stimulations, 

the pulse over M1 always preceded that over PMv by 8 ms. Based on the marked 

neurophysiological inhibition reported in this thesis (Chapters 5.1 and 5.2) we expect that the 

reduction of synaptic efficacy induced by state-dependent ccPASM1-PMv over the PMv-to-M1 

pathway would result in hindered performance on the CRT. Finally, a control group underwent 

a ccPASSham-M1 protocol where the stimulation over PMv was sham, to ensure that any potential 

effects were not due to the repeated stimulation of M1 during task execution, but rather to the 

manipulation of connectivity between PMv and M1. 

Figure 28 
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a) General experimental design. b) Reaction times were on average lower for the index finger 

compared to the thumb. c) Participants got faster over time. d) Accuracy did not change after 

ccPASPMv-M1 (blue) or ccPASSham (white), but it significantly decreased after ccPASM1-PMv. 

Reaction times (RTs) and percentage accuracy at the CRT were separately analysed by means 

of repeated measures ANOVAs within factors Finger (2 levels: Index, Thumb), Color (2 levels: 

Target, Control) and Time (4 levels: Baseline, Post 0, Post 30, Post 60), and between factor 

group (3 levels: ccPASPMvM1, ccPASM1PMv and ccPASSham-M1). Significant interactions were 

analyzed with Tukey’s post hoc tests. 

Results 

The ANOVA on RTs revealed that individuals were faster responders with their index finger 

compared to the thumb (F2,27 = 19.202, p < .001; ηp
2 = 0.42, Figure 28b) and that they became 

increasingly faster over time (F3,81 = 14.491, p < .001; ηp
2 = 0.35, Figure 28c), irrespective of 

the applied ccPAS protocol. 

Differences across groups were instead detected on the accuracy performance. A significant 

main effect of Time (F3,81 = 18.48, p < .001; ηp
2 = 0.35) was qualified by the interaction 

Time*Group (F6,81 = 2.88, p = .013; ηp
2 = 0.18). Post-hoc analyses found that, while the 

accuracy performance was stable across timepoints in the ccPASPMvM1 and ccPASsham 

conditions (all p > .08), it decreased in the ccPASM1PMv condition between Baseline and Post 

0 (p < .001), Post 30 (p < .001) and Post60 (p = .05) (Figure 28d), suggesting that disrupting 

connectivity in the target network results in decreased visuomotor performance. 

Discussion 

Our results highlight the functional relevance of the PMv-to-M1 circuit to arbitrary visuomotor 

mapping, and closely resemble our neurophysiological findings. As we predicted, the reverse 

ccPASM1-PMv protocol, which is expected to hinder PMv-to-M1 connectivity, resulted in a 
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decrease in the visuomotor association performance. Similarly to what we observed in our two 

neurophysiological studies (Chapter 5.1 and 5.2), the marked inhibitory effect was generalized 

and not limited to the visual feature presented during the paired associative stimulation. This is 

in line with our previous findings and with the proposed effect of ccPASM1-PMv: if, as we 

propose, the protocol reduces PMv-to-M1 directional connectivity, it would be counterintuitive 

to obtain state-dependent effects of bigger magnitude for the targeted visual features as the 

reduced connectivity would counteract modulatory influence of visual signal over motor output. 

ccPASPMv-M1 failed to induce behavioral aftereffects, owing most probably to the simplicity of 

the task, which presumably reached a ceiling effect at baseline that would not allow us to 

appreciate the effects of our intervention. Our result expands previous ccPAS studies targeting 

the PMv-to-M1 circuit, which typically report aftereffects39,153 of increased connectivity after 

ccPASPMvM1  but generally fail to obtain correlates of reverse ccPASM1PMv. We, instead, 

found a clear decrease in performance after ccPASM1-PMv. It is possible that our ccPAS protocol 

induced the observed behavioral effects of decreased accuracy following ccPASM1-PMv, unlike 

prior ccPAS studies, because its state-dependent application increased the efficacy of the 

protocol at interfering with the transfer of information between the targeted nodes, preactivated 

by the ongoing visuomotor association task and therefore more receptive to exogenous 

perturbation36. While our results do not allow us to directly test this hypothesis, they open the 

interesting and provocative question of the comparative efficacy of state-dependent and non 

state-dependent ccPAS application, which has never been addressed before. 
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Chapter 6 - Enhancing and decreasing premotor-to-motor connectivity through spike-time-

dependent plasticity increases and decreases automatic imitation: a cortico-cortical paired 

associative TMS study. 

Introduction 
We tend to automatically tune our behavior to that of other people93. These tendencies can be 

captured in ecological situations where people are shown to spontaneously copy gestures, facial 

expressions or speech of social targets, even without intending to do so265, as well as in 

experimental settings, using neurophysiological96,266 or controlled behavioral methods267,268. 

Automatic imitation is defined as an impulse to reproduce observed actions even when they are 

not relevant to the current task, and copying them impairs performance93,98.  

The imitation inhibition task is a widely used behavioral paradigm to study automatic 

imitation98,267–269, rooted in an established tradition of psychology research on stimulus-

response (S-R) compatibility: participants are asked to lift their index or middle finger in 

response to an imperative symbolic cue (e.g. a number), while seeing congruent (i.e., the same) 

or incongruent (i.e., the opposite) task-irrelevant finger movements on a screen. In congruent 

trials, the observed action is identical to the instructed movement; in such imitative conditions, 

people show faster reaction times (RTs). In incongruent trials, the instructed movement differs 

from the observed movement, which introduces an automatic, imitative tendency to execute the 

observed movement. This leads participants to enforce the intended movement against the 

automatic tendency to imitate the observed action, resulting in greater RTs in incongruent trials.  

These prior results support the well-established notion that observation of another’s action 

triggers a corresponding motor representation in the observers91,92. Automatic imitation is 

thought to rely on the bottom-up activation of motor nodes of the Action Observation Network 

(AON)93–95, encompassing ventral sectors of the parietal cortex that receive visual input from 

occipito-temporal areas; and rostro-ventral premotor areas in the posterior inferior frontal 
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cortex (the ventral premotor cortex, PMv). In turn, these parieto-frontal areas send projections 

to the primary motor cortex (M1), allowing motor implementation of observed action95–97. 

When seeing an action congruent with an intended act, AON motor activations are thought to 

converge with the parallel activation of intentional S-R associations established for the purpose 

of the task, leading to increased motor activation and response facilitation93,98. When seeing an 

action incongruent with the intended act instead, one has to inhibit the motor representation of 

the other person’s action and to excite self-generated motor representation in order to perform 

the task successfully – and to solve this competition, additional neural resources within (e.g., 

the PMv) and outside the AON are engaged114,115,229,270–272. 

These notions are mostly based on correlational functional imaging studies. Indeed, only a few 

brain stimulation studies have provided initial causal evidence that frontal regions of the 

AON99,113,114 and brain areas involved in self-other discrimination like the temporo-parietal 

junction99,115, are critical for automatic imitation, as targeting these regions 

attenuates/eliminates RT differences between congruent and incongruent trials in the imitation 

inhibition task. 

However, causal evidence that the AON influences M1 to support automatic imitation remains 

elusive. Moreover, two competing theories about the involvement of PMv in imitation tendency 

suggest alternative mechanisms. On the one hand, the PMv would be mainly involved in 

spontaneously mirroring the observed action97. According to this proposal the PMv would map 

the observed action and send excitatory signals to M1, thus facilitating the tendency to imitate 

the observed action. On the other hand, the PMv could play a role in controlling automatic 

imitation depending on task features and contextual information99. In this vein, the PMv would 

prevent automatic imitation by controlling M1 activity when required by task conditions (e.g. 

in incongruent trials of the imitation inhibition task). These two competing proposals make 

opposite prediction regarding the interactions between PMv and M1 during imitation inhibition. 



124 
 

To solve this outstanding issue, here, we take a network science brain stimulation approach. 

Rather than focusing on isolated brain regions, to test their role in supporting or controlling 

automatic imitation, we sought to establish the causal role and functional malleability of 

cortico-cortical projections from the AON to M1. That is, we asked whether driving Hebbian 

plasticity between a key frontal node of the AON, i.e., the PMv, and the primary motor output 

region, i.e., the M1, affects performance in the imitation inhibition task. We took advantage of 

a novel transcranial magnetic stimulation (TMS) protocol, called cortico-cortical paired 

associative stimulation (ccPAS), which was developed to mimic the neuronal patterns shown 

to induce spike-timing dependent plasticity (STDP)32,33,35,40,41,109,218.  

Previous studies proved that the ccPAS protocol can strengthen or weaken directional cortico-

cortical connectivity of the PMv-to-M1 neural pathway32,37,101,109. In a seminal study, Buch and 

colleagues (2011) used ccPAS to target a rostral site of the human ventral premotor cortex (i.e., 

the PMv) and the ipsilateral M1. They showed that a coherent sequential activation of PMv and 

M1 (i.e., ccPASPMvM1) led to an increased causal influence of PMv over M1 (resulting in an 

increased synaptic efficiency of the PMv-to-M1 connectivity), whereas reversing the order of 

the PMv-M1 stimulation (i.e., ccPASM1PMv) caused a reduction of PMv influence over M1. 

Moreover, we previously showed that ccPASPMvM1 enhanced the ability to grasp and 

manipulate objects –a motor function tapping on the PMv-to-M1 neural pathway– but had no 

effect on a choice RT task, relying less on the targeted circuit39. 

Building on these advancements, in this study, we investigated the malleability and functional 

relevance of PMv-to-M1 projections to automatic imitation. Sixty healthy participants were 

divided in three groups according to the ccPAS protocol being administered. All participants 

performed two behavioral tasks before, immediately after, and 30 minutes after the 

administration of ccPAS protocols aimed at strengthening (ccPASM1PMv) or weakening 

(ccPASM1PMv) PMv-to-M1 directional connectivity. Moreover, a sham ccPAS protocol served 
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as a control stimulation (Figure 29a). Participants performed an established version of the 

imitation inhibition task, involving numbers as the relevant task feature and finger movements 

as the task irrelevant feature, i.e., the Number Task267,273,274 (Figure 29c). To test functional 

specificity, participants also performed an overt imitation task (i.e., the Finger Task), involving 

finger movements as the relevant task feature (Figure 29b).  

Figure 29 

 

(A) Schematic representation of timeline of the experiment. (B) Finger Task, with finger 

movements as the relevant dimension, tapping onto overt imitation. (C) Number Task, with 



126 
 

symbolic cues (numbers) as the relevant dimension, tapping onto automatic imitation. In both 

tasks, trials started and ended with a picture of a mirrored left hand in resting position, rotated 

of 90° counterclockwise. Finger movements were associated with the appearance of number 1 

for the index finger and number 2 for the middle finger. In the congruent conditions, the number 

associated with the moving finger appeared, while the incongruent condition consisted of non-

matched number and finger. Congruent and incongruent trials (column 1 and 3 of panel B and 

C) were identical for both tasks and differed only for the given instruction. In the Finger Task, 

participants were explicitly asked to imitate the finger movements they saw, while in the 

Number Task, they were asked to lift the finger associated with the shown number. Neutral 

conditions (middle column of panel B and C) were different in the two tasks: in the Finger Task 

only the moving hand was shown, and no numbers were presented; in the Number Task, instead, 

the hand was displayed at rest while numbers, which are the relevant dimension in this task, 

appeared in the usual position. (D) Individual targeted brain sites reconstructed on a standard 

template using MRIcron software (MRIcron/NPM/dcm2nii) after conversion to MNI space. (E) 

Talairach coordinates (mean ± S.D.) of the stimulated brain sites for each group. 

By combining behavioral and neurophysiological methods, we sought to test two competing 

theories about the involvement of the frontal node of the AON (PMv) in the tendency to imitate 

others’ actions. Specifically we asked whether enhancing AON output to M1 (via ccPAS 

strengthening of PMv-to-M1 directional connectivity, i.e., ccPASPMvM1) would enhance the 

impact of observed actions on motor control, leading to stronger propensity to automatically 

imitate task-irrelevant observed actions. On the other hand, we expected that diminishing 

hMNS output to M1 via ccPAS weakening of PMv-to-M1 directional connectivity 

(ccPASM1PMv) would exert an opposite influence, resulting in decreased automatic imitation. 

To assess build-up of associative plasticity, we continuously monitored motor excitability via 

recording of motor-evoked potentials (MEPs) throughout ccPAS administration and expected 
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their gradual increase during ccPASPMvM1 and their gradual decrease during ccPASM1PMv – 

underpinning the establishment of long-term potentiation (LTP) and long-term depression 

(LTD) like effects109,218.  

Based on the ccPAS study of Fiori et al. (2018) and Sel et al. (2021) we expected that ccPAS 

would not affect goal-oriented behavior in simple visuo-motor tasks, thus we expected no 

change in trials where no competition between task relevant and irrelevant stimuli was created 

(i.e., in neutral trials of both the Number and Finger tasks). On the other hand, we expected that 

ccPAS manipulation of the strength of PMv-to-M1 connectivity via STDP would affect 

automatic imitation, particularly its interference component during incongruent trials that are 

associated with increased task demands114,115,229,270–272. Indeed, according to an established line 

of research, interference in the Number Task is due to competition between short-term (weaker) 

number-to-action associations established for the purpose of the task and long-term (stronger) 

finger-to-action associations, whereas facilitatory effects are based on the convergence of goal-

oriented and automatic behavior93,98. Therefore, we expected interferences effects to be 

intrinsically more labile and sensitive to exogenous brain stimulation of the PMv-to-M1 

pathway. 

Materials and methods 
Participants  

Sixty healthy participants (23 males, mean age 22.2 ± 1.8 years) took part in the study. All were 

right-handed, as determined by the Edinburgh Handedness Inventory261, had normal or 

corrected-to-normal visual acuity and were naïve as to the purpose of the experiment. All 

participants gave written informed consent prior to the study and none of them reported to have 

neurological, psychiatric or other medical problems or contra-indication to TMS24. The 

experimental procedures were in accordance with the 1964 Declaration of Helsinki177 and 
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approved by the Bioethical Committee of the University of Bologna. None of the participants 

reported adverse reactions or discomfort related to TMS stimulation.  

General experimental design and procedures 

To test if the exogenous manipulation of PMv-to-M1 connections affects automatic imitation, 

we repeatedly targeted PMv and M1 using ccPAS32,37,101,109,218. To test the neurophysiological 

effects of ccPAS manipulation, we measured the peak-to-peak amplitude (in mV) of MEPs 

induced by TMS pulses during the ccPAS protocol as in Fiori and colleagues (2018).  To test 

the behavioral effects of ccPAS, we asked participants to perform an overt imitation task (i.e., 

the Finger task) and an imitation inhibition task (i.e., the Number task), specifically assessing 

automatic imitation267.  

Before starting the experiment, participants familiarized with the behavioral tasks for ~2 min 

(training phase), then their performance was recorded in three experimental sessions, i.e., before 

the ccPAS (“Pre” session), immediately after the end of the stimulation (“Post-0” session) and 

at 30 minutes after the end of the ccPAS (“Post-30” session). Each session lasted about ~10 

min. Thus, the interval between the Post-0 and Post-30 session was of ~20 min during which 

participants remained seated and relaxed. The entire experiment lasted approximately 2.5 hours 

(see the timeline in Figure 29a). 

The participants were randomly assigned to one of three groups, according to the administered 

ccPAS protocol they underwent: two experimental active groups (ExpPMv→M1; N = 20 and Exp 

M1→PMv; N = 20) and an additional sham control group (Ctrlsham; N = 20). See Table 10 for 

demographic details. This sample size was based on a power calculation computed in Gpower, 

using a power (1-β) of 0.80 and an alpha level of 0.05 two-tailed. Assuming a medium effect 

size (f=0.25), the suggested sample size for our study design was of 54 participants. We 

increased the sample size to 60 to account for possible attrition or technical failures. 
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Table 10 

  ExpPMv→M1 Ctrlsham ExpM1→PMv Statistical comparison 

Mean ± S.D. age (years) 22.2 y ± 2.1 22.2 y ± 2.0 22.1 y ± 1.5 
F2,57 = .04, P = .96, ηp2 = 
.001 

Gender (Females / Males) 13 F / 7 M 11 F / 9 M 13 F / 7 M Χ2
2 = .56, P = .75, V = .01 

Mean ± S.D. rMT (% of maximal 
stimulator outpu) 

44.0% ± 8.3 46.9% ± 10.9 41.5% ± 4.5 
F2,57 = 1.95, P = .15, ηp2= 
.06 

Mean ± S.D. M1 pulse intensity 
(% of maximal stimulator outpu) 

57.6% ± 10.2 60.5% ± 15.4 53.2% ± 5.6 
F2,57 = 1.63, P = .20, ηp2 = 
.05 

Demographic characteristics and TMS parameters across the three groups. A series of null 

hypothesis-testing analysis (one-way ANOVA and Χ2) showed no differences between groups 

in age, gender, rMT (based on which the PMv was stimulated) and M1 stimulation intensity. 

ccPAS protocol 

The ccPAS was delivered by means of two 50-mm figure-of-eight iron-branding coils, each 

connected to a Magstim 2002 monophasic stimulator (The Magstim Company, 

Carmarthenshire, Wales, UK). One focal coil was placed over left PMv and the other over left 

M1. 90 pairs of TMS pulses were delivered continuously at a rate of 0.1 Hz for ~15 min32,35–

37,101,109,218. In each pair, the interstimulus interval (ISI) between PMv and M1 was 8 ms109,218, 

to activate short-latency connections between the two areas62. The ExpPMv→M1 group received 

a ccPASPMvM1 protocol with the pulse over PMv always delivered before the one administered 

over M1. The ExpM1→PMv, instead, received ccPASM1PMv, with the pulse pairs in the reversed 

order. In the Ctrlsham group, to prevent any induction of current in the brain, the coils were held 

perpendicular to the scalp so to administer sham stimulations. A MATLAB script (MathWorks, 

Natick, USA) controlled both stimulators triggering the pulses. 

During the active ccPAS conditions (ExpPMv→M1 and ExpM1→PMv) the coil stimulating PMv was 

placed tangentially to the scalp and oriented to induce a posterior-to-anterior and lateral-to-

medial current flow in the brain32,37,62,75,101,108,109,218. Coordinates of the left PMv were 

determined by means of a neuronavigation system (see Neuronavigation paragraph below). Left 
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M1, instead, was functionally identified as the hotspot where the largest MEPs were induced in 

the right first dorsal interosseous (FDI) with the coil held tangentially to the scalp, at ~45° angle 

to the midline, inducing a posterior-to-anterior current flow in the brain222.  

MEPs induced by M1 stimulation were recorded from the right first dorsal interosseus (FDI) 

by means of disposable Ag/AgCl surface electrodes placed in a belly-tendon montage, with the 

ground electrode placed on the right wrist. EMG signals were acquired by means of a Biopac 

MP-35 (Biopac, USA) electromyograph, band-pass filtered (30-500 Hz), digitalized at a 

sampling rate of 10 kHz and stored for offline analysis. The resting motor threshold (rMT) was 

defined as the minimum stimulator output intensity that induced a MEP with a peak-to-peak 

amplitude > 50 µV in 5 out of 10 consecutive trials. 

In the active ccPAS groups (ExpPMv→M1 and ExpM1→PMv) the intensity of PMv stimulation 

corresponded to 90% of the individual’s rMT, whereas M1 stimulation was adjusted to evoke 

MEPs of about 1 mV amplitude37,75,108,218. No differences in rMT or the M1 stimulation 

intensities were found across the three groups of participants (see Table 10).  

During the ccPAS protocol, participants remained relaxed with their eyes open. The EMG 

activity was constantly monitored from the right FDI to ensure that full muscle relaxation was 

maintained during the ccPAS protocol. To assess changes in motor excitability during 

administration of active ccPAS protocols (ExpPMv→M1 and ExpM1→PMv) we recorded the 

amplitude of MEPs induced by the paired TMS pulses. Peak-to-peak MEP amplitudes were 

measured in mV. MEPs were grouped into 6 epochs of 15 MEPs each (Epoch 1: MEP 1-15; 

Epoch 2: MEP 16-30; Epoch 3: MEP 31-45; Epoch 4: MEP 46-60; Epoch 5: MEP 61-75; and 

Epoch 6: MEP 76-90) and then averaged and analyzed. 

Neuronavigation 
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Motor representation of the hand in the left M1 was identified functionally as the FDI motor 

hotspot, whereas the left PMv was identified using SofTaxic Navigator System (Electro 

Medical System, Bologna, IT). A uniform representation of the scalp was reconstructed by 

recording the position of four skull landmarks (nasion, inion and the two preauricular points) 

and ~80 points over the scalp using a Polaris Vicra infra-red camera (Northen Digital). Then an 

individual estimated magnetic resonance image was constructed for each participant through a 

3D warping procedure fitting a high-resolution MRI template to the participants’ scalp model 

and craniometric points. To target the PMv the coil was placed over a scalp region 

corresponding to the following Talairach coordinates: x = -54, y = 10, z = 24, previously used 

to modulate hMNS functioning275,276 and PMv-M1 connectivity37,75, and closely corresponding 

to brain imaging meta-analysis of action imitation and brain stimulation studies testing 

automatic imitation113,114. The PMv was targeted at the border between the anterior sector of 

the ventral premotor cortex and the posterior sector of the inferior frontal gyrus, consistently 

with prior ccPAS studies32,37,109,218.  

Using the Softaxic Neuronavigator, we automatically estimated the Talairach coordinates 

corresponding to the projections of the left PMv and left M1 scalp sites over the brain surface 

of the MRI-constructed stereotaxic template. Talairach brain surface coordinates of the 

stimulated sites for each group are reported separately in Figure 4D and 4E. A series of one-

way ANOVAs ensured that PMv and M1 coordinates were comparable between the three 

groups (all F ≤ 2.05; all P ≥ .14). 

Behavioral tasks 

On each session, two imitation tasks were performed in separate blocks: the Finger Task, 

involving overt imitative behavior and the Number Task (i.e., imitation-inhibition task), 

specifically assessing automatic imitation267. The order of the tasks was counter-balanced 
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across subjects and kept constant in the three sessions. Participants were seated approximately 

at 80 cm from the screen and the images presented on the monitor covered a visual angle of 

~10° vertically and ~6.5° horizontally. Both tasks included congruent, neutral and incongruent 

trials (Figure 29b, c). Pictures depicting resting/moving hands and symbolic cues (i.e., numbers, 

“1” or “2”) were presented in various combinations. The crucial difference between the Finger 

and the Number Task consisted in the experimental instructions, reflecting the relevant 

dimension of the task: in the Finger Task (Figure 29b), participants were explicitly asked to 

imitate the finger movements displayed on the screen irrespective of the number shown, while 

in the Number Task (Figure 29c) they were asked to lift the finger associated with the number, 

ignoring the observed movement. Indeed, a visuo-motor association, number-to-finger, was 

communicated during the training phase: participants were told to lift the index finger when 

presented with number “1”, and to lift the middle finger when presented with number “2”.  

In both tasks, trials were classified as congruent when number and the lifting finger matched 

(e.g., “1” and lifting of the index finger were displayed) or incongruent when they did not match 

(e.g., “1” and lifting the middle finger). The neutral trials served as a control/baseline condition 

and were different in the two tasks: in the Finger Task, neutral trials showed only the finger 

movement (the task relevant dimension) without any number (Figure 29b); in the Number Task, 

neutral trials showed only the number (task relevant dimension) while the hand displayed in the 

background remained in the rest position (Figure 29c). 

Each trial started with a picture showing a resting hand for 560 ms. Then, a second picture, 

shown for 102 ms, displayed the task relevant dimension (in a congruent, neutral or incongruent 

condition). Then, a third picture, identical to the initial, was shown for 500 ms267,271. Finally, 

an inter-trial fixation cross was displayed for a random interval ranging from two to three 

seconds. Participants had to maintain a key showing the label “1” and a key showing the label 

“2” pressed down with their right index and middle finger respectively. They were instructed 
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to lift the appropriate finger up (releasing the key) as soon as they saw the task relevant 

dimension in the second picture (imperative stimulus) and then they had to replace the finger 

on the same key. 

During the training phase, participants were introduced to the task for approximately two 

minutes via a 24-trials block. Each testing block consisted of 120 trials (40 congruent, 40 neutral 

and 40 incongruent)267. To minimize the effect of spatial compatibility, the keyboard was placed 

parallel to the monitor and the hand stimuli were rotated 90° counter-clockwise274.   

Statistical analysis 

ANOVAs and non-parametric tests (χ2) 274to ensure that the three groups did not differ in age, 

gender, motor excitability (Table 10) or coordinates of the targeted brain sites (Figure 29d, e). 

Mean reaction times (RTs) and accuracy (% of correct responses; %Corr) were recorded for 

each session. RTs below 80 ms and above 800 ms were excluded from the analysis (2.9% of 

the total273). Concerning accuracy, we discarded trials having both keys released (0.1%) and 

anticipations (i.e., when participants released a key before the second picture acting as 

imperative stimulus) were classified as errors (total error response 2.6%).  

In a preliminary analysis, we assessed task performance before any ccPAS manipulation: RTs 

and %Corr were assessed in the Pre session using mixed-factors ANOVAs with ccPAS 

(ExpPMv→M1, Ctrlsham, ExpM1→PMv) as the between-subjects factor and Task (Finger, Number) 

and Congruency (Congruent, Neutral, Incongruent) as the within-subjects factors.  

To assess changes in motor excitability during the administration of active ccPAS (ExpPMv→M1 

and ExpM1→PMv), MEPs amplitudes induced by ccPAS pulses were grouped into 6 epochs of 15 

MEPs each and then averaged. Since background EMG affects motor excitability160, MEPs 

preceded by background EMG activity that deviated by more than 2 SD from the individual 

mean were excluded from the analysis (less than 3.1%). Mean MEP amplitudes were analyzed 
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using a two-way ANOVA with ccPAS (ExpPMv→M1 and ExpM1→PMv) as the between-subjects 

factor and Epoch (1-6) as the within-subjects factor. 

Then, we tested whether ccPAS had a general impact on overt imitation and motor performance 

based on intentional short-term S-R associations by analyzing neutral trials only in the two tasks 

using a ccPAS (ExpPMv→M1, Ctrlsham, ExpM1→PMv) x Task (Finger, Number) x Sessions (Pre, 

Post-0, Post-30) ANOVA on RTs and %Corr. 

Finally, in the main analysis, neutral trials were used to compute indices of facilitation for 

congruent trials (congruent – neutral) and interference for incongruent trials (incongruent – 

neutral) (Brass et al., 2000) for both RTs and %Corr. These indices were then analyzed using a 

mixed factor ANOVA with ccPAS (ExpPMv→M1, Ctrlsham, ExpM1→PMv) as the between-subjects 

factor and Task (Finger, Number), Sessions (Pre, Post-0, Post-30) and Index (Facilitation, 

Interference) as the within-subject factors.  

In all the ANOVAs, when appropriate, post-hoc analyses were conducted using the Duncan 

post-hoc test to correct for multiple comparisons. Partial η2 (ηp
2) was computed as a measure of 

effect size for significant main effects and interactions in the ANOVA, while Cohen’s d were 

computed for significant post-hoc comparisons.  

To investigate the relation between physiological and behavioral changes induced by ccPAS 

regression analyses were performed, using MEP change indices in the in ExpPMv→M1 and 

ExpM1→PMv groups as predictor of changes in behavior detected in the ANOVAs. R2 was 

computed as a measure of effect size. We conducted all the analyses using STATISTICA v. 12.  

Results 
Participants assigned to different ccPAS groups did not differ in gender or age. Moreover, they 

showed similar motor excitability (see Table 10Table 10). The three groups also showed no 

difference in performance before ccPAS as shown below. 
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Evidence of Automatic imitation before ccPAS 

The ccPAS x Task x Congruency ANOVA on RTs collected in the Pre session (Figure 30a) 

showed a main effect of Task (F1,57 = 112.71, P < .001, ηp
2 = .66) and main effect of Congruency 

(F2,114 = 27.24, P < .001, ηp
2 = .32), which were qualified by a Task x Congruency interaction 

(F2,114 = 7.21, P = .001, ηp
2 = .11). As shown in Figure 30a, in the Number Task, we observed 

the hallmarks of automatic imitation: relative to neutral trials (mean RTs ± S.D.: 412 ms ± 48), 

participants showed an increase of 10 ms in incongruent trials (422 ms ± 58; P < .001; Cohen’s 

d = .38) and a RT reduction of 13 ms in congruent trials (399 ms ± 44; P < .001; Cohen’s d = 

.75). In the Finger task, we observed small but significant interference from number-to-finger 

learned associations: RTs were slower in incongruent trials (367 ms ± 48) relative to neutral 

(359 ms ± 39; P = .012; Cohen’s d = .34) and congruent trials (358 ms ± 41; P = .012; Cohen’s 

d = .41), which in turn did not differ from one another (P = .62). Moreover, across congruency 

conditions, participants were slower in the Number Task than in the Finger Task in keeping 

with the main effect of Task (all P < .001; all Cohen’s d ≥ 1.17). No influence of the factor 

ccPAS was observed (all F ≤ 1.63, all P ≥ .17), thus indicating comparable performance across 

the three participants’ groups before ccPAS administration. 

Figure 30 

 

Behavioral performance in the Pre session before ccPAS administration. (A) In the Number 

task we observed the marker of automatic imitation: participants showed faster RTs to 
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congruent trials and slower RTs to incongruent trials; In the Finger task participants showed 

slower RTs to incongruent trials. (B) In both tasks, incongruent trials led to lower accuracy. 

Asterisks and hash marks indicate post-hoc comparisons (# p = .10, * p ≤ .05, ** p ≤ .01, ***p 

≤ .001). Error bars denote s.e.m. 

The ccPAS x Task x Congruency ANOVA on %Corr (Fig. 27B) showed a main effect of Task 

(F1,57 = 24.23, P < .001, ηp
2 = .30), a main effect of Congruency (F2,114 = 19.49, P < .001, ηp

2 = 

.25) and a Task x Congruency interaction (F2,114 = 4.96, P = .009, ηp
2 = .08), but no influence 

of the factor ccPAS (all F ≤ 1.95, all P ≥ .15). In both tasks, we observed consistent 

interferential, but not facilitatory effects. In the Number task, accuracy was lower for 

incongruent trials (mean %Corr ± S.D.: 89% ± 8) relative to neutral (92% ± 7; P < .001; Cohen’s 

d = .68) and congruent trials (94% ± 7; P < .001; Cohen’s d = .49), whereas participants showed 

only a non-significant increase in accuracy for congruent relative to neutral trials (P = .10). In 

the Finger task, accuracy was lower for incongruent trials (94% ± 6) relative to neutral trials 

(96% ± 5; P < .001; Cohen’s d = .68), but not relative to congruent trials (95% ± 6; P = .10), 

which in turn did not differ from neutral trials (P = .26). Across congruency conditions, 

participants were more accurate in the Finger than in the Number task (all P ≤ .023).  

ccPAS drives direction-dependent opposite changes in motor excitability.  

The ccPAS x Epoch ANOVA on MEP amplitude (Figure 28) recorded during the plasticity 

induction period showed a significant main effect of ccPAS (F1,38 = 9.32, P = .004, ηp
2 = .20) 

that was qualified by the significant ccPAS x Epoch interaction (F5,190 = 19.68, P < .001, ηp
2 = 

.34). Post-hoc comparisons showed that in the ExpPMv→M1 group there was a gradual increase 

of MEP amplitudes over the time, while a reduction was observed in the participants allocated 

in the ExpM1→PMv group. Specifically, when compared to epoch 1 (i.e., the initial phase of the 

ccPAS protocol consisting of the first 15 paired TMS pulses), the ExpPMv→M1 group showed 

larger MEPs at epoch 4, 5 and 6 (all P ≤ .004; all Cohen’s d ≥ .52). Instead, in the ExpM1→PMv 
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group, at epoch 4, 5 and 6, MEP amplitudes were significantly decreased when compared to 

the first epoch (all P ≤ .023; all Cohen’s d ≥ .68). Specifically, relative to the first epoch, in the 

last one the ExpPMv→M1 group showed an averaged MEP enlargement of +41%, and the 

ExpM1→PMv group showed a mean MEP reduction of -33%. Furthermore, the two ccPAS groups 

were comparable at epochs 1, 2 and 3 (all P ≥ .41), while significantly differed at epoch 4, 5 

and 6 (all P ≤ .003; all Cohen’s d ≥ 0.96). 
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Figure 31 

 

A) Physiological changes induced by ccPAS during protocol administration. In the ExpPMv 

→M1 group there was a gradual increase in motor excitability, whereas in the ExpM1→PMv 

group there was a gradual decrease in motor excitability. Red and blue asterisks indicate post-

hoc difference relative to Epoch 1; black asterisks indicate post-hoc difference between groups 

(*p ≤ .05; **p ≤ .01; ***p ≤ .001). Error bars denote s.e.m. B) Individual variability in the 
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neurophysiological effects of ccPAS over time. C) Scatterplots showing the relationship 

between changes in motor excitability due to ccPAS (MEP amplitudes in Epoch 6 – MEP 

amplitudes in Epoch 1; x axis) and changes in interference indices of automatic imitation (Post-

30 – Pre; y axis). 

ccPAS selectively affects interference RT indices of automatic imitation. 

We first tested whether ccPAS affects voluntary goal-oriented performance, by analyzing RTs 

and accuracy during neutral trials of the Finger and Number task, respectively – that is, in the 

absence of task-irrelevant (congruent/incongruent) stimuli influence. The analysis revealed that 

while accuracy remained constant across sessions for both tasks, participants improved their 

speed over time, with a mean reduction of 24 ms between the first (Pre) and last (Post-30) 

session (Figure 32). Behavioral changes in the neutral trials condition were not due to active 

ccPAS, but most likely reflected an effect of practice. 

To control for unspecific changes due to practice, in the main analysis we computed facilitatory 

(congruent – neutral) and interference (incongruent – neutral) behavioral indices for both RTs 

and %Corr. The ccPAS x Task x Session x Index ANOVA conducted on RT indices, showed a 

significant quadruple interaction (F4,114 = 4.30, P = .003; ηp
2 = .13). This interaction was further 

explored with two separate ccPAS x Session x Index ANOVAs, one for each task. The ANOVA 

conducted on Finger Task data showed no performance change over time (Figure 34). Thus, 

short-term task-defined number-to-finger associations underlying the interference effects 

observed in the Finger task at Pre (see above paragraph) remained stable over time and were 

not affected by ccPAS.  

The ccPAS x Session x Index ANOVA conducted on the Number Task (Figure 32) showed a 

main effect of Index (F1,57 = 123.63, P < .0001; ηp
2 = 0.68), a main effect of ccPAS (F2,57 = 

11.36, P < .0001; ηp
2 = 0.28), a ccPAS x Session interaction (F4, 114 = 2.69, P = .03; ηp

2 = 0.08) 

and, critically, the higher order ccPAS x Session x Index interaction (F4,114 = 4.46, P = .002; 
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ηp
2 = 0.14). No other effects were significant (all F ≤ 1.78, all P ≥ .17). Post-hoc comparisons 

showed no between group differences at Pre for the facilitatory (all P ≥ .50) or the interference 

index (all P ≥ .17), confirming that before ccPAS similar automatic imitation tendencies were 

detected across groups. Moreover, in all groups, we detected no changes in the facilitatory index 

across sessions (all P ≥ .28; Figure 32a), thus suggesting no ccPAS modulation of the 

facilitatory component of automatic imitation. 

Figure 32 

 

Facilitatory (A) and interference (B) effects of task-irrelevant observed actions in the Number 

task as a function of Session and ccPAS protocol No consistent changes in facilitatory effects 

were observed across sessions.  At Post-30, interference increased in the ExpPMv→M1 group 

and decreased in the ExpM1→PMv group. Asterisks and hash marks indicate post-hoc 

comparisons (# p = .06, * p < .05; ** p < .01). Error bars denote s.e.m. 

In contrast, the interference index varied as a function of ccPAS and sessions (Figure 32b). In 

the ExpPMv→M1 group, interference tended to increase over time showing non-significantly 

larger index values at Post-0 (+24 ms ± 26) relative to Pre (+10 ms ± 30; P = .08; Cohen’s d = 

0.34). At Post-30 the index strongly increased (+49 ms ± 40) showing significantly larger values 

relative to Post-0 and Pre (all P ≤ .0005; all Cohen’s d ≥ 0.57). In the ExpM1→PMv group, 

interference was comparable at Pre (13 ms ± 25) and Post-0 (16 ms ± 31; P = .67; Cohen’s d = 

0.10), while at Post-30 it was disrupted (-2 ms ± 32), showing lower values relative to Post-0 
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(P = .03; Cohen’s d = .33) and Pre (P = .06; Cohen’s d = .32). In the Ctrlsham group the 

interference index did not change throughout the sessions (all P ≥ .23). Comparing the three 

ccPAS groups, interference remained similar at Post-0 (all P ≥ .34). In contrast, at Post-30, the 

ExpPMv→M1 group showed greater interference when compared with the Ctrlsham group (P < .001; 

Cohen’s d = .82) and the ExpM1→PMv group (P < .001; Cohen’s d = 1.40); moreover, at Post-30 

interference in the ExpM1→PMv group was lower than in the Ctrlsham group (P = .02; Cohen’s d = 

.55). 

ccPAS did not affect facilitatory or interference accuracy indices. 

Physiological changes induced by ccPAS predicts change in automatic imitation 

 To investigate the relation between physiological and behavioral changes induced by 

ccPAS regression analyses were performed. MEP changes observed in ExpPMv→M1 and 

ExpM1→PMv during active ccPAS (Epoch 6 – Epoch 1) were entered in a regression model as 

predictor of changes in the interference effect observed in the Number Task following ccPAS 

(Post-30 – Pre). The model showed that changes in MEPs were a weak but significant predictor 

of changes in the interference component of automatic imitation (R = .34, t38 = 2.24, P = 0.031; 

Figure 31c).  

Discussion 
Humans tend to imitate others even when not requested to do so. Prior studies have suggested 

that such imitation tendencies reflect the activation of hMNS exerting an automatic influence 

on motor control93,277. The hMNS is highly plastic and tuned to sensorimotor experience278–280 

and theoretical models have proposed Hebbian associative plasticity to be a key mechanism for 

shaping network properties during development and learning281–283. However, an entirely new 

avenue of inquiry concerns the cortico-cortical connections between hMNS and M1 and 

whether Hebbian plasticity mechanisms might be targeted to affect automatic imitation 

causally. Using ccPAS to manipulate the strength of projections from the frontal node of the 
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hMNS (PMv) to the ipsilateral M1 via STDP, we provided compelling evidence that enhancing 

(or weakening) the strength of PMv-to-M1 connectivity increases (or hinders) automatic 

imitation. These findings provide unprecedent causal evidence that PMv-to-M1 connectivity is 

functionally relevant to automatic imitation and malleable to exogenous manipulation of 

Hebbian associative plasticity.  

Goal-oriented and automatic behavior before ccPAS 

Before ccPAS, our participants showed the hallmark of automatic imitation: in the Number task 

– a modified version of Brass and colleagues’ imitation inhibition task274,284 – participants 

showed faster RTs (and non-significant greater accuracy) when the task-irrelevant observed 

finger movement was congruent with the executed movement, whereas they showed slower 

RTs (and lower accuracy) when the observed finger movement was incongruent with the 

executed movement, thus showing a consistent influence of long-term S-R associations 

between perceived and executed actions, even when these associations were detrimental to task 

performance93,98,267,277. It should be noted that hand stimuli were rotated of 90° counter-

clockwise so to minimize the influence of spatial compatibility, and thus provided a pure 

assessment of automatic imitation98,274,285. 

It is assumed that (long-term) S-R finger-to-action associations are stronger relative to (short-

term) S-R number-to-action associations established for the purpose of the Number task98. In 

line with this assumption, we found that goal-oriented behavior was faster and more accurate 

in the Finger than in the Number task. Moreover, greater and more consistent facilitatory and 

interference effects were induced by task-irrelevant stimuli in the Number rather than in the 

Finger task. Yet, we detected small interference effects in the latter task as well, showing 

competition between goal-oriented task-relevant imitative response and task-irrelevant short-

term S-R number-to-action learned associations.  

ccPAS affects automatic imitation via modulation of the strength of PMv-to-M1 connectivity 
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Remarkably, we found that ccPAS strongly influenced automatic imitation in a highly specific 

way. Plastic changes induced by ccPAS were detected for task-irrelevant stimuli in the Number 

Task (i.e., for task-irrelevant observed actions), but not in the Finger Task. These changes to 

RTs only and did not occur for accuracy; thus, it could be ruled out that RTs changes were 

caused by a trade-off in which participants achieved faster/slower RTs by sacrificing/enhancing 

accuracy. Furthermore, while participants speeded up goal-oriented performance in both tasks 

as a function of practice, as expected, no global changes were observed as a result of active 

ccPAS, consistent with a prior ccPAS study using a choice RT task similar to the neutral trials 

of the Number task218 and other studies showing no impact of PMv-M1 ccPAS on goal-oriented 

behavior on similar simple visuo-motor tasks101.  

These findings indicate that driving associative plasticity in PMv-to-M1 projections selectively 

affected long-term S-R finger-to-action associations underpinning automatic imitation – 

supporting domain specificity of the PMv-M1 circuit193,242,286,287. In contrast ccPAS 

manipulation left short-term number-to-action associations established for the task unaffected, 

which may be underpinned by a more dorsal domain-general route for arbitrary S-R 

associations288.  

Interestingly, the two active ccPAS protocols led to opposite outcomes: ccPASPMvM1 enhanced 

the interferential component of automatic imitation whereas ccPASM1PMv hindered it. It should 

be noted that these protocols comprised the same amount and intensity of both PMv and M1 

stimulation and hence had the same impact on the component elements of the PMv-M1 circuit. 

Yet, they differed in the temporal patterning designed to induce STDP, with ccPASPMvM1 

designed to enhance the strength of the PMv-to-M1 pathway and ccPASM1PMv designed to 

weaken it32,37,101,109,218. Thus, in line with prior research, behavioral effects cannot be attributed 

to the activation of either PMv or M1 but to the manipulation of the connectivity between them. 
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Temporal dynamics of physiological and behavioral changes  

Behavioral changes were mostly observed at Post-30, but they were predicted by physiological 

changes already occurring during protocol administration. Indeed, the ExpPMv→M1 group 

showed a gradual increase in MEP amplitude during administration of ccPASPMvM1, whereas 

the ExpM1→PMv group showed a gradual MEP decrease during ccPASM1PMv, thus indexing 

rapid growing of facilitation/inhibition of motor excitability that was already detectable in the 

second half of the protocol (i.e., before Post-0), as a function of repeated patterning of dual 

PMv-M1 stimulation: with ccPASPMvM1, on each TMS pair, the cortico-cortical volley elicited 

by PMv stimulation (first pulse) would reach M1 slightly before as the exogenous M1 

stimulation (second pulse), resulting in convergent M1 activation which led to increase motor 

excitability; reversing the pattern (ccPASM1PMv) so to weaken the PMv input to M1 led to 

reduced motor excitability. These physiological results are in line with the principles of 

Hebbian-like STDP12,19, according to which the firing of presynaptic cells before postsynaptic 

cells leads to LTP289, whereas the firing of postsynaptic activity before presynaptic activity 

usually induces LTD290.  

Remarkably, early physiological changes predicted subsequent changes in automatic imitation. 

Behavioral changes were weak at Post-0 and clearly emerged 30 min after the end of the ccPAS 

protocols. The build-up of the plastic effect during stimulation, and the emergence of behavioral 

expression of plasticity within the first minutes following stimulation offset is consistent with 

prior ccPAS studies35,36,218 – showing behavioral effects emerging at Post-30, but not at Post-0 

– and, more in general with the time course of Hebbian plasticity19 and LTP/LTD-like effects 

induced in the human motor cortex152,234. However, further time points should be investigated 

in future investigations, as based on the Hebbian plasticity profile a reduction of ccPAS effect 

should be expected at longer intervals from stimulation offset.  

ccPAS affects interferential not facilitatory component of automatic imitation 
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Prior brain stimulation studies on automatic imitation have commonly documented changes in 

RT difference between congruent and incongruent trials in the imitation inhibition task due to 

brain stimulation99,115,281, making it unclear whether brain stimulation selectively affects 

facilitatory or interference components of automatic imitation or both. This is a relevant issue 

as the two effects may involve partially distinct neural mechanisms, with the interferences 

effects in incongruent trials requiring additional resources to deal with increased task demands, 

involving domain-general dorsolateral fronto-parietal brain networks supporting executive 

functions114,270,272 and temporo-parietal and mesial prefrontal cortex involved in social 

cognition and self-other discrimination92,115,229,272. To address this outstanding issue, we 

included a neutral condition in the imitation inhibition task and generated distinct indices to 

quantify facilitatory and interference effects.  

As expected, we found that ccPAS modulated the interferential but not facilitatory component 

of automatic imitation. Behavioral facilitation in the Number task, is observed in conditions 

where goal-oriented response activation converges with activation of automatic response due 

to task-irrelevant action stimuli93,98,267. While we do not rule out the possibility that such 

facilitatory effects could be mediated by hMNS projections to M1, the convergence of goal-

oriented and automatic components of behavior may make these responses less amenable to 

plastic changes induced by TMS – particularly in the current study where facilitatory RT effects 

at Post-0 and Post-30 are observed in the context of a general reduction of RTs, possibly leading 

to floor effects. On the other hand, interference occurs in conditions of competition93,98: in 

incongruent trials, goal-oriented response based on short-term (weaker) number-to-action 

associations established for the purpose of the task compete with long-term (stronger) finger-

to-action associations. Our study provides the first causal evidence that in such conflicting 

conditions, driving associative plasticity between the frontal node of the hMNS and the 

ipsilateral M1 can bias the competition between goal-oriented and automatic behavior, so that 
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enhancing PMv-to-M1 connectivity via ccPASPMvM1 would reinforce automatic behavior and 

weakening PMv-to-M1 connectivity via ccPASM1PMv would disrupt automatic behavior. Thus, 

these findings provide unprecedent causal evidence of a neural mechanism capable of 

supporting or controlling automatic imitation in conflict conditions mediated by cortico-cortical 

PMv-to-M1 projections.  

Conclusions  
In many situations, it is essential to circumvent the tendency to automatically imitate272. Here 

we used ccPAS to manipulate the strength of projections from the PMv node of the hMNS to 

the ipsilateral M1 via induction of STDP over the PMv-to-M1 pathway. We demonstrated that 

enhancing (or weakening) the strength of the PMv-to-M1 pathway increases (or decreases) the 

magnitude of automatic imitation in conditions of competition with goal-oriented behavior. Our 

study provides unprecedent causal evidence of the functional relevance of PMv-to-M1 

projections to automatic imitation and highlight the malleability of hMNS-M1 networks to 

manipulation of Hebbian associative plasticity. 

Supplemental material 

ccPAS does not affect goal-oriented behavior in the two tasks 

We tested whether ccPAS affects goal-oriented behavior in the two tasks, by analyzing RTs 

and accuracy during neutral trials of the Finger and Number task – that is, in the absence of 

task-irrelevant (congruent or incongruent) stimuli influence. These analyses confirmed that the 

Number task was more difficult than the Finger task, but showed no influence of ccPAS over 

time. The ccPAS x Task x Time ANOVA on RTs (Figure 33) showed a main effect of Task 

(F1,57 = 3.81, P < .001, ηp
2 = .87) with faster RTs in the Finger task (343 ms ± 34) than in the 

Number task (402 ms ± 41), and a main effect of Time (F2,114 = 26.14, P < .001, ηp
2 = .31), 

showing a gradual reduction of RTs from Pre (386 ms ± 39) to Post-0 (369 ms ± 38; P < .001; 

Cohen’s d ≥ 0.62) and from Post-0 to Post-30 (362 ± 39; P = .046; Cohen’s d = .35). No 

influence of the factor ccPAS was observed (all F ≤ 1.64, all P ≥ .20).  
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The ccPAS x Task x Time ANOVA on %Corr showed only a main effect of Task (F1,57 = 3.81, 

P < .001, ηp
2 = .87) with greater accuracy in the Finger task (95% ± 5) than in the Number task 

(93% ± 6). No influence of the factor Time (all F ≤ 2.64, all P ≥ .08) or ccPAS (all F ≤ 2.45, 

all P ≥ .10). 

In sum, in both tasks, accuracy remained stable across sessions, whereas participants sped up 

over time with a mean reduction of 24 ms between the first (Pre) and the last (Post-30) session. 

Behavioral changes in the neutral trials condition were not due to active ccPAS as they were 

detected also following sham stimulation, and thus likely reflected an effect of practice. 

Figure 33 

 

Behavioral performance during neutral trials (A) RTs to neutral trials tended to decrease over 

time in both tasks (B) Accuracy remained stable over time in both tasks. Asterisks indicate post-

hoc comparisons (# p = .10, * p ≤ .05, ** p ≤ .01, ***p ≤ .001). Error bars denote s.e.m.   

The ccPAS x Session x Index ANOVA conducted on Finger Task RT differences showed a 

significant main effect of Index (F1,57 = 17.45, P < .001; ηp
2 = 0.23), with greater values for the 

interference index (mean RT ± S.D.: +7 ms ± 12) than for the facilitatory index (+1 ms ± 11), 

but no other main effects or interactions (all F ≤ 1.71 and all P ≥ .15).  
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Figure 34 

 

Facilitatory (A) and Interference (B) effects in the Finger task over time. No consistent changes 

in either facilitatory or interference effects were observed across sessions. Error bars represent 

s.e.m. 

ccPAS does not affects facilitatory or interference accuracy indices. 

Accuracy was not influenced by ccPAS. The ccPAS x Task x Session x Index ANOVA 

conducted on %Corr indices revealed only a main effect of the factor Index (F1, 57 = 66.99, P < 

.001; ηp
2 = 0.54) and a Task x Index interaction (F1, 57 = 14.16, P < .001; ηp

2 = 0.23), showing 

greater facilitation for the Number Task (mean %Corr ± S.D.: +1.4% ± 2.9) than for the Finger 

Task (–0.1% ± 2.0; P = .003; Cohen’s d = .41) and greater interference for the Number Task (–

2.8% ± 4.1) than for the Finger Task (–1.5% ± 2.7; P = .008; Cohen’s d = .25); moreover, in 

both tasks a difference was found between facilitatory and inhibitory indices (all P ≤ .003; all 

Cohen’s d ≥ .45). No other effects were observed in the ANOVA (all F ≤ 2.70, all P ≥ 0.08). 
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Chapter 7 - Effective connectivity in the motor system of healthy older adults correlates with 

motor performance. 

Introduction 
Aging is consistently associated with a progressive decay of motor control that limits daily 

activities and thus affects personal well-being and independence. It has commonly been 

reported that older adults show reduced manual dexterity and velocity in several motor tasks, 

as compared to younger adults: for example, the onset of an appropriate motor response to a 

specific cue is 30-60% longer in older individuals 291,292; similarly, movement duration 

increases by 30-60% overall (depending on the task), including reaching and grasping tasks293–

296. Execution of smooth and accurate movements could be also undermined by force factors, 

as elderly subjects may show strength reductions (of approximately 25-30%) and inefficiency 

in force steadiness and regulation 297,298. 

The reasons of this decline are multifactorial. Lifestyle (e.g. nutrition, physical activity), 

diseases (e.g. arthritis, osteoporosis), peripheral changes (e.g. muscles, receptors, nerves) play 

a considerable role, but growing research is also pointing to physiological changes that involve 

the central nervous system 116,117. Indeed, neuroimaging research has documented age-related 

brain structural and functional changes that correlate with poor motor performances 118,119. 

These changes include cortical volume reduction in both gray and white matter 120–126. The latter 

appears is of particular interest as age-related changes in brain connectivity can index reduced 

network efficiency and functionality 127–131 126,132–135.  

Dual-site transcranial magnetic stimulation (dsTMS) allows to investigate the influence that 

one brain area exerts over another, defining their relationship in terms of effective connectivity 

299. This is a valuable method for probing interactions within the motor networks, for example 

between the primary motor cortex (M1) and functionally connected areas 300,301, such as the 

contralateral homologue 302,303 or non-primary motor regions 62,63,75,224,304. The dsTMS 
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paradigm allows to test effective connectivity by delivering two TMS pulses over two cortical 

sites at various latencies in the order of the ms (interstimulus interval; ISI). A suprathreshold 

test stimulus (TS) is administered to M1 to induce a motor-evoked potential (MEP) that can be 

recorded and measured using an electromyographic (EMG) system. In some trials, prior to the 

M1 pulse, a conditioning stimulus (CS) is delivered through a second coil over a remote target 

area that is functionally connected with M1. The facilitatory and inhibitory effects of the CS on 

MEP amplitude can be used to characterize the cortico-cortical connectivity between the remote 

cortical area and M1 305,306; these measures are largely affected by the reduction in quantity and 

quality (axonal deletion, demyelination, microtubules deterioration) of the white matter tracts 

307–309. For example, Fujiyama et al. 310 found that the altered microstructural white matter 

organization was associated with the reduced interhemispheric premotor-M1 connectivity (as 

assessed with dsTMS) and predicted the deteriorated bimanual motor performance in elderly 

subjects. 

Although age-related changes in motor system connectivity can play a pivotal role in motor 

control, prior dsTMS studies addressing this issue have mainly focused on inter-hemispheric 

interactions between motor areas310–314, whereas a single study tested interactions between 

supplementary motor area (SMA) and M1315. However, to date no studies have explored 

systematically rostral premotor-M1 intra-hemispheric interactions to explain reduced manual 

performance in the elderly. To fill this gap, here we used dcTMS to target neural interactions 

between the ventral premotor cortex (PMv, the rostral sector of the premotor area at the border 

with the pars opercularis of the inferior frontal gyrus) and the pre supplementary motor area 

(SMA) with ipsilateral M1, aiming to identify neurophysiological markers of altered cortico-

cortical connectivity in aging that are associated with poor motor unimanual performance. We 

sought to investigate the relationship between age-related changes in the dominant hand motor 
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performance and age-related neurophysiological modulations of the relevant cortico-cortical 

connectivity. 

We elected the PMv-M1 and SMA-M1 connectivity as the object of our study, being involved 

in two different functional motor streams 316,317. On the one hand the role of PMv has been 

widely related to externally triggered actions, being involved in sensorimotor transformation, 

and visually guided actions such as grasping and manipulating objects. Its processing is crucial 

for object-oriented manual actions, allowing the shaping of the hand to appropriate grasping 

318–321. On the other hand, SMA seems to exert a cognitive control on the motor function for 

action inhibition and movement initiation. Its activation can predict self-initiated movements 

and the generation of internally-guided movements associations as in motor sequences and in 

processing endogenously driven movements, such as fixed motor sequences or intentional 

movements 322–325. 

We outlined the motor performance profile of young and elderly adults using a battery of 6 

behavioral tests involving unimanual (right) actions requiring visuo-motor integration, fast 

finger movements, object grasping and manipulation, and generation of maximum force. 

Besides, we explored the effects that either the PMv or the SMA exert over left M1, using 

dsTMS administered at various ISIs during resting state. We decided to test PMv and SMA 

since they belong to two distinct premotor systems, with different anatomical connectivity and 

functional properties 326,327: the lateral network encompassing PMv, associated with externally 

triggered movements328, and the mesial system involving SMA, encoding internally generated 

movements325. Studies indicate that manual force positively correlates primarily with 

contralateral (to the effector) M1 engagement, and the association with increased motor-related 

activity such as ipsilateral M1, PMv (especially for precision grip) and supplementary motor 

complex has been demonstrated 313,329–332. Likely, facilitation (or disinhibition) from these areas 

can trigger the M1 commands for beginning and maintaining the contraction of the target 
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muscles 311,333,334. The other tasks in the battery engage to different extents sensorimotor 

transformations and cognitive control for the implementation of appropriate motor 

representations and the execution of the movements 218,335–337. We hypothesize that 

neurophysiological markers of age-related changes in the PMv-M1 and SMA-M1 connectivity 

can contribute to explain the behavioral decline suffered by elderly in force and in tasks tapping 

on dexterity and visuomotor abilities. 

Materials and Methods 
Participants  

Thirty-seven healthy volunteers participated in the study. None of them reported history of 

neurological pathologies nor were taking any medication that might interact with TMS 

action338. All of them gave written informed consent before participating in the study.  

This sample size was based on a power calculation computed in Gpower, using a power (1-β) 

of 0.80 and an alpha level of 0.05 two-tailed. Assuming a small/medium effect size (f=0.22), 

assuming difficulties in obtaining reliable measures in our elderly sample could reduce the 

magnitude of the effect size, the suggested sample size for our study design was of 30 

participants. We increased the sample size to 37 to account for possible attrition or technical 

failures. The experimental procedures were in accordance with the 1964 Declaration of Helsinki 

and approved by the Bioethics Committee of the University of Bologna (2.6/07.12.16). Three 

participants did not complete the experimental session: two older participants were excluded 

due to inability to maintain muscle relaxation during TMS testing; one older participant was 

excluded due to impossibility to obtain reliable MEPs. The final sample consisted of 17 young 

adults (8 females, mean age 23 ± 2.3 years, range 20-27) and 17 elderly adults (9 females, mean 

age 70 ± 6.1 years, range 60-83). All of them were right-handed according to the Edinburgh 

Handedness Inventory (EHI) (Oldfield, 1971; mean score 84.8 ± 15.3, range 37-100) except 

one participant whose score indicated no specific preference. All participants had a normal 
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cognitive performance as assessed by the Mini Mental State Examination (MMSE, mean 

corrected score 26.6 ± 1, range 24.2-28.4) and the Raven test, colored matrices version (mean 

corrected score 33 ± 3, range 29-39). 

General procedure 

At the beginning of the study, we assessed participants’ laterality quotient for handedness using 

the EHI, and neuropsychological performance using the MMSE and Raven colored matrices. 

Then, we tested behavioral performance using a series of 6 motor tasks (see next paragraph) 

whose order was randomized across participants. Following behavioral assessment, participants 

were prepared for TMS. This phase included arrangement of the electromyographic (EMG) 

system, localization of TMS sites over the scalp (using functional and neuronavigational 

procedures), assessment of individual TMS parameters. Finally, the TMS session began, 

consisting of two blocks, one for each conditioning site (PMv and SMA, in randomized order 

across participants). In both TMS blocks, the TS was delivered alone over M1 (single pulse 

TMS stimulation, spTMS) or paired with a CS (dual-site stimulation, dsTMS) that could be 

delivered at 7 different short inter-stimulus intervals (ISIs; 4, 6, 8, 10, 12, 16, and 20 ms) prior 

to the TS. Each session consisted of 162 trials with 36 spTMS trials and 18 dsTMS trials for 

each of the 7 ISIs. Blocks were split in two parts (with a short brake in between) of 81 trials (9 

dsTMS x 7 ISI + 18 spTMS) administered in a pseudo-randomized order. The inter-trial interval 

varied randomly between 5.5 and 6.5 s using 250 ms intervals (average 6 s). 
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Figure 35 

 

Study timeline 

Motor tasks 

We assessed participants’ hand motor performance using 4 tasks based on dexterity and/or 

speed and 2 force tasks listed below. 

9-hole pegboard test (9HPT). The 9HPT is a widely-used test to assess fine hand dexterity. It 

requires participants to finely shape their hand in order to grasp, move and manipulate small 

objects 102,339. Participants were asked to pick up one-by-one 9 pegs lying on a tray with their 

right hand, place all of them in the 3 x 3 tight holes of a board (distance between holes: 3.2 cm), 

and then remove them one-by-one, returning them in the tray. These operations had to be 

completed as fast as possible. The execution time taken to complete the whole procedure was 

considered a measure of dexterity and was assessed as it follows. Following a go signal, 

participants released the spacebar of a computer keyboard, activating a MATLAB-controlled 

stopwatch, and started the trial. At the end of the trial, i.e., when the last peg was replaced in 

the tray, participant pressed again spacebar and 9HPT execution time was recorded. The test 

consisted of 1 familiarization trial and 5 experimental trials. The trimmed mean of the 5 trials 

(discarding the fastest and the slowest trials) was considered for analyses. 

Finger tapping (FT). Participants were instructed to press as many times as possible a key on 

a computer keyboard for 5 s. They were asked to use right the index finger and press the key 
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with movements of the index finger instead of the wrist/forearm. This is considered a measure 

of motor speed. The test consisted of 5 experimental trials. The trimmed mean of the 5 trials 

(discarding the best and the worst trials) was considered for analyses. 

4-choice reaction time task (4CRT). Participants sat in front of a monitor placed at ~60 cm in 

front of them. A target (a cross) appeared on the screen in one of 4 possible locations 

represented by 4 blank squares. Participants were requested to press as fast as possible the key 

that spatially corresponded to the position of the target. This is a visuo-motor test for motor 

speed and general alertness. The task consisted of 40 randomized trials preceded by a practice 

block of 20 trials. We calculated the median of the response time (RT) of correct responses 

(mean accuracy: 97 ± 2%; range: 92-100%) after removing anticipations (RTs < 100 ms) and 

late responses (RTs > 2 s) (excluded trials, mean: 3 ± 3%; range: 0-10%). 

Visuo-motor trail making test (vmTMT). Participants were presented with a sheet depicting a 

series of circles, connected sequentially by two parallel dotted lines from the circle labelled 

“begin” to the “end” circle, representing a trail, and were requested to draw a line with a pencil 

along the trail 340. The trail had to be completed as fast as possible, touching each circle with 

the pencil but paying attention at maintaining the line within the dotted lines. 10 trials consisting 

of 10 different trails at increasing complexity were administered. As for the 9HPT, we measured 

execution time from key release at the beginning of the trial and key press upon trial completion. 

This version of the trail making test minimizes the cognitive involvement, focusing on the 

visuo-motor performance. Since the 10 trails were different, the mean execution time was 

considered for analyses. 

Manual force tests. We measured participants’ peak strength using a digital hand dynamometer 

(Vernier mod. HD-BTA, Vernier, USA). Force was tested for whole hand power grip (referred 

to as power force) and thumb-index finger precision grip (referred to as pinch force). Five trials 
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for each grasp type were recorded asking subjects to press as much as they could the strain 

gauge during a brief period (~3-5 s) in order to reach the strength peak and then release. As for 

other behavioral measures, also for force measures the trimmed mean of the 5 trials (discarding 

the best and the worst trials) was considered for analyses. 

 

Figure 36 

 

TMS 

Participants right hand was prepared for EMG recording from the first dorsal interosseus (FDI) 

and the abductor digiti minimi (ADM) muscles. For each muscle, three Ag/AgCl surface 

electrodes were placed with a tendon-belly montage and conveyed the EMG signal to a Biopac 

Schematic representation of the motor tasks. A. 9-hole peg test; B. finger tapping; C. 4-

choice reaction time task; D. Visuomotor trail making test; E. Power force test; F. Pinch 

force test. 
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MP-35 (Biopac System Inc., USA) that acquired and band-pass filtered (30-500 Hz) the signal 

at a sample rate of 5 kHz. 

TMS was administered using two stimulators generating a monophasic waveform (Magstim 

2002, Magstim, UK). Each stimulator was connected to a figure-of-eight focal coil of 50 mm 

(outer wing diameter). During the experiment, stimulators were triggered using a high-precision 

trigger station (BrainTrends s.r.l., Italy) controlled via computer. 

For left M1 stimulation, the coil was placed over the hotspot where MEPs of maximal amplitude 

from the right FDI muscle were obtained. The coil was held tangential to the scalp and rotated 

to induce a postero-lateral to antero-medial current in the brain 341,342. TS intensity was set to 

generate an FDI MEP of ~1 mV of amplitude. This intensity was adequate to elicit stable MEPs 

also in the ADM muscle, which has a nearby cortical representation in M1.  

For PMv and SMA stimulation, the coil was placed over the scalp site identified via 

neuronavigation (see below) and held tangential to the scalp. For PMv stimulation, the coil was 

rotated to induce an antero-lateral to postero-medial current in the brain 75,218. For SMA 

stimulation, the coil was rotated to induce an antero-medial to postero-lateral current in the 

brain 75. CS intensity was set at 90% of the rMT, as assessed by administering spTMS over the 

M1 hotspot. The rMT was defined as the minimum TMS intensity able to generate 5 out of 10 

consecutive MEPs larger than 50 μV in the FDI 22. 

Neuronavigation 

While M1 stimulation site was localized functionally at the hand motor hotspot (see above), 

PMv and SMA sites were identified using the SofTaxic neuronavigator system (EMS, 

Electromedical systems, Bologna, Italy). Skull landmarks (nasion, inion and 2 preauricular 

points) and 80 points providing a uniform representation of the scalp were digitized by means 

of a Polaris Vicra digitizer (Northern Digital). An individual estimated magnetic resonance 
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image (MRI) was obtained for each participant through a 3D warping procedure fitting a high-

resolution MRI template to the participant’s scalp model and craniometric points. This 

procedure has been proven to ensure a global localization accuracy of roughly 5 mm 223. We 

targeted the left PMv posteriorly at the border with left precentral gyrus (ventral premotor 

cortex), using the target Talairach coordinates x = -54 y = 9, z = 24. These coordinates were 

obtained by averaging the coordinates reported in previous dsTMS studies targeting PMv 

75,76,218 and corresponds to a ventral frontal site involved in planning, execution and perception 

of hand action 190,266,276,343–345. For SMA we initially placed the coil at Talairach coordinates x 

= 0, y = 10 75,76; then, we checked that this site was at least 4 cm rostral from the vertex on the 

sagittal midline, otherwise the coil was moved forward 346. Stimulation sites were then marked 

with a pen on the tight-fitting cap worn by the participants. Lastly the neuronavigation software 

was used to estimate Talairach coordinates corresponding to the projection of the scalp target 

site positions on the brain surface in the two groups (see Figure 37 for stimulation locations).  

Figure 37 

 

Map of the stimulated sites of both groups. 

Data analysis 
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A series of preliminary parametric (t-test) or nonparametric tests (Mann-Whitney U test; Chi2) 

were used to compare the two groups for age, years of education, gender, TMS intensity (rMT 

and 1 mV), Talairach coordinates of M1 sites and performance at the 6 motor tasks (9HPT, FT, 

VMT, 4-CRT, power force and pinch force). Motor performance data were log-transformed to 

reduce skewness. To reduce dimensionality, we carried out an exploratory factor analysis on 

the six motor performance variables. We applied a principal component analysis with varimax 

rotation on the Spearman correlation matrix computed on the raw variables. We extracted two 

components, the first reflecting performance on dexterity tests (PC1-dext) and the second 

reflecting manual force (PC2-force).  

MEPs were assessed by measuring peak-to-peak EMG amplitude (in mV) over a 45-ms time-

window starting 15 ms after the test TMS pulse. Trials in which the background EMG activity 

100 ms prior to the TMS pulse was 2 SD higher than the average of its block were excluded 

from analysis (5% on average). The mean MEP amplitude of each dsTMS trial was expressed 

as the ratio of the mean of the 5 nearest spTMS trials. MEP ratios were log-transformed using 

the formula ln (𝑣𝑎𝑙𝑢𝑒 + 1) to reduce skewness and analyzed using mixed factors ANOVA 

with  Age (2 levels: young, elderly) as between subjects factor and Site (2 levels: PMv, SMA), 

Muscle (2 levels: FDI, ADM) and ISI (7 levels: 4, 6, 8, 10, 12, 16, 20 ms) as within subjects 

factors. The ANOVA revealed a significant three-way interaction Age x Site x ISI therefore, 

for following analyses the factor Muscle was collapsed. A series of one-sample t-tests were 

conducted to reveal facilitatory or inhibitory modulations by comparing MEP ratios at the 

various ISI against the spTMS value of ln(1 + 1) ≌ 0.69. Independent sample t-tests were used 

to compare MEPs ratios at the various ISI between young and elderly groups. These analyses 

were repeated with non-parametric tests, Wilcoxon matched-pairs test (WRST) and MWU that 

substantially confirmed the results obtained with parametric tests (not reported). 
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The analyses highlighted 4 intervals of interest, 2 per conditioning site (PMv 8 ms, PMv 10-16 

ms, SMA 10-12 ms and SMA 20 ms). For those intervals of interest encompassing more than 

one ISI (i.e., PMv 10-16 ms and SMA 10-12 ms), MEP ratios were averaged in order to obtain 

a single value. These data were used as predictors in a series of general regression models. 

These analyses were carried out to investigate whether neurophysiological indices of cortical 

modulations (MEP ratios) at the four intervals of interests (PMv 8 ms, PMv 10-16 ms, SMA 

10-12 ms and SMA 20 ms) predict motor performance in young and older individuals. The two 

components extracted from the factorial analysis on motor performance data (PC1-Dext and 

PC2-Force) were entered as dependent variable in the models, while the neurophysiological 

indices were entered as continuous predictors and Age as categorical predictor. Specifically, 

the model considered main effects and 2-way interactions between Age and neurophysiological 

indices. 

Values reported in the text are expressed as mean ± standard deviation, unless otherwise stated. 

For relevant effects measures of the effect size are provided; for significant main effects, 

interactions and regression models, partial η2 (ηp
2) or adjusted R2 (adjR2) were calculated. For 

one-sample, between and within post hoc comparisons, Cohen’s dz, Cohen’s ds and Cohen’s drm 

indices were computed respectively, according to Lakens (2013) recommendations. 

Results 

Preliminary analyses: group comparisons 

A series of between group comparisons (t or Mann-Whitney U tests), investigated differences 

between the participants as categorized by their age (Table 11). The two groups did not differ 

for education and gender (all p > 0.11). Relative to younger participants, older participants 

showed overall a lower motor excitability as assessed by rMT and MEP1mV (all p < 0.019) and 

lower motor performance at tasks based on manual dexterity and speed (all p < 0.001). Power 
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grip force of older adults resulted also lower than force of younger participants (p = 0.01), 

whereas pinch force was comparable between the two groups (p = 0.78). 

Table 11 

 Younger adults Older adults Statistical comparison 
Age (years) 23 ± 2.3 70.1 ± 6.1 Z = 4.96, p < 0.001* 
Education (years) 16.4 ± 1.3 13.5 ± 4.5 Z = 1.58, p = 0.11 
Gender balance (F/M) 8/9 9/8 χ2 = 0.12, p =0.73 
rMT intensity (% MOS) 43.4 ± 7.3 49.1 ± 6.1 Z = 2.60, p = 0.009* 
TMS millivolt (% MOS) PMv 60.3 ± 11.3 72.5± 12.9 t32 = 2.94, p = 0.006* 
TMS millivolt (% MOS) SMA 58.6 ± 10.8 68.4 ± 12.3 t32 = 2.47, p = 0.019* 
M1 (Talairach coordinates) 

 x 
 y 
 z 

 
-33.9 ± 2.9 
-23 ± 6.4 
59.3 ± 2.3 

 
-35.6 ± 5.4 
-14 ± 6.4 
58.2 ± 4.2 

 
t24.7 = 1.1, p = 0.28 
t32 = 3.72, p = 0.001* 
t32 = 0.93, p = 0.36 

9HPT execution time (s) 21.5 ± 1.8 28.2 ± 3.5 t23.8 = 7.07, p < 0.001* 
FT keystrokes 33.1 ± 2.8 25.3 ± 4.4 t32 = 6.13, p < 0.001* 
vmTMT execution time (s) 14.2 ± 2.5 26.8 ± 8.4 Z = 4.93, p < 0.001* 
4CRT 

 response time (ms) 
 accuracy (%) 

 
418 ± 36 
97.1 ± 0.3 

 
766 ± 170 
97.3 ± 0.2 

 
Z = 4.96, p < 0.001* 
t32 = 0.31, p = 0.76 

Power force (kg) 26.5 ± 7.9 19.6 ± 6.6 t32 = 2.74, p = 0.01* 
Pinch force (kg) 7.2 ± 1.6 7.5 ± 3.1 Z = 0.28, p = 0.78 

Demographic, TMS and motor performance data (mean ± standard deviation) in the two 

groups. 

Preliminary analyses: data reduction 

To reduce dimensionality, an exploratory factor analysis was conducted on performance data 

from the 6 motor tasks. We extracted 2 principal components (PCs) with eigenvalues >1, 

accounting for 85.3% of the total variance in the original measures. The two PCs were rotated 

to simple structure using varimax rotation. Based on factor loadings the two PCs were 

interpreted and labelled (see Table 12). The scores of the four motor tasks based on dexterity 

and motor speed (9HPT, FT, 4CRT, vmTMT) loaded on the first PC, while the two force scores 

(power and pinch grasps) loaded on the second PC. Therefore, these PCs were named PC1-dext 

and PC2-force, respectively.  

Table 12 

 PC1-DEXT PC2-FORCE 
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9HPT 0.89 0.10 

FT -0.83 0.28 

vmTMT 0.93 -0.11 

4CRT 0.90 -0.29 

Power grip force -0.28 0.90 

Pinch grip force 0.01 0.93 

Factor loadings matrix following varimax rotation. For each of the original variables, the 

highest factor loading is in bold. Based on factor loadings, the two PCs were interpreted and 

labeled PC1-dext and PC2-force, respectively.  

Preliminary analyses: Single pulse TMS 

We initially ensured that the two groups showed no difference in MEP amplitudes recorded 

during spTMS trials. The Age x Site x Muscle ANOVA conducted on the log-transformed data 

of the spTMS showed no significant main effect of Age or interaction involving this factor (all 

F < 1.66, p > 0.21). Two main effects approached significance: the main effect of the factor 

Muscle (F1,32 = 3.72, p = 0.063, ηp
2 =  0.1) showing slightly higher amplitudes in the FDI (0.64 

± 0.18) relative to the ADM (0.53 ± 0.29); and the main effect of the factor Site (F1,32 = 3.4, p 

= 0.074, ηp
2 = 0.1), suggesting slightly larger MEPs during SMA blocks (0.61 ± 0.23) compared 

to PMv blocks (0.56 ± 0.18). No other effects approached significance in the ANOVA (all F < 

1.66, all p > 0.21). 

Main analysis: CS-TS Modulations 

The Age x Site x Muscle x ISI ANOVA on the MEP ratios showed a significant Site x Muscle 

interaction (F1,32 = 6.73, p = 0.014, ηp
2 = 0.17) indicating, in the SMA session, larger MEPs for 

ADM with respect to FDI (ADM: 0.74 ± 0.08 versus FDI: 0.71 ± 0.07, p = 0.002, drm = 0.43). 

Furthermore, the ANOVA revealed an Age x Site interaction (F1,32 = 8.45, p = 0.007, ηp
2 = 0.21) 

and an Age x ISI interaction (F6,192 = 2.31, p = 0.035, ηp
2 = 0.07). These interactions were 
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qualified by a three-way Age x Site x ISI interaction (F6,192 = 2.51, p = 0.023, ηp
2 = 0.07). No 

other main effects or interactions reached significance (all p > 0.11). To further analyze the 

three-way interaction, a series of planned comparisons were conducted with the factor Muscle 

collapsed. MEP ratios were analyzed separately for each conditioning site in order to explore 

the differential effect of the ISI between the young and the elderly group.  

Analysis of PMv block, showed that MEP ratios were larger for older than for younger 

participants at the 10-ms ISI (OLD: 0.76 ± 0.1 mV; YOUNG: 0.7 ± 0.08 mV; p = 0.05, ds = 

0.70) and the 16-ms ISI (OLD: 0.77 ± 0.09 mV; YOUNG: 0.68 ± 0.08 mV; p = 0.002, ds = 

1.16). Analysis of SMA block, revealed that MEPs were smaller for older in comparison to 

younger participants at a 10-ms ISI (OLD: 0.70 ± 0.08 mV; YOUNG: 0.77 ± 0.1 mV; p = 0.023, 

ds = 0.82) and at a 12-ms ISI (OLD: 0.71 ± 0.09 mV; YOUNG: 0.79 ± 0.08 mV; p = 0.008, ds 

= 0.97), while at a 20-ms ISI comparison was marginally significant (OLD: 0.69 ± 0.08 mV; 

YOUNG: 0.75 ± 0.08 mV; p = 0.057, ds = 0.68). 

Furthermore, to understand whether PMv or SMA exerted a net modulatory influence on the 

M1 response a series of explorative one-sample t-tests against the control value (i.e., 0.69) 

were conducted on each conditioning site. This allowed the identification of the ISI at which 

the conditioned response (dsTMS) was significantly different from the unconditioned evoked 

potential (spTMS).  

For PMv, the younger group showed excitatory effect at a 8-ms ISI (0.75 ± 0.1 mV; p = 0.023, 

dz = 0.62), whereas the older group revealed a later excitatory effect, i.e., at ISIs of 10 ms (0.76 

± 0.1; p = 0.025, dz = 0.64), 12 ms (0.74 ± 0.08 mV; p = 0.019, dz = 0.64), and 16 ms (0.77 ± 

0.09; p = 0.022, dz = 0.89). 

SMA exerted a general excitatory effect in the younger group since MEPs were larger than 

control at an ISI of 6 ms (0.75 ± 0.08 mV; p = 0.014, dz = 0.67), 8 ms (0.76 ± 0.1 mV; p = 

0.011, dz = 0.7), 10 ms (0.77 ± 0.1 mV; p = 0.004, dz = 0.81), 12 ms (0.79 ± 0.08 mV; p < 0.001, 
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dz = 1.17) and 20 ms (0.75 ± 0.08 mV; p = 0.011, dz = 0.7). Such an effect was not observed in 

the older group where no comparison reached significance (all p > 0.17). 

 

Figure 38 

 

 Age x ISI interaction. Left: PMv site conditioning; right: SMA site conditioning. Red diamonds 

indicate significant t-tests versus 0.69. Asterisks and hashes indicate, respectively, significant 

and marginally significant between-group comparisons. 

These analyses indicate that the same conditioning area at specific ISIs exerts an age-dependent 

effect; PMv influence in elderly seems to be more facilitatory than in younger participants, 

while the opposite is true for SMA, being M1 response more facilitated for younger than older 

participants. These results show 4 intervals of interest: i) PMv at 8 ms ISI (PMv8): excitatory 

for younger participants only, without no clear between group difference; ii) PMv at 10-16 ms 

ISI (PMv10-16): excitatory for older participants only (between group difference); iii) SMA at 

10-12 ms ISI (pS10-12): excitatory for younger participants only (between group difference); 

iv) SMA at 20 ms ISI (pS20): excitatory for younger participants only (between group 

difference) 

Regression models 

To explore whether age and neurophysiological modulation at the 4 intervals of interest 

predicted performance at the motor tasks, 4 standard multiple regression models were carried 
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out. In the first analysis we entered manual dexterity (PC1-dext) as dependent variable and age 

as categorical predictor. Continuous predictors were MEP ratios during PMv blocks at the two 

intervals of interest (PMv8 and PMv10-16, see previous paragraph). We also considered any 

possible interaction between age and the two MEP ratios. The regression model was significant 

(F5,28 = 43.72, p < 0.001, adjR2 = 0.87). PMv8 was a significant predictor of PC1-dext (F1,28 = 

11.2, p = 0.002, ηp
2 = 0.29). Moreover, Age interacted both with PMv8 (F1,28 = 5.7, p = 0.024, 

ηp
2 = 0.17) and with PMv10-16 (F1,28 = 4.38, p = 0.046, ηp

2 = 0.14), whereas other effects were 

not significant (all p > 0.63). 

Parameters estimates show that in the elderly group, PMv8 negatively predicts PC1-dext (B = 

-5.31, p = 0.002, ηp
2 = 0.29), and PMv10-16 positively predicts PC1-dext (B = 3.72, p = 0.037, 

ηp
2 = 0.15). No significant parameter estimates were observed in the young group (all p > 0.37). 

These results suggest that the more the neurophysiological indices of older participants were 

similar to those of younger participants (i.e., greater PMv-M1 facilitation at an 8-ms ISI and 

no/reduced facilitation at the 10-16-ms ISI), the better is the behavioral performance based on 

manual speed and dexterity (i.e., negative values for better performances). 
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Figure 39 

 

Graphical representation of AGE x PMv8 interaction (A) and AGE x PMv10-16 interaction as 

predictors of the PC1-DEXT in young and old participants. Estimates of parameters in the 

elderly group only of the PMv8 effect (C) and PMv-16 effect (D). 

The second analysis was identical to the first except for the continuous predictors. Here, we 

entered MEP ratios from the SMA blocks at the two intervals of interest (pS10-12 and pS20). 

The regression model was significant (F5,28 = 39.72, p < 0.001, adjR2 = 0.85). The interaction 

between Age and pSMA10-12 showed a marginally significant effect (p = 0.058, ηp
2 = 0.12). 

Nonetheless, the pSMA10-12 did not predict significantly PC1-dext of either the younger (B = 
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-1.53, p = 0.28) or the older (B = 2.62, p = 0.11) group. No other main effects of the predictors 

nor their interactions reached significance (all p > 0.13). 

In the third and fourth analyses we entered manual force (PC2-force) as dependent variable and 

included the same predictors used in the first and second analysis, respectively. Results show 

that the third regression model was non-significant (F5,28 = 0.37, p = 0.87, adjR2 = -0.11). 

In contrast, the last regression model, where manual force (PC2-force) was the dependent 

variable, Age the categorical and pSMA10-12 and pSMA20 the continuous predictors, was 

marginally significant (F5,28 = 2.49, p = 0.055, adjR2 = 0.18). Age was a significant predictor (p 

= 0.034, ηp
2 = 0.15) of PC2-force. Moreover, Age interacted with pSMA10-12 (p = 0.006, ηp

2 

= 0.24); no other effects were found (all p > 0.13). Parameters estimates show that pSMA10-

12 positively predicted force values for the elderly group (B = 9.6, p = 0.017, ηp
2 = 0.19) but 

not in the young group (B = -5.48, p = 0.11, Figure 40). Similarly to what we observed for the 

regression models on dexterity data, we found that the more connectivity in the SMA-M1 circuit 

of the elderly was similar to that of younger counterparts, the more preserved was their strength 

performance (i.e., higher strength capability). 

Figure 40 
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Graphical representation of AGE x SMA10-12 interaction as predictors of the PC2-FORCE 

principal component of manual performance.  

Discussion  
Aging is a process that modifies the brain along the lifespan, relentlessly. The weakening of 

density and the disruption of the intrinsic integrity of white matter tracts in aging can 

dramatically affect the flow of the information between brain areas, compromising the 

efficiency of networks processing and eventually its output119,126,348. Accordingly, associations 

between age-related connectivity changes within the motor network and motor behavior have 

been evidenced 310,349. The aim of the present study was to investigate the PMv-M1 and SMA-

M1 connectivity and understand whether discriminative neurophysiological markers of healthy 

aging in the motor system circuitry could predict the behavioral motor performance. To this 

end, we took advantage of the dsTMS paradigm to characterize in young and older adults the 

PMv-M1 and SMA-M1 connectivity at rest in terms of magnitude, direction, and timing. In 

addition, the motor performance of the participants was measured on a series of behavioral 

tests. 

Firstly, we showed that younger and elderly individuals differ regarding both (i) the behavioral 

performance on tasks involving dexterity/visuomotor abilities and force, and (ii) the 

neurophysiological expression of the PMv-M1 and SMA-M1 connectivity. Secondly, once 

factorial analysis categorized the 6 behavioral performances in 2 components of motor 

dexterity/speed and force, we found that the specific markers that emerged from the 

neurophysiological analyses could predict the behavioral performance. Specifically, 

interactions between PMv and M1 are indicative for dexterity/speed performance, whilst the 

SMA-M1 connectivity can predict strength. Importantly, these regression analyses showed that 

the more the neurophysiological markers were similar to the pattern observed in the healthy 

young adult group, the better the behavioral performance. 
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PMv-M1 and SMA-M1 neurophysiological connectivity in young and older adults 

Left M1 excitability was tested at rest as function of either left PMv or SMA conditioning. To 

determine the timing of interactions, we systematically manipulated the ISI between the first 

TMS pulse over the conditioning site and the second M1 pulse. In both young and older 

participants, the interactions were predominantly facilitatory. In detail, PMv-M1 connectivity 

at 8 ms ISI was excitatory for young but not for older participants, who in turn showed 

facilitatory interactions at 10, 12 and 16 ms ISI, whilst young participants did not. Concerning 

SMA-M1 connectivity, in young participants interactions were excitatory in a wide window 

from 6 to 12 ms ISI and again at 20 ms ISI. Conversely, older participants showed no MEP 

modulations. 

Three previous studies 62,224,350 investigated intra-hemispheric PMv-M1 interactions at short 

latencies (< 15 ms of ISI) on resting adults (aged 22-36 years overall) using below threshold 

intensity of the conditioning TMS. Despite few methodological discrepancies (e.g. exact site 

location, coils orientation, TMS intensity manipulation) all of them found inhibition at around 

6-8 ms ISI. However, excitatory interactions at rest have been found by Bäumer and 

colleagues224 at 6 ms ISI with low PMv TMS intensities (80-90% of the active motor threshold, 

corresponding to ~70-80% of the rMT). Furthermore, Fiori and colleagues 218 observed that an 

increase in MEP amplitude during a TMS protocol aimed at enhancing the PMv-M1 

interactions, indicating a magnified physiological facilitatory effect. Lastly, evidence indicates 

that the inhibitory conditioning effect of PMv over M1 turns into facilitation when participants 

are tested during the preparation of a manual movement 62,351. Studies on macaque monkeys 

support this dualism by showing that facilitatory interactions are inherent to the nature of the 

PMv-M1 projections being mainly glutamatergic 352,353, but inhibitory circuits can be disclosed, 

as GABAergic interneurons can mediate PMv effects in accordance with the state of the subject 

31,354. A possible explanation of our facilitatory effect at rest (and conceivably that of Fiori et 
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al. 218) is that previous behavioral tests, stressing the manual performance, may have influenced 

the state of the PMv-M1 circuit. However, we are unable to validate such hypothesis in the 

present study, as the order of the experimental phases (i.e., behavioral before/after 

neurophysiological testing) was not controlled. 

The present results show that the time course of the PMv-M1 effects is altered in aging. It may 

be argued that the shift of the effects from 8 ms to later timings of 10-16 ms indicates a slower 

and prolonged response of the receptors that mediate such interactions, or a general slowing of 

the information transfer caused by age-related differences in the integrity of the projections.  

Indeed, weakening of white matter tracts has been frequently evidenced by DTI studies in the 

elderly 119,126,134,135,355. However, no DTI studies so far focused on the specific PMv-M1 

connectivity in ageing, and the assessment of a causal relation between these DTI metrics and 

TMS connectivity measures in vivo is not obvious. Notably, the time window considered 

ranging from 8 to 16 ms can be mediated by different pathways that implicate either direct 

cortico-cortical (< 12 ms) or cortico-subcortical (> 12 ms) connections involving, in the latter 

case, the basal ganglia 130. Therefore, the motor network of young and older adults can differ 

for their organization, beyond the mere conductivity times. These considerations hold as well 

for the 6-20 ms interactions observed in the SMA-M1 connectivity. Here, age-related 

asymmetries are glaring, as the facilitatory effects of young subjects are nullified in elderly. 

This result is in line with that disclosed by Green and colleagues315 who reported age-related 

differences after conditioning M1 with suprathreshold TMS delivered over a medial site (4 cm 

anterior to the vertex) very close to ours (4.6 cm anterior to the vertex, on average). The ISI at 

6 ms led to MEP facilitation in young adults, while no effect was observed in elderly, 

nonetheless, at 8 ms ISI we found the same pattern of interactions, whereas Green’s group did 

not observe facilitation for young subjects. We further investigated SMA-M1 interactions 

latencies at longer ISIs (> 8 ms) on this specific conditioning site. Overall, the pattern of results 
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confirmed that facilitatory effects are affected by age for all tested ISIs. The absence of any 

effect in older adults may be the result of the cortical atrophy observed in aging, assuming that 

a higher scalp-cortex distance would prevent effective stimulation at low TMS intensity such 

as 90% of the rMT, used here 356. Nevertheless, although delivering the conditioning TMS pulse 

at a higher intensity (~120-130% of the rMT),  Green and colleagues315 still found a lack of 

modulatory effect of SMA over M1. More evidence is needed testing higher TMS intensities, 

comparing multimodal measures to verify the level of brain atrophy, and measuring SMA 

conditioning effect in task conditions (e.g. Mars et al., 2009; Neubert et al., 2010). 

Behavioral performance declines with aging 

As expected, young and older participants performed very differently in the behavioral tasks: 

direct comparisons demonstrate that the two groups can be clearly distinguished by their 

performance at 5 of the 6 tasks. The 9HPT taps on finger dexterity 102,358 and is highly correlated 

with age, having a Pearson’s r coefficient of about 0.60102. This test has been compared with 

the Purdue pegboard test, which is similarly sensitive to aging changes in dexterity 315,359.  

The FT test, instead, provided a measure of motor speed, also affected by age as prior findings 

showed that performance on this task declines starting around 40 years of age 360. However, the 

effect of age on FT is still debated, because of inconsistent findings360. Here, we found a clear 

effect of age, with low tapping rates in older participants suggesting an overall slowing of the 

motor function. 

The 4-CRT requires a speeded selection of the appropriate response cued by an external 

stimulus involving a premotor phase consisting of stimulus detection, cognitive computation 

and response preparation, and a motor phase of movement execution 361. Studies indicate that 

aging significantly slows CRT performances and that the premotor phase is the most affected 

one in older adults 362,363. In keeping, Cuypers and colleagues364 found reduced MEPs inhibition 

in the preparation of the CRT response for older as compared to young adults whilst facilitation 
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was comparable in proximity of movements onset. In support, a DTI study337 indicated that the 

fractional anisotropy (white matter integrity index) of pathways supporting visuospatial 

processing correlates with CRT performance, while neither the corpus callosum nor the internal 

capsule integrity did. Notably, accuracy is not affected negatively by age, on the contrary, older 

adults may show an accuracy bias 365; consistently, in our sample the effect of age was very 

marked on reaction times, while accuracy was comparable between the groups.  

The vmTMT adopted here is a modified version of the trail making test standardized by Kopp 

and colleagues340. The vmTMT is a tracing task that requires no high cognitive processing 

involvement since the trail is openly cued, therefore its administration to normal subjects is 

considered to index their visuomotor skills. Stirling and colleagues 366 reported a performance 

worsening effect of age in a tracing task conceptually similar to our vmTMT and, accordingly, 

older adults of our sample exhibit longer execution times with respect to the younger group. 

Extensive literature documents age-related changes in diverse aspects of force 367. Normative 

data indicate that peak strength in power and precision grip declines as function of age 368–370. 

However, such decrease in strength is not a consistent finding 371. Our data show an age-related 

decrease in maximum force during power grip, but no differences in the pinch grip force. A 

possible explanation is that our sample is much smaller than that of normative studies, and 

greater variance can account for the absence of age-related effects. 

Consistently with the functional conceptualization of these tasks, the factor analysis categorized 

the performances in 2 latent components, one clustering the tasks tapping on motor speed and 

dexterity, i.e., 9HPT, FT, 4CRT and vmTMT, the other clustering force tests of power and 

pinch grip. 

Age-related neurophysiological changes predict behavioral performance in older adults. 
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The key finding of the present study is that age-related changes in the brain can predict 

behavioral performance. Here, we focused on the connectivity of two distinct circuits that drive 

motor behavior. Age-related peculiarity of the PMv-M1 and SMA-M1 connectivity could be 

reduced in 4 intervals of interest that characterized the neurophysiological profile of the 

participants. On the one hand, we found that in older adults the behavioral performance in tasks 

tapping on speed/dexterity skills could be predicted by 2 of these 4 neurophysiological markers. 

On the other hand, we found that a third marker could predict the elderly group performance 

on force tests. Specifically, PMv-M1 interactions at 8 and 10-16 ms ISI predict speed/dexterity 

performance, while SMA-M1 interactions at 10-12 ms ISI predict force generation. 

Results show that the more the neurophysiological interactions were similar to those of the 

young group, the better were the behavioral performances. Better performances in the 

speed/dexterity tasks were associated to those individuals of the older group that showed greater 

MEP facilitation in PMv-M1 at 8 ms ISI (as the younger group); the same holds for PMv-M1 

at 10-16 ms ISI where older subjects with less MEP facilitation (thus, similar to the younger 

group) have better scores. Similarly, in the force tests, elderly subjects with greater SMA-M1 

facilitation, as the younger group, were stronger than those with reduced facilitation. 

The correct deployment of the hand movements to proficiently perform the speed/dexterity 

tasks requires an efficient coupling of visual and somatosensory information that allow fast and 

appropriate manual responses. Visuomotor transformations occur in a fronto-parietal network 

that codes the spatial location of the interacting object, analyzes its properties such as mass, 

shape and size, and selects the appropriate motor command for executing the desired action 

63,372,373. In this network, the premotor cortices are crucial for selecting the appropriate motor 

representation and send input to M1 driving action execution 288,351,374–376. Beyond parietal 

inputs, the premotor complex and particularly its ventral subdivision in the PMv, receives 

projections from the prefrontal cortices, the supplementary eye field and the basal ganglia, 
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which are all structures related to action guidance and performance monitoring 377–379. 

Therefore, it is not surprising that the integrity of PMv-M1 connectivity could determine the 

proficiency in externally visual-guided manual tasks such as those gathered in the PC1-dext 

component. The 9HPT, requiring spatial localization of the small pegs, gross arm movements, 

fine grasping, manipulation and precise placement, was demonstrated to rely on the grasping 

network and, specifically, on the PMv-M1 connection in young adults 218. Regarding the CRT, 

Tuch and colleagues showed that efficiency in this task correlates with integrity of white matter 

connecting the fronto-parietal areas primarily involved in visuo-motor transformation, 

including the tracts of the precentral sulcus lying on the PMv area337. A study on monkeys 

evidenced the importance of the PMv in a CRT task arguing its central role in representing the 

associative rule, selecting the correct response and organizing the action 379. Concerning the 

FT, Riecker and colleagues 380 showed that this task engages the sensorimotor cortex, the basal 

ganglia, the thalamus, the cerebellum and the SMA complex, but older adults were shown to 

overactivate the sensorimotor and the premotor cortices. The vmTMT couples vision to action 

and insists on the control of the direction of hand and forearm movements. Considering the high 

correlation with the other PC1-dext tasks (see Table 12), it is plausible that visuomotor 

pathways and PMv are involved also in the vmTMT. To date neural correlates of tracing tasks 

are still scarce in older adults, but evidence suggests that visuo-motor control of target-directed 

hand movements are coded, beyond the visual system, in a parieto-frontal network involving 

the intraparietal cortex, the dorsal premotor cortex, the supplementary motor area and M1 381,382. 

Altogether, this evidence is compatible with the view of a pivotal role played by the PMv and 

its connection with the M1 in the completion of the tasks gathered in the PC1-dext variable. 

As concerns strength, we observed that SMA-M1 connectivity at 10-12 ms ISI can predict older 

adults’ performance as indexed by PC2-force. During the generation of a grasp with graded 

force, premotor cortices (both ventral and dorsal areas) and the supplementary motor complex 
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are recruited 333,334,383–385. The cortico-spinal system, indeed, seems to be regulated online by 

these cortices to fit the motor output required to the tasks demands, especially when pinch grip 

is performed 386,387. Evidence suggests that such regulation can occur directly via cortico-spinal 

projections originating from the SMA, bypassing M1388. It has been shown that, in contrast with 

younger subjects, older adults performing paced finger or wrist movements activate extensively 

a large medial region encompassing the SMA and peaking in SMA-proper389. This appeared as 

a compensation exerted by medial and anterior premotor cortices to generate a required motor 

output390. This suggests that, to obtain a strong grip, elderly do rely on the recruitment of the 

SMA complex and the more the region is effective in modulating the motor output, the better 

the performance. Although still debated334, researchers generally agree that increasing force 

production is related to M1 activation in older adults 391. Both the extent and the magnitude of 

M1 engagement have been reported to change in aging, suggesting its dominant role in 

maximum voluntary contraction tasks where no high-level control is fundamental 392,393. In this 

context the association we found between SMA-M1 connectivity and peak force is a novel 

finding, and apparently in contrast with previous studies 394,395. Spraker and colleagues (Spraker 

et al., 2007; see also Turner and Desmurget, 2010) demonstrated that increased force generation 

was accompanied by increased activation of basal ganglia, specifically the subthalamic nucleus 

(STN) and the internal portion of the globus pallidus. Basal ganglia and the STN are 

physiologically connected to SMA 398,399 and the SMA-STN-M1 route has connectivity timings 

of about 12 ms 130, such as the ISI driving the present findings. Therefore, it can be argued that 

the facilitatory physiological inputs from SMA to M1, involving basal nuclei, may contribute 

to the generation of high level of forces, whilst their absence in older adults can partially 

account for the exhibited loss of force. 

Conclusions 
In the present study we showed that young and elderly adults have distinct neurophysiological 

and behavioral profiles, and that certain neurophysiological connectivity features can predict 
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the behavioral peculiarities of older people. Among the multifarious factors that determine the 

behavioral decline that accompanies aging, we corroborate the view that the connectivity 

between brain networks plays a central role and therefore it is worth of deep investigation. Our 

findings could yield strong significance in the field of non-invasive neural stimulation since 

they allowed the identification of brain connectivity criticalities that can be manipulated and 

reinforced in order to assist the recovery of deficient functions and contribute to ameliorate the 

well-being of the elderly. 
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Chapter 8 - Transcranial cortico-cortical paired associative stimulation (ccPAS) over ventral 

premotor-motor pathways enhances action performance and corticomotor excitability in young 

adults more than in elderly adults 

Introduction 
Plasticity refers to the brain's ability to change its structure and function in response to 

experience, a characteristic of the brain that persists well beyond infancy. Yet, during aging, 

progressive neuronal dysfunctions may lead to reduced plasticity400–402, potentially contributing 

to functional decline. For example, in the domain of motor control, older adults consistently 

show reduced manual dexterity and speed403,404. Although part of this impairment may result 

from peripheral changes, affecting for instance muscles or nerves, evidence also shows reduced 

white matter volume and density132,405,406 and altered cortico-cortical interactions within 

premotor-motor networks in aging adults315,407–409. Reduced manual performance in daily 

activities that involve object grasping and manipulation may reflect altered neural mechanisms 

within the dorsolateral visuomotor stream, particularly between the ventral premotor cortex 

(PMv) and the primary motor cortex (M1), which are key sensorimotor areas instrumental to 

transforming the intrinsic geometric properties of an observed object into appropriate motor 

commands39,58,95. Yet, whether younger and older adults show different sensitivities to 

exogenous inductions of plasticity in PMv-M1 connectivity via induction of plasticity between 

PMv and M1 is a relevant and entirely unexplored research question. To fill this gap, here, we 

used transcranial magnetic stimulation (TMS) to induce Hebbian associative plasticity in the 

PM-M1 network and investigate its effects on corticomotor excitability and manual motor 

performance in healthy elderly and young adults. 

We used a TMS protocol called cortico-cortical paired associative stimulation (ccPAS), which 

is based on the Hebbian principle of associative plasticity. The ccPAS protocol involves 

repeatedly applying pairs of TMS pulses over two interconnected brain sites34,36,42,46,100, using 
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an optimal interstimulus interval (ISI) between the pulses so that, for each TMS pair, the first 

pulse administered over the first site (containing “pre-synaptic neurons”, according to the 

Hebbian principle) would induce activity that spreads to the second site (containing “post-

synaptic neurons”) immediately before or simultaneously with the TMS pulse over that second 

site. This pre- and post-synaptic coupling mimics patterns of neural stimulation instrumental to 

achieving spike timing-dependent plasticity (STDP)18,19, thus enhancing (or weakening) the 

strength of the neural pathway connecting the stimulated brain areas. 

Studies have shown that ccPAS can be used to induce STDP in the PMv-to-M1 pathway, 

leading to enhanced corticomotor excitability and network efficiency31,32,37,39,101,153,410; in 

particular, studies have shown that PMv-M1 ccPAS can enhance hand function and 

corticomotor excitability in young adults31,39,410. Moreover, consistent with the Hebbian 

principle, prior studies have shown that no similar enhancement is observed when reversing the 

order of the pulses or administering sham ccPAS31,39,153. However, none of the previous studies 

have tested whether Hebbian plasticity can be induced in elderly adults using ccPAS. This is a 

potentially relevant question to scrutinize as testing ccPAS efficacy in the aging brain would 

stimulate clinical investigation of this protocol in aging-related pathological conditions such as 

neurodegenerative disorders.  

To test whether enhanced efficiency of the PMv-to-M1 pathway could be obtained in older 

individuals and explore the relationship between physiological indices of STDP and manual 

dexterity, here, we administered ccPAS over the left PMv-to-M1 circuit in a sample of healthy 

young and elderly adult participants and assessed changes in manual dexterity after stimulation. 

Materials and Methods 

Participants 
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We tested 28 healthy volunteers, divided into two groups of 14 individuals each based on their 

chronological age (Table 13). This sample size was based on a power calculation computed in 

Gpower, using a power (1-β) of 0.80 and an alpha level of 0.05 two-tailed. Assuming a 

medium/large effect size (f=0.32), based on previous results that used a similar ccPAS protocol 

in healthy young adults39, the suggested sample size was of 24 participants. We increased the 

sample size to 28 to account for possible attrition or technical failures. All participants were 

right-handed, based on the Edinburgh Handedness Inventory261 (mean score 88.5 ± 20.8), had 

normal or corrected-to-normal vision and were naïve to the purpose of the experiment. All 

participants gave written informed consent prior to the study, and were screened to avoid 

adverse reactions to TMS24. Older participants were not cognitively impaired, as indexed by 

the Mini Mental State Examination (MMSE, mean corrected score 27.1 ± 0.2, range 24.2-28.4) 

and the Raven's coloured progressive matrices (mean corrected score 29.6 ± 0.5, range 29-39), 

and they had adequate power grip and precision grip strengths, as assessed by a force 

transducer. None of the participants reported adverse reactions or discomfort related to TMS. 

Physiological data (motor-evoked potentials, MEPs) from one elderly participant were 

excluded due to technical failure. All analyses were conducted on 14 young adults and 13 older 

adults, including analyses of behavioural data. Importantly, all the statistical results observed 

in the behavioural data were fully replicated when including the older participant with no 

physiological data. 

Procedure 

To evaluate changes in manual dexterity after inducting plasticity in PMv-M1 pathway, the 

participants performed an experimental task, i.e., the 9-Hole Peg Test (9HPT), and a choice 

reaction task (cRT) as a visuomotor control task (for tasks details, see the next paragraph). After 

a brief training phase (~10 minutes), participants were asked to perform the two tasks at four 

timepoints (Figure 41a), two before ccPAS (“Baseline” and “Pre” sessions), one immediately 
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after (“Post0”) and one 30 minutes after ccPAS (“Post30”). Each session lasted ~5 min, during 

which the two tasks were administered in a counterbalanced order across participants. Sessions 

were separated by a rest period of ~25 minutes. The experimental procedure (lasting 

approximately 2.5h) was in accordance with the Declaration of Helsinki and approved by the 

Bioethics Committee of the University of Bologna. 

Behavioral tasks 

The 9HPT is widely used to assess fine dexterity in the hand. It requires participants to finely 

shape their hand in order to grasp and manipulate small objects411,412; thus, it is thought to rely 

on the activation of the dorsolateral stream59,63. Indeed, performance on the 9HPT correlates 

with the recruitment of sensorimotor areas, including PMv and M1146. Critically, this task was 

found to be sensitive to non-invasive manipulations of the motor system236,413 including the 

strength of the PMv-to-M1 pathway39. The 9HPT apparatus consisted of a plastic board with 9 

small holes organized in a 3x3 matrix.  

Upon receiving the start command, participants pressed the space bar on a nearby laptop to start 

a clock, picked up the nine small pegs, put each peg into one of the nine holes with their right 

hand, one at the time, then removed them one by one, returned them to the box, and pressed the 

same space bar to stop a clock and record their performance time. Participants were required to 

execute the task as quickly as possible. Participants performed 5 repetitions of the task at each 

timepoint (Baseline, Pre, Post0, Post30). 

The cRT was used as a control visuomotor task. We used a 2-choice version of the cRT to 

assess simple visuomotor mapping based on learned associations. We selected this task 

because, similarly to the 9HPT, the cRT requires visuomotor transformation and shows 

sensitivity to TMS of M1414,415. Crucially however, the cRT task does not involve object 

grasping and manipulation, whose control relies on PMv integrity58,190 and PMv-to-M1 
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connections39. Thus, we expected its performance not to be affected by the modulation of the 

PMv-to-M1 pathway connectivity, in line with prior observations39. Participants were 

instructed to respond by releasing the key pressed by the index or middle finger of the right 

hand according to which number (‘1’ or ‘2’) was displayed with equal probability on a monitor 

placed ~80 cm in front of them. Participants were instructed to perform the task as quickly and 

accurately as possible. Each task consisted of 40 trials. Task accuracy (% of correct response) 

and mean reaction times (RTs) of correct responses were collected for each session. 

ccPAS protocol 

The ccPAS pulses were administered by means of two figure of eight branding iron coils (inner 

coil diameter of 50 mm) connected to two Magstim 2002 monophasic stimulators (The Magstim 

Company, Carmarthenshire, Wales, UK). These small focal coils are designed with the handle 

pointing perpendicular to the plane of the wings and could be positioned near to each other 

without interference from the handles. Ninety pairs of TMS pulses were delivered continuously 

at a rate of 0.1 Hz for 15 min31,32,35–37,100; in each pair PMv stimulation preceded M1 stimulation 

by 8 ms31,32,39 to activate short-latency connections from PMv to M162,64. The 0.1 Hz frequency 

was selected to be consistent with prior ccPAS studies conducted by both our39,153 and other 

research groups31,32,101; additionally, the use of such frequency allowed us to exclude the 

possibility that any observed effect produced by ccPAS might have been due to the repeated 

stimulation of a single area, rather than the manipulation of the synaptic efficacy of PMv-to-

M1 connections, as 0.1 Hz stimulation was found to be ineffective at modulating the excitability 

of the stimulated cortical site416. 

 PMv pulse intensity was set to 90% of the individual’s resting motor threshold39,153 defined as 

the minimum stimulator output intensity able to induce MEPs > 50 μV in 5 out of 10 

consecutive trials21. In all participants, the resting motor threshold (rMT) was assessed 
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immediately before the ccPAS protocol. M1 pulse intensity was adjusted to evoke ~ 1 mV 

MEPs31,32,39. This suprathreshold intensity allowed us to record MEPs during paired stimulation 

and measure corticomotor excitability changes online39,153 (Figure 41b). The pulses were 

triggered remotely using MATLAB (MathWorks, Natick, USA) to control both stimulators. To 

minimize discomfort, before starting the administration of the ccPAS, we exposed participants 

to active stimulation of the PMv, using 3–4 pulses of increasing intensity. All participants 

reported that the stimulation was tolerable. 

The coil positions to target the left PMv and left M1 were identified using established methods. 

While the hand representation in the left M1 was identified functionally based on MEPs from 

the right first dorsal interosseus (FDI) muscle21, the left PMv was identified using the SofTaxic 

Navigator System (Electro Medical System, Bologna, IT) as in previous studies75,91,230. Skull 

landmarks (nasion, inion and 2 preauricular points) and ~80 points providing a uniform 

representation of the scalp were digitized by means of a Polaris Vicra digitizer (Northen 

Digital). An individual estimated magnetic resonance image (MRI) was obtained for each 

subject through a 3D warping procedure fitting a high-resolution MRI template to the 

participant's scalp model and craniometric points. This procedure has been proven to ensure a 

global localization accuracy of roughly 5mm223. To target the left PMv, the coil was placed on 

a scalp region overlying the Talairach coordinates: x = -52; y = 10; z = 2439,153. These 

coordinates were obtained by averaging previously reported coordinates190,192 ; those studies 

showed that stimulating this ventral frontal site (at the border between the anterior sector of the 

PMv and the posterior sector of the inferior frontal gyrus) affected planning, execution and 

perception of hand actions. These coordinates were also consistent with those used in TMS 

studies targeting PMv-to-M1 connections62,64. The Talairach coordinates corresponding to the 

projections of the left PMv and left M1 scalp sites onto the brain surface were automatically 

estimated by the SofTaxic Navigator from the MRI-constructed stereotaxic template; the 
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resulting Talairach coordinates in the two age groups can be found in Figure 41d. Coils were 

held to induce current flows consistent with previous dual-site TMS and ccPAS studies 

targeting PMv and M131,62,74. The left PMv coil was placed tangentially to the scalp, inducing 

a posterior-to-anterior and lateral-to-medial current flow in the brain pointing toward the M1 

coil, in keeping with prior dual coil and ccPAS studies targeting the PMv-M1 circuit31,39,62; the 

left M1 coil was placed was placed tangentially to the scalp and oriented at a ~45 angle to the 

midline, inducing a posterior-to-anterior current flow, optimal for M1 stimulation179. This dual 

coil configuration is proposed to recruit presynaptic input from PMv to pyramidal cells located 

in layer 5 of M1410. 

During the ccPAS protocol, participants remained relaxed with the eyes open, and MEPs were 

recorded from the right FDI by means of surface Ag/AgCl electrodes placed in a belly-tendon 

montage, with the ground electrode placed on the right wrist. EMG signals were acquired by 

means of a Biopac MP-35 electromyograph (Biopac, USA) electromyograph, band-pass filtered 

(30–500 Hz) and digitized at a sampling rate of 5 kHz. EMG traces were stored for the analysis 

of MEPs recorded online during the ccPAS. Peak-to-peak amplitudes of each MEP were 

assessed. MEPs too small (≤50µV) or preceded by EMG activity deviating ≥2SD from the 

participant’s rectified mean were discarded. The remaining MEPs (89% of total trails) were 

smoothed through a sliding average with a 7-trial window width (Figure 41b). 

Data Analyses  

Mean values of 9HTP and cRT performance indices (i.e., 9HPT execution time, cRT accuracy 

and cRT speed) were computed for each session and compared at Baseline between groups 

using an analysis of variance (ANOVA). To account for Baseline differences between groups 

and normalize the data distributions, 9HTP and cRT performance indices in the Pre, Post0 and 

Post30 sessions were expressed as % of Baseline and then submitted to Age (young, elderly) x 
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Time (Pre, Post0, Post30) ANOVAs, one for each behavioral metric. Post-hoc analyses were 

conducted using Duncan’s tests. MEPs were assessed by measuring peak-to-peak EMG 

amplitude (in mV). A MEP modulation index was computed as the difference between the last 

and the first 10 MEPs, and compared between groups using an ANOVA (Figure 41c). To 

investigate whether neurophysiological indices of Hebbian plasticity predicted the magnitudes 

of behavioral changes following ccPAS in the two groups, we used general regression models 

with MEP modulation during ccPAS and its interaction with age as predictors of ccPAS-

induced behavioral changes in the 9HPT at i) Post0 and ii) Post30 timepoints. 

Figure 41 

 

A. Experimental design. B. MEPs during ccPAS in elderly (blue) and young (red) participants. 

C. MEP modulation index in the two groups (last 10 MEPs relative to the first 10 MEPs 
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acquired during ccPAS). D. Individual subjects' targeted sites reconstructed on a standard 

template using icbm2tal after conversion to MNI space. Error bars represent standard error of 

the mean; *= p≤0.05, **= p≤0.01; ***= p≤0.001. 

Results 
Table 13 shows that, at Baseline (i.e., before ccPAS), younger participants showed better motor 

performance than elderly participants, with faster execution times in the 9HPT (p<0.001, 

Cohen’s d=1.93) and in the cRT RTs (p<0.001, Cohen’s d=2.06), but comparable cRT accuracy 

(p>0.96). Elderly participants had higher rMTs than younger participants (p<0.001), whereas 

the two groups did not differ in the intensity necessary to induce MEPs with an amplitude of 

about 1 mV (p=.54). 

Table 13 

 Elderly Young 
Stat. Analyses 

Age: mean year ± SD 72 ± 6 y 24 ± 3 y 
t25 = 24.98, p = 
0.02 

rMT: mean max 
stimulator output ± SD 

57 ± 17% 43 ± 9 % 
t25 = 2.71, p = 
0.01 

1 mV intensity: mean 
max stimulator output ± 
SD 

70 ± 18 % 66 ± 15 % t25 = .61, p = 0.54 

Baseline 9HPT: mean 
execution time in s ± SD 

31 ± 7 s 22 ± 2 s 
t25 = 5.09, p < 
0.001 

Baseline cRT: mean 
execution time in ms ± 
SD 

597 ± 139 ms 392 ± 24 ms 
t25 = 5.45, p < 
0.001 

Baseline cRT accuracy: 
mean % of correct 
resonses ± SD) 

96 ± 7% 96 ± 3% t25 = -.05, p = 0.96 

Demographic information, neurophysiological parameters and motor performance at Baseline 

of the two groups. 

During ccPAS, young participants showed a gradual enhancement of MEPs that accurately fit 

a linear distribution (f(x)= 0.0048*x+0.964; R2
adj=0.68), whereas no consistent change was 

observed in older individuals (see Figure 41b). Figure 41c shows that young participants had 
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larger MEPs at the end of ccPAS than at the beginning (F1,13=21.48, p=0.0005, ηp
2=0.62), 

whereas no difference between MEPs at the end and the beginning of the protocol was observed 

in elderly participants (F1,12=2.46, p=0.14, ηp
2=0.16); moreover, changes in MEPs were larger 

in young participants than in elderly participants (F1,25=7.06, p=0.013, ηp
2=0.22). 

An ANOVA on 9HPT performance ratios (% of Baseline) with the between-subjects factor Age 

(young, elderly) and the within-subjects factor Time (Pre, Post0, Post30) showed a main effect 

of Time (F2,50=11.53, p<0.001, ηp
2=0.31), qualified by a significant Age*Time interaction 

(F2,50=8.12, p<0.001, ηp
2=0.24; Figure 42a). Young participants showed a reduction in 9HPT 

execution time following ccPAS (Post0: 95%±7%, p=0.015, Cohen’s d=0.68; Post30: 

91%±6%, p=0.002, Cohen’s d=1.54), relative to pre-ccPAS levels (Pre: 98%±6%). In contrast, 

we found no performance improvement in older participants (Pre: 97%±6%; Post0: 98%±7%; 

Post30: 97%±7%; all p≥0.25). Furthermore, while performance did not differ between groups 

at Pre (p=0.66), and Post0 (p=0.20), it was significantly different at Post30 (p=0.037, Cohen’s 

d=0.88), indicating that PMv-to-M1 ccPAS improved hand dexterity in young participants only, 

with larger effects 30 minutes after the end of the ccPAS protocol. 

A similar Age x Time ANOVA on cRTs performance (% of Baseline) showed no main or 

interaction effects on accuracy (all F≤0.51, p≥0.61) or speed (all F≤2.70, p≥0.08; see Figure 

42b).   
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Figure 42 

 

A. 9HPT performance improved following PMv-to-M1 ccPAS in young but not elderly 

participants. B. In both groups, the ccPAS manipulation did not affect cRT performance. Error 

bars represent standard error of the mean; *= p≤0.05, **= p≤0.01; ***= p≤0.001. 

Finally, we tested whether neurophysiological indices of Hebbian plasticity predicted changes 

in behavior following ccPAS. We carried out two regression models testing the MEP 

modulation index and its interaction with age as predictors of 9HPT performance changes at 

Post0 and Post30. Both models were significant (Post0: R2
adj=0.31; Post30: R2

adj=0.23; all 

F≥4.89, p≤0.017, ηp
2≥0.29), showing that only MEP modulation only predicted the magnitude 
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of 9HPT speed increases at Post0 (β=-0.54, p=0.003; Figure 43a) and Post30 (β=-0.53, p=0.005; 

Figure 43b).  

Figure 43 

 

A. Cortical plasticity predicts 9HPT performance changes following ccPAS at Post0. B. 

Cortical plasticity predicts 9HPT performance changes following ccPAS at Post30. 

Discussion 

Repeatedly administrating TMS to PMv prior to TMS of M1 evokes synchronous pre- and 

postsynaptic activity in the PMv-to-M1 pathway, thus strengthening that network via 

STDP31,32,37,39,101,153,410. Our results indicate that, by strengthening PMv-M1 cortico-cortical 

connectivity, the ccPAS protocol effectively enhances 9HTP performance in young adults39, 
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confirming the crucial role of PMv-M1 interactions in visually guided fine manual 

dexterity39,58,95. The behavioural enhancement was specific to an experimental task that taps 

into PMv-M1 functioning (i.e., the 9HPT)39,58,95, and was not observed in a control task that 

engages the PMv-M1 network to a lesser extent. 

Remarkably, behavioural improvements were predicted by a progressive growth in MEP 

amplitude during ccPAS, such that individuals who displayed greater increase in corticomotor 

excitability at the end of the ccPAS (Figure 41c) – reflecting the malleability and enhanced 

efficiency of the targeted circuit153  – also showed stronger improvements in 9HPT 

performance. The progressive nature of the reported plastic effects, already apparent in the 

neurophysiological modulation of MEP size during ccPAS, and building up at the behavioural 

level after the end of the ccPAS intervention, is consistent with the time course of Hebbian 

plasticity19,417 and LTP-like effects previously described in both the human motor system152,418 

and the visual system35,36,38,42. Interestingly, behavioral enhancements increased in magnitude 

over time, with a smaller (although already fully significant) effect detected at Post0 and 

becoming more prominent at the Post30 timepoint, in keeping with other ccPAS studies 

showing similar temporal dynamics35,39,42. 

Neither behavioural nor neurophysiological changes were not observed in older individuals, in 

line with previous evidence of reduced synaptic plasticity in the aging brain400–402. Additionally, 

we replicated robust previous findings of reduced manual dexterity and speed in the elderly400–

404, and preserved accuracy419. Although our elderly sample did not show a consistent 

improvement in dexterity on the 9HPT following ccPAS, the relationship between increased 

motor excitability during the protocol and hand dexterity improvement was similar in both 

young and old participants– suggesting that preserved physiological indices of STDP predict 

behavioural improvement after ccPAS not only in young adults, but in the elderly as well. This 

further supporting the link between plasticity and motor function. Thus, our findings expand 
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prior work showing altered cortico-cortical connectivity in aging132,315,406–409, by highlighting a 

reduction in Hebbian plasticity within the PMv-M1 network.  

Our study emphasizes potential challenges in applying protocols such as ccPAS to induce STDP 

in the aging brain. First, we found that older adults displayed both a reduced manual dexterity 

at Baseline and reduced plastic potential and responsiveness to ccPAS, compared with young 

adults; the relation between these two findings is unclear, and worthy of further inspection, to 

clarify whether reduced plasticity could be a contributing factor to functional decline in the 

elderly. If that was the case, an effort to find innovative and non-invasive methods to promote 

and facilitate plasticity in the aging brain would be of paramount relevance. To this aim, our 

findings raise the interesting question of how to adapt and personalize the available non-

invasive brain stimulation tools to the aging population. Indeed, in the present work, we have 

employed a well-established ccPAS protocol31,32,39,153  which is informed by the known 

connectivity timing and patterns of connectivity explored in healthy young adults62,64, to 

repeatedly activate the targeted pathway in a way that is consistent with its physiological wiring. 

However, previous results indicate that connectivity in the motor systems of elderly adults may 

be characterized by disrupted cortico-cortical interactions315,408; hence, the implementation of 

protocols adapted to this physiological shift would be advisable. 

  Therefore, our study calls for further research exploring the residual plastic potential of the 

aging brain and elucidating how to implement non-invasive brain stimulation to effectively 

promote plasticity in the healthy elderly population. 
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Chapter 9 – Neurophysiological biomarkers of ventral premotor-motor network plasticity 

predict motor performance in young and elderly human adults. 

Introduction 
Aging is commonly described as progressive physiological changes in an organism that 

lead to senescence and a decline in a variety of cognitive and biological 

functions120,124,125,406,439,440. In neuroscience, aging is usually associated with a progressive 

decrease in motor abilities, including a deterioration of fine motor control. Even when healthy, 

aging is accompanied by a continuing dwindling in motor functions that are essential to 

everyday living, such as manual dexterity and object manipulation293,441. This decline can be 

ascribed to several causes, including age-related modifications of the central nervous 

system116,117 and the reported brain-wide changes at the structural and functional level observed 

in old age440. Concerning the sensorimotor networks, gray matter atrophy is reported in the 

precentral and postcentral gyri124,125; furthermore, older adults show reduced white matter 

volume and density relative to younger adults120,406, and other structural and functional 

alterations over sensorimotor areas, that correlate with poor motor performance116,118,120,123-

125,442,443.  

Neurophysiological studies have also documented altered cortico-cortical connectivity 

between premotor areas and the primary motor cortex (M1) in aging315,407-409. For example, 

studies have used transcranial magnetic stimulation (TMS) to investigate the strength of 

connectivity between the supplementary motor area (SMA) and M1, and reported that the 

conditioning effect exerted by SMA stimulation over M1 excitability is reduced in older adults 

compared to younger counterparts, indexing weaker SMA-to-M1 connectivity315,408; moreover, 

the greater modulatory effect of SMA conditioning over M1 was associated with better motor 

performance, suggesting that the efficiency of SMA-to-M1 projections predicted individual 

differences in motor abilities315.  
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The capability of a brain network to adapt to experience – i.e., the plasticity of the network 

– is a main feature of its efficiency. According to the Hebbian principle, interactions between 

neurons are dynamically shaped based on spiking activity: synapses are potentiated when 

presynaptic neurons repeatedly and coherently fire immediately before postsynaptic neurons. 

This concept is broadly referred to as spike-timing-dependent plasticity (STDP)12,18,19,45. 

Growing evidence suggests that plasticity is altered in the aging brain and, more specifically, 

animal studies found a reduction in STDP with advanced age444-448. However, to date, evidence 

that age-related modifications of cortical plasticity in humans predict reduced behavioral 

performance is still meager400-402.  

A valuable protocol for studying brain plasticity at the network level is the cortico-cortical 

paired associative stimulation (ccPAS) TMS paradigm. The ccPAS protocol is a dual coil TMS 

method for inducing Hebbian associative plasticity between targeted brain areas. It consists of 

the repeated application of pairs of TMS pulses over two cortical areas33,35,36,38,42,100; in each 

pair, the pulse over the first stimulated target node (containing the “pre-synaptic neurons”) is 

immediately followed by a second pulse over a connected node (containing the “post-synaptic 

neurons”) with an optimal inter-stimulus interval (ISI) so to mimic a pattern of neuronal 

stimulation ideal for inducing STDP. 

A series of studies have successfully applied the ccPAS in the motor 

system32,33,54,56,100,101,106,449, particularly over the PMv-M1 network, showing effective 

modulation of motor excitability109,410,37,39,153 and hand motor functions39. However, to date, 

these results have been mainly observed in young adults. One study applied a single dose of 

ccPAS over the posterior parietal cortex (PPC) and M1 in Alzheimer’s disease patients and 

healthy elderly controls and found ccPAS to induce a MEP increase only in the latter group450, 

in line with neurophysiological evidence of preserved PPC-M1 connectivity in healthy elderly 

individuals but not Alzheimer’s disease patients451. On the other hand, to the best of our 
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knowledge only one study conducted in our lab has applied ccPAS over the PMv-M1 circuit in 

older individuals (Chapter 8): we administered PMv-M1 ccPAS in young and elderly 

participants, and found that while the protocol induced neurophysiological and behavioral 

effects coherent with the principles of STDP in young individuals, it did not have the same 

effect in the elderly group. Our findings indicate that enhancing PMv-to-M1 connectivity via 

ccPAS consistently improved fine manual performance in young adults, more than in the elderly 

group, thus indicating a different effectiveness of the ccPAS protocol in the two age cohorts. 

Furthermore, while young participants displayed a progressive MEP increase during the ccPAS 

administration39,153, elderly individuals did not consistently show this modulation (Chapter 8). 

These findings appear in line with the evidence mentioned above of altered premotor-motor 

connectivity in healthy elderly individuals315,407-409.  

However, while cortico-cortical plasticity of a network reflects a key feature of its 

efficacy, a relevant and so far, unanswered question is whether age-related modifications of 

PMv-M1 plasticity in humans are associated with reduced behavioral performance. To fill this 

gap, we leveraged the ccPAS study presented in Chapter 8 to investigate the relation between 

physiological changes induced by ccPAS and baseline manual motor performance, across 

healthy elderly and young individuals. The ccPAS parameters we decided to adopt (i.e., the 

intensities of PMv and M1 stimulations and the interstimulus interval between them in each 

paired stimulation) were selected to repeatedly activate and strengthen a facilitatory cortico-

cortical pathway from PMv to M1; indeed, based on studies conducted in our lab, the ccPAS 

protocol used here recruits facilitatory PMv-to-M1 connections (Chapter 2) and induces a 

gradual MEP increase during administration in the overwhelming majority of healthy young 

participants153.  

Specifically, we monitored the gradual MEP increase observed during ccPAS153 (Chapter 2 and 

8) reflecting cortico-cortical plasticity of the PMv-M1 network as a proxy of the network’s 
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efficiency. If such neurophysiological marker of Hebbian plasticity is an effective indicator of 

the functionality of the network, we expect that across age groups, MEP facilitation during 

ccPAS would predict interindividual differences in motor performance. 

Material and Methods 
Participants  

We tested 28 individuals, divided into 14 young adults and 14 elderly adults (see Table 14 for 

demographic details). All participants were right-handed, based on the Edinburgh Handedness 

Inventory261 (mean score 88.5 ± 20.8), had normal or corrected-to-normal vision, naïve to the 

purpose of the experiment and had no contraindication to TMS23. According to the Mini Mental 

State Examination (MMSE, mean corrected score 27.3 ± 2.1, range 24.2-28.4) and the Raven's 

100 coloured progressive matrices (mean corrected score 29.8 ± 4.8, range 29-39), older 

individuals were not affected by age-associated cognitive deficits. Furthermore, they showed 

adequate power and precision grip strength, as measured by a force transducer, necessary to the 

execution of the selected visuomotor tasks.  

All the experimental procedures were performed in accordance with the 1964 Declaration 

of Helsinki and later amendments177, and approved by the Department of Psychology “Renzo 

Canestrari” Ethical Committee and the Bioethics Committee at the University of Bologna. 

During the experiment the recommended safety procedure for non-invasive brain stimulation 

administration during the COVID-19 pandemic was followed178. No adverse reactions or TMS-

related discomfort were reported by participants or noticed by the experimenters. 

Table 14  

Group Age Gender 
Elderly 71.21 years ± 6.95 Males = 11, Females = 3 
Young 23.08 years ± 2.91 Males = 6 Females = 8 

Statistical analyses t26 = 23.13, p < 0.0001 Yates's 2
 = 2.40, p = 0.12 

The table shows the mean age ± standard deviation, the number of males and females in the 

two age groups and the respective statistical comparisons. 
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Behavioral tasks 

To evaluate baseline motor performance participants were asked to execute the 9-Hole Peg Test 

(9HPT), which assesses fine manual dexterity, and a choice reaction task (cRT) to assess the 

speed of visuomotor transformation. The 9HPT is a test commonly used to evaluate fine manual 

dexterity, as it requires participants to finely adjust and shape their hand to manipulate small 

objects (i.e., the pegs) to place them one by one into small holes102,412. The 9HPT apparatus 

consisted of a plastic board with 9 small holes organized in a three-by-three matrix. The distance 

between the holes was 3.2 cm, and pegs were placed in a tray of 8.5 x 10.4 x 2.3 cm fixed 

adjacent to the board. After receiving the start command, participants were instructed to press 

the space bar on a keyboard placed close by to start a clock; then, they had to pick up the nine 

small pegs with their right hand and put them one by one into one of the nine holes , and 

subsequently remove them one by one, returning them to the box; finally, they pressed the same 

space bar to stop the clock and record the performance speed of each trial. Participants were 

instructed to execute the task as quickly as possible.  

To assess alertness and manual speed we employed a cRT; in particular, we used a 2-choice 

version of the cRT. In this version of the task the participants had to respond by releasing the 

key pressed by the index or middle finger of the right hand according to the number ‘1’ or ‘2’ 

displayed with equal probability on a monitor placed ~80 cm in front of them. Participants were 

instructed to perform the task as quickly and accurately as possible. Task accuracy (% of correct 

response) and mean reaction times (RTs) of correct responses were collected for each session. 

Evidence indicates that performance at 9HPT and cRT is associated with activation of 

sensorimotor areas including PMv and M1146 and brain stimulation over these regions was 

found to modulate performance of both these tasks39,236,414,415,452.  
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After a brief training phase (~10 minutes), participants were asked to perform the two tasks in 

two separate blocks. In each of the two blocks, participants performed 5 iterations of the 9HPT 

and 40 trials of the cRT. Data from these two blocks were averaged. Motor performance was 

also tested in two blocks after ccPAS; results on the aftereffects of ccPAS in both groups have 

been reported elsewhere (Chapter 8). In the presented research we focused on the relation 

between neurophysiological indices of brain plasticity during ccPAS (see below) and individual 

differences in motor performance (9HPT and cRT) as measured before ccPAS. 

ccPAS procedure and electrophysiological recordings  

ccPAS was administrated over the left PMv-to-M1 circuit in all participants.  We set TMS 

intensity and coil positions before the ccPAS protocol, which consists of 15 min of dual site 

TMS delivered at a rate of 0.1 Hz (90 pairs of pulses; Figure 44a).  In each pair, PMv stimulation 

preceded M1 stimulation by 8 ms to best activate the PMv-to-M1 pathway62 (Chapter 2). 

Indeed, while PMv-M1 cortico-cortical interactions occur at different time scales62,75,76, the 

most consistent interstimulus interval (ISI) to condition M1 activity with PMv stimulation in 

an early window is a 8-ms ISI62 (Chapter 2). 
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Figure 44 

 

(a) Experimental design. Behavioral assessment was followed by the administration of a 

ccPAS protocol over the left PMv and M1. For each paired PMv-M1 stimulation of the ccPAS 

protocol, a MEP was collected from the right FDI; (b) mean MEP amplitudes recorded 

during the ccPAS in elderly (blue) and young (orange) participants along 9 epochs; c) linear 

slope of MEP increase during ccPAS in the two groups. Error bars represent standard 

deviations; ***= p≤0.001. 

The PMv pulse intensity was set at 90% of the individual’s resting motor threshold (rMT), 

defined as the minimum stimulator output intensity necessary to induce MEPs ≥ 50 μV in 5 

out of 10 consecutive trials21 in the relaxed first dorsal interosseous (FDI). The intensity of 

the M1 pulse was adjusted to evoke MEPs with an amplitude of ~1 mV32,109,37,39,153. Using 

dual-coil TMS we have previously used the same stimulation parameters and found that 

subthreshold PMv stimulation administered 8 ms before suprathreshold M1 stimulation is 
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optimal to target PMv-to-M1 excitatory interactions (Chapter 2); moreover, using the same 

PMv-to-M1 ccPAS protocol we have reported lasting increases of motor excitability and 

reduction of GABA-ergic intracortical inhibition (Chapter 2), that are preceded by a 

progressive MEP increase already during protocol administration39,153. 

Pulses delivered during the ccPAS were triggered remotely using a custom MATLAB script 

(MathWorks, Natick, USA). To minimize discomfort, before starting the ccPAS we made 

participants experience PMv stimulation, using 3–4 pulses of increasing intensity. The 

stimulation was well tolerated by all participants. 

The coil position to target the left M1 was identified functionally, as the hotspot to induce 

MEPs of maximal amplitude in the relaxed right FDI. The left PMv was identified using the 

SofTaxic Navigator System (Electro Medical System, Bologna, IT) as the scalp region 

overlying the Talairach coordinates: x = –52; y = 10; z = 2439,153. These coordinates were 

determined by averaging previously reported coordinates190-194; these studies showed that 

stimulating this ventral frontal site (at the border between the anterior sector of the PMv and 

the posterior sector of the inferior frontal gyrus) affected planning, execution and perception 

of hand actions453,454. In all participants, skull landmarks (nasion, inion and 2 preauricular 

points) and ~80 points providing a uniform representation of the scalp were digitized by 

means of a Polaris Vicra digitizer (Northern Digital). An individual estimated magnetic 

resonance image (MRI) was obtained for each participant through a 3D warping procedure 

fitting a high-resolution MRI template to the participant's scalp model and craniometric 

points. The Talairach coordinates corresponding to the projections of the left PMv and left 

M1 scalp sites onto the brain surface were automatically estimated by the SofTaxic Navigator 

from the MRI-constructed stereotaxic template. No significant differences were found 

between the resulting Talairach coordinates in the two age groups (Table 15). 
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Table 15 

Group M1 PMv 

 x y z x y z 

Older -33.6 ± 6.3 -18.6 ± 7.7 59.7 ± 4.2 -53.6 ± 2.0 9.6 ± 1.5 23.7 ± 1.1 

Young -30.5 ± 5.7 -16.5 ± 6.1 59.0 ± 4.8 -51.6 ± 2.2 9.1 ± 1.8 23.2 ± 2.6 

Statistical analyses No effect of group. All t ≤ 1.43, all p ≥ 0.14 

The table shows the mean Talairach coordinates ± standard deviation of the two target sites 

in young and older individuals. 

Coils were held to induce current flows consistent with previous dual-site TMS and ccPAS 

studies targeting PMv and M162,109,224: the left PMv coil was placed tangentially to the scalp, 

inducing a current pointing toward the left M1; the left M1 coil was placed tangentially to the 

scalp and oriented at a ~45 angle to the midline, inducing a posterior-to-anterior current flow, 

optimal for M1 stimulation179. 

Electrophysiological recording  

Because M1 stimulation during ccPAS was set at a suprathreshold intensity, we were able to 

record a MEP elicited by each of the 90 paired stimulations, thus allowing us to monitor online 

changes in corticomotor excitability39,153 (Chapters 2 and 8) (Figure 44b). MEPs were recorded 

from the right FDI by means of surface Ag/AgCl electrodes placed in a belly-tendon montage. 

A Biopac MP-35 (Biopac, USA) electromyograph was used to acquire EMG signals (band-pass 

filter: 30–500 Hz; sampling rate: 20 kHz). 

Data Analyses  

MEP amplitudes, rMTs and the coordinates of the targeted brain sites were all normally 

distributed according to visual inspection and Kolmogorov-Smirnov tests (all p > 0.20); to 

address normality violations, cRT and 9HPT values (both expressed in seconds) were log-

transformed [log(value+1)]. Then, parametric independent t-tests were used to compare age 

(Table 1), coordinates of the targeted brain sites (Table 15), log-transformed 9HTP and cRT 
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values and the rMT (Figure 45c) between the two groups, while a non-parametric χ2 test with 

Yate’s correction was adopted to compare gender differences (Table 14). MEPs during ccPAS 

were assessed by measuring peak-to-peak EMG amplitude (in mV); MEPs ≤ 50µV or preceded 

in the 100 ms before the pulse by EMG activity deviating ≥ 2SD from the subject’s rectified 

mean were discarded (11% of total). MEPs were grouped into 9 epochs of 10 trials each and 

averaged. Mean MEPs were analyzed with an analysis of variance (ANOVA) with the between-

subjects factor Age group (2 levels: young, elderly) and the within-subjects factors Epoch (9 

levels). Significant interactions were explored through Tukey’s post-hoc tests. As an index of 

individual modulation of corticomotor excitability during the ccPAS protocol, the linear slope 

of mean MEPs across the 9 epochs was computed for each participant. To investigate whether 

neurophysiological indices of Hebbian plasticity predicted baseline motor performance we 

performed two general regression models, testing the efficacy of MEP increase during ccPAS 

(i.e., the linear slope) and its interaction with the Age group (two levels: young and elderly) as 

predictors of baseline motor performance (9HPT performance speed and cRTs). 

Results 
The analysis showed a significant difference in baseline performance between the groups in 

both motor tasks. In particular, younger participants showed better motor performance than 

elderly participants, indexed by faster log-transformed execution times in the 9HPT (t26 = 5.66, 

p < 0.001; Figure 45a), which measures manual dexterity (raw 9HPT values, young: 21 ± 2 s; 

older: 30 ± 6 s), and by faster log-transformed RTs in the cRT task (t26 = 5.35, p < 0.001; Figure 

45b), which measures alertness and visuomotor speed (raw cRT values, young: 391 ms ± 23 

ms; older: 587 ms ± 150 ms). Additionally, baseline corticospinal excitability was significantly 

different between the two groups, as elderly individuals had a higher rMT compared to their 

younger counterparts (young: 43% ± 9%; older: 57% ± 16% of maximal stimulator output; t26 

= 2.80, p = 0.009, Figure 45c). Critically, we found differences in the modulation of 
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corticomotor excitability in young and older adults: the ANOVA on epoched MEPs recorded 

during the ccPAS revealed a main effect of the Age group (F1,26 = 24.83, p < 0.001, ηp
2 = 0.49), 

qualified by a significant Age group x Epoch interaction (F8,208 = 3.63, p < 0.001, ηp
2 = 0.12). 

MEPs recorded during the protocol gradually increased in young participants showing 

significantly larger amplitudes in Epoch 7-9 with respect to Epoch 1 (all p ≤ 0.006; see Figure 

44b), while no consistent MEP modulation was observed in elderly participants (all p ≥ 0.73). 

Moreover, MEPs recorded in the two groups differed significantly starting from Epoch 6 (all p 

≤ 0.004, Figure 44b). Coherently, the slope recovered by fitting the 9 MEP epochs to a linear 

model differed between the two groups, with young participants having a greater slope relative 

to elderly participants (t26 = -3.62, p = 0.001, Figure 44c). While the MEP modulation slope 

differed from zero in the young group (t13 = 3.22, p = 0.007), it did not in the elderly sample (t13 

= -1.73, p = 0.11). 

Figure 45 

 
(a) 9HPT performance; (b) cRTs; and (c) rMT in young (orange) and elderly (blue) 

individuals. Error bars represent standard deviations; **= p ≤ 0.01; ***= p ≤ 0.001. 

The regression models between the linear slope of the MEP modulation induced by ccPAS 

(MEP slope) and baseline motor performance were significant (9HPT: R2
adj = 0.22, F2,25 = 4.71, 

p = 0.02; cRTs: R2
adj = 0.30, F2,25 = 6.73, p = 0.005, Figure 46), with individual differences in 

MEP slope predicting individual differences in motor performance (9HPT: β = -0.53, p = 0.009; 

cRTs: β = -0.64, p = 0.001). The negative relationship between MEP slope and motor 
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performance at baseline indicates that individuals who showed greater physiological sensitivity 

to ccPAS manipulation also exhibited faster execution times in both tasks. This effect was 

similar across groups: indeed, the interaction with the predictor Age group was not significant 

in either regression model (9HPT: β = -0.01, p = 0.94; cRTs: β = -0.18, p = 0.32). Thus, these 

results indicate that the MEP slope similarly predicted individual differences in motor 

performance across age groups. Moreover, partial correlations showed that the association 

between MEP slope and motor performance across groups remained significant (9HPT: -0.53, 

t25 = -3.10, p = 0.005; cRTs: -0.57, t25 = -3.47, p = 0.002) even when controlling for the influence 

of corticomotor excitability (i.e., rMT) (9HPT: 0.33, t25 = 1.77, p = 0.09; cRTs: 0.27, t25 = 1.40, 

p = 0.17). Taken together, the results of the regression models and partial correlations indicate 

that the ability of PMv-M1 ccPAS to enhance corticomotor excitability predicts baseline hand 

motor dexterity and speed performance. This measure represents a key neurophysiological 

marker of the preserved plastic properties of the PMv-M1 circuit and can serve as a proxy for 

the motor functions supported by this network. 

Figure 46 

Relation between the neurophysiological marker of STDP (ccPAS MEP linear slope) and 

motor performance assessed at baseline. The STDP index predicts both 9HPT execution times 

(a) and cRTs (b) execution times across age groups, showing that larger MEP slope 

(reflecting greater plasticity) is associated with faster motor performance at baseline. Orange 
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dots represent young participants (N=14) and blue dots represent elderly participants 

(N=14). Dashed lines depict the regression line of the significant predictor ccPAS MEP 

linear slope on 9HPT execution times (a) and cRTs (b) across groups. 

Discussion 
Neural plasticity underlies the capability of the brain to adapt its structure and function in 

response to experience. This capacity is fundamental, as it allows one to cope with changes in 

the internal and external environment long after infancy439,455. However, the aging process can 

undermine the plastic properties of the brain across different networks, including the motor 

system439,409,400-402. It has been argued that a healthy brain is a changing brain456,457 and, 

accordingly, that efficient and flexible cortico-cortical networks should be characterized by 

neural plasticity. Non-invasive brain stimulation techniques, such as TMS paired associative 

stimulation protocols, have been proposed as a method to track plasticity across the lifespan, 

and thus have been regarded as method to index brain health456,457. Using ccPAS to provoke 

mechanisms of Hebbian plasticity over the PMv-to-M1 pathway, we have previously 

demonstrated that cortico-cortical plasticity of this pathway decreases with aging (Chapter 8). 

Indeed, studies conducted in our lab found that young participants showed increased 9HTP 

performance following ccPAS, thus supporting the critical role of the PMv-M1 network in 

visually guided fine motor control58,95 and confirming that PMv-M1 ccPAS can enhance this 

sensorimotor function39; in contrast, elderly individuals did not exhibit an increase at a group 

level (Chapter 8). The application of the ccPAS protocol with M1 suprathreshold stimulation 

allowed us to track corticomotor excitability during the entire ccPAS intervention and derive 

an index of the plastic response of the targeted network: while we observed a linear increase of 

MEPs in young adults during ccPAS administration39,153, no similar change was found in older 

adults in the present (Figure 44) and previous study (Chapter 8). We interpret this linear increase 

in motor excitability observed during PMv-M1 ccPAS as a result of the progressive increase of 
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PMv-M1 interactions efficacy39,153 and the expression and build-up of Hebbian plasticity due 

to the repeated and coherent activation of the PMv-to-M1 pathway32, 37,39,101,106,109,153,410. 

Interestingly, these changes can be of variable size in young and older individuals39 (Chapter 

8), possibly reflecting individual differences in the plastic potential of the PMv-M1 pathway.  

A decrease in manual dexterity is commonly observed in older adults and, although this 

can be partially ascribed to peripheral changes affecting muscles or nerves, evidence of reduced 

white matter volume and density in the elderly sensorimotor system124,120,406 hints at the 

contribution of impaired cortico-cortical connectivity to age-related reductions in motor control 

efficiency315,407-409. Hence, in this study, we hypothesized that age-related differences in fine 

manual control might reflect the efficiency of the PMv-M1 network, which is crucial for 

transforming sensory stimuli into appropriate motor commands during manual 

performance39,58,95. As a neurophysiological index of PMv-M1 network efficiency, we 

evaluated the linear increase of corticomotor excitability during PMv-M1 ccPAS 

administration, i.e., MEP slope, which reflects the plasticity of the targeted network. We tested 

whether this neurophysiological index would predict age-related individual differences in fine 

manual control. We assessed motor performance at baseline, before any ccPAS intervention, 

using two established motor tasks, namely the 9HPT and cRT, that are used to evaluate hand 

motor dexterity and visuomotor speed and have been associated with activation of premotor-

motor areas59,63,146,348,406. As reported previously (Chapter 8), these results confirm prior 

findings of decreased manual motor performance in the elderly, with slower 9HPT and cRT 

performance293,404. Moreover, while young adults show sensitivity to ccPAS administration, 

improving their performance after it, elderly participants present no modulation at a group level, 

suggesting that, on average, advanced age impairs the susceptibility to plastic changes in the 

PMv-M1 network400-402.  
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The main goal and novel finding of the present research revolves around the relation 

between the increase of corticomotor excitability during ccPAS administration – reflecting an 

index of PMv-M1 plasticity and integrity – and individual differences in motor performance. 

As we predicted, across age groups, we observed a significant relation between the magnitude 

of MEP increase during ccPAS and baseline motor performance, suggesting that greater 

corticomotor modulations predicted better performance. In a similar vein, reduced 

corticomotor modulations predicted poorer performance in the two age groups. These findings 

suggest that greater plasticity reflects a more efficient and preserved PMv-M1 network which 

would grant a better motor performance, whereas decreased plasticity of the targeted PMv-M1 

network potentially underlies reduced functional efficiency. 

These results held true even when controlling for baseline motor excitability (i.e., rMT 

values). Previous studies conducted in our lab found that baseline rMT values correlated with 

the extent of corticomotor excitability increase induced during the ccPAS and behavioral 

improvements39,153; our control analyses allow us to rule out the possibility that our findings 

be merely due to differences in rMT, rather than differences in PMv-M1 network plasticity and 

efficiency between young and older individuals. 

The present findings significantly expand our previous results: here, we found that MEP 

increase during ccPAS predicts baseline motor abilities per sé, not only their responsiveness to 

ccPAS manipulation. Notably, we observed this predictive efficacy both when using the 9HPT, 

which is the optimal task to tap into the functional output of the PMv-M1 network146,236,452, 

and the cRT, which recruits the PMv to a lesser extent39. It is possible that reduced PMv-M1 

plasticity is embedded in a generalized plasticity reduction that could affect the frontal nodes 

of the motor system. Thus, reduced PMv-M1 plasticity would reasonably correlate with poorer 

performance in a multitude of motor tasks. In this view, one of the critical limitations of the 

present study is the relatively few tasks we adopted, only testing fine dexterity via the 9HPT 
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task and visuomotor reaction times via the cRT. Expanding to other domains, both within and 

outside of the motor system, would enrich our understanding of the relationship between 

plasticity and cognition. Moreover, we believe that future studies should address the topic of 

lifelong modifications in cortico-cortical plasticity, and their impact on behavior. Indeed, in 

our study we focused on two distinct groups of young (~23 years of age) and elderly healthy 

adults (~71 years of age); however, healthy brain aging is a lifelong gradual process439 and, 

thus, further research including intermediate samples would yield relevant insights into the 

progression of plasticity changes into old age.  

Our sample included both female and male individuals of fertile and non-fertile age, with 

no statistical differences between age groups. Yet, our sample was not perfectly matched for 

gender, and we did not assess ovarian hormones that could in principle affect sensitivity to 

TMS245. It should be noted, however, that prior work on classical PAS aftereffects would 

suggest little or no influence of gender244. Similarly, a study conducted in our lab on a 

substantial sample size (N=109) found no appreciable differences between male and female 

participants in their responsiveness to a ccPAS protocol identical to the one adopted in the 

present study153. 

In conclusion, our results reveal that maintained physiological indices of STDP 

mechanisms seem to be an effective neurophysiological marker of health in premotor-motor 

chains not only in young adults but, critically, in the elderly as well. The extent of the 

corticospinal excitability modulation induced by ccPAS was found to predict baseline 

visuomotor performance in both our age groups; this indicates that synaptic plasticity could be 

considered a relevant index of the health and maintained efficiency of brain circuits. However, 

these findings also indicate that neuronal plasticity tends to physiologically reduce with age, 

which might negatively impact the feasibility and effectiveness of non-invasive brain 

stimulation techniques such as ccPAS. This raises the challenging question of how to determine 
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the residual plastic potential of the aging brain and how to preserve and promote its network 

plasticity. This concern calls for further research into the implementation of non-invasive brain 

stimulation protocols to effectively induce associative plasticity in the healthy elderly 

population. Indeed, the study here presented adopted a well-established and replicated ccPAS 

protocol32,39,109,153 (Chapter 2) which is informed by the PMv-M1 connectivity patterns and 

timings explored in healthy young adults62,64, to repeatedly activate the targeted pathway in a 

way that is consistent with the Hebbian principle. Nonetheless, previous results indicate that 

the aging process can affect connectivity between the M1 and other premotor regions, such as 

the supplementary motor area315,408. Although there is currently no research specifically 

focusing on the PMv-M1 circuit, it is reasonable to assume that the motor systems of elderly 

adults may be characterized by altered cortico-cortical interactions. Therefore, investigating 

the implementation of protocols tailored to accommodate such physiological shifts would be 

commendable for future research. 

Finally, the results of the present study yield insights into age-associated brain changes in 

the motor cortical neurocircuitry and the mechanisms underlying fine motor abilities across 

age groups.  
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Chapter 10 - Conclusions 

Multiple classes of conclusions can be drawn from the work presented in this thesis. First, the 

studies conducted have elucidated and significantly expanded our knowledge on the premotor-

motor pathway targeted by our studies. The evidence presented in Chapter 2 extends our 

understanding of the neurophysiology of the PMv-to-M1 circuit. Prior dcTMS studies have 

shown that the PMv can exert both inhibitory and excitatory influences on M1, depending on 

the functional state of the connection, the ISI and/or the intensity of TMS pulses62,74–76.  The 

latency of the optimal conditioning effect exerted by PMv over M1 hovers around 6/8 ms; such 

timing arguably indicates that conditioning of PMv influences M1 corticospinal neurons 

indirectly, by activating interneuronal circuits within M1 rather than directly exciting/inhibiting 

corticospinal neurons. This is coherent with well researched and established evidence that PMv-

to-M1 projections are glutamatergic and, while a few synapse directly onto M1 corticospinal 

neurons, most synapse onto both glutamatergic and GABAergic M1 interneurons, which 

surround pyramidal cells in M1 and modulate their output, giving rise to both excitatory and 

inhibitory effects on corticospinal excitability83,154,155. In fact, neurophysiological studies in 

monkeys have shown that electrically preconditioning the PMv robustly facilitates M1 

corticospinal output156,157 by acting on longer-latency descending waves (I2 and I3)157, which 

are generated by presynaptic inputs onto M1 corticospinal neurons rather than by direct 

activation of the pyramidal cells202. The same studies highlighted PMv-to-M1 excitatory 

interactions154,157,201, thus PMv conditioning is thought to activate excitatory interneuronal 

circuits within M1, which in turn impact M1 pyramidal neurons after a synaptic delay 

compatible with the 8 ms time course highlighted by our findings reported in Chapter 2 (Figure 

3). Therefore, we speculate that the ccPAS protocol that we have elected to use in most (all, 

except Chapter 3) presented studies has potentiated an excitatory pathway via Hebbian 

plasticity, increasing the efficiency of the PMv projections onto excitatory interneurons in M1, 
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which in turn regulate the activity of pyramidal cells and contribute to modulate corticospinal 

excitability. Indeed, we report convergent evidence that PMv-to-M1 ccPAS determines an 

increase in the excitability of the M1 site, i.e., the site of repeated convergent activation during 

the plasticity induction protocol: the motor threshold decreased and the input-output curve (IO) 

slope increased, highlighting increased M1 corticospinal excitability; additionally, we found 

that ccPAS reduced the magnitude of short-interval intracortical inhibition (SICI), reflecting 

suppression of GABA-ergic interneuronal mechanisms within M1, without affecting 

intracortical facilitation (ICF).  

Moreover, the effect of increased M1 excitability was already apparent during ccPAS 

administration, as indexed by a gradual increase in MEP size registered during the 

approximately 15 minutes of stimulation. We systematically investigated this finding on a 

substantial sample of 109 participants in the study presented in Chapter 4, and replicated a 

gradual and continuous increase in MEP amplitudes along the stimulation train of the 

ccPASPMvM1. In contrast, ccPASM1PMv showed no consistent modulation, although a trend 

toward inhibition could be appreciated the end of the train. The disclosed gradual changes in 

MEP amplitudes that we observed are in line with prior work highlighting dose-dependent 

effects of TMS234,235,236–238. Interestingly, the observed MEP increase fitted a linear model, 

without reaching a clear plateau within the end of the stimulation train (90 paired pulses at 0.1 

Hz): this suggests that increasing the number of paired-stimulations might induce more 

prominent plastic effects, which would be particularly relevant in light of our multiple results 

indicating that the magnitude of MEP increase during the ccPAS is a valid proxy of its 

effectiveness and a good predictor of the extent of the induced behavioural change, both in 

healthy young and elderly individuals. 

The evidence reported in Chapters 5.1 and 5.2 causally demonstrates the existence of spatially 

overlapping but functionally distinct circuits within the PMv-M1 network257, which can be 
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selectively targeted and reinforced through ccPAS, if accurately tuned to enhance its specificity. 

The conditioning effect exerted by PMv stimulation over M1 is state-dependent and highly 

reliant on the activation state of the connection, shifting from inhibitory to facilitatory based on 

the activation state of the circuit and the movement phase31,73; moreover, it is selective for the 

muscles involved in the movement underway62–64. Previous ccPAS studies interesting this 

circuit 31,32,37,218 have not taken into consideration these well documented state dependent 

properties, and have applied ccPAS on resting participants, therefore non-specifically 

interesting all fibres activated by the two paired TMS pulses. In the studies presented in 

Chapters 5.1, 5.2 and 5.3 we applied function-tuning ccPAS, an adaptation of the protocol first 

proposed in a study conducted in our lab 36 which takes into account the activation state of the 

targeted circuit by combining the ccPAS with the execution of distinct tasks aimed at pre-

activating the neural substrate interested by the stimulation. Hence, we reversed the “typical” 

procedure usually employed in NIBS plasticity induction studies: instead of delivering the 

plasticity induction protocol at rest and testing its aftereffects on various active tasks, the ccPAS 

was paired with a visuomotor association task to preactivate the PMv-to-M1 pathway, and 

delivered in an active condition, rather than at rest. Subsequently, measures of M1 corticospinal 

and intracortical excitability were collected at rest. However, even though participants were 

asked not to move during the test blocks, data was still collected in a state-dependent way: in 

fact, the same visuomotor circuits were re-activated, by presenting the visual stimuli used in 

the task performed during ccPAS. As predicted, and coherently with previous literature31,32, 

ccPASPMvM1 induced a long-term potentiation effect. The corticospinal excitability increase 

that we detected, however, also demonstrates from a neurophysiological standpoint that the 

function-tuning ccPAS can reach a remarkable functional and spatial specificity. Indeed, by 

pre-activating a specific visuomotor pathway during the stimulation, the induced CSE 

enhancement is highly specific for the targeted visuomotor circuit: following the stimulation of 
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the premotor-to-motor pathway, the CSE of the targeted muscle appears to shift dynamically, 

and critically to increase only when the visuomotor association performed during the ccPAS is 

reactivated by presenting the relevant visual stimulus. If instead the hierarchical sequence of 

processing of the visuomotor transformation is contrasted and the order of the paired 

stimulation (ccPASM1-PMv) is reversed, an opposite pattern of long-term depression (LTD) 

emerges: the CSE lowers irrespective of the presented visual stimuli, indicating that the 

relationship between visual information and motor response is weakened. This is mirrored by 

a decrease in the associative visuomotor behavioural performance detected in the study 

presented in Chapter 5.3. The findings from Chapters 5.1, 5.2 and 5.3 expand results from 

previous ccPAS studies targeting the PMv-to-M1 circuit, which typically report 

aftereffects39,153 of increased connectivity after ccPASPMvM1 but generally fail to obtain 

correlates of reverse ccPASM1PMv. We, instead, found a clear decrease in excitability and in 

performance after ccPASM1-PMv.  It is possible that our ccPAS protocol induced the observed 

effects, unlike prior ccPAS studies, because its state-dependent application increased the 

efficacy at interfering with the transfer of information between the targeted nodes, preactivated 

by the ongoing visuomotor association task and therefore more receptive to exogenous 

perturbation36. While our studies do not allow us to directly test this hypothesis, they open the 

interesting and provocative question of the comparative efficacy of state-dependent and non 

state-dependent ccPAS application, which has never been addressed before and we hope to be 

able to explore in the future.  

One further research question that we elected to pursue involved the impact of the chosen inter-

stimulus interval employed in the ccPAS protocol. Prior studies applying ccPAS to the PMv-

M1 circuit conducted in other labs as well as our own, including the vast majority of works 

presented in this thesis, set the ISI between paired pulses of the ccPAS in order to meet the 

temporal rules of short-latency (supposedly direct) connections31,32,39,101, informed by dual-site 
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TMS (dsTMS)62. However, PMv-to-M1 interactions occur at different timescales: conditioning 

of PMv was found to modulate MEP size not only at the typical 8 ms ISI62, but also at longer 

(e.g., 40-ms) ISIs75, thus demonstrating the existence of long-latency, likely indirect, PMv-to-

M1 interactions. Yet, there is no evidence that ccPAS protocols based on long-latency 

interactions (ll-ccPAS) can induce associative plasticity in humans. We empirically addressed 

this matter in the study presented in Chapter 3, by testing the effect of ll-ccPAS over the PMv-

to-M1 circuit on effective connectivity of the same pathway. We found that ccPAS informed 

by indirect cortico-cortical interactions can effectively modulate long-latency connectivity in 

the motor system; however, two distinctive characteristics set this protocol application apart 

from traditional ccPAS: the observed associative plasticity aftereffects were less durable, and 

they appeared to spread beyond the stimulated couple, altering the connectivity of other 

unstimulated but functionally connected circuits. Thus, while short-latency ccPAS seems to 

leave the coupling of unstimulated premotor-motor pathways unaltered109 or even weakened32, 

we show that ll-ccPAS can transiently enhance interactions between unstimulated pathways, 

potentially because of the repeated activation of indirect pathways during the protocol, that 

could lead to strengthen broader circuits. Our study suggests that ll-ccPAS can strengthen wider 

networks, a feature that might be desirable for efficient modulation of network‐to‐network 

connectivity110,195 engaging complex brain functions. 

Tying together our findings from Chapters 2, 5.1 and 5.2, we show that ccPAS can be a highly 

flexible plasticity induction method. Indeed, tuning its stimulation parameters such as the brain 

state of the selected underlying neural population (Chapters 5.1 and 5.2) or the ISI between the 

two stimulated regions (Chapter 2), the ccPAS can range from notable anatomical and 

functional specificity to broader network-to-network effectiveness. This represents an 

advancement which has great potential and could deeply ameliorate our understanding of 

cortical correlates of behaviour. In fact, the availability of such a tool, able to modulate 
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connectivity between areas rather than the activity of the individual components of a circuit, 

allows for the testing of the causal relevance of networks, rather than single nodes, to cognitive 

functions. Shifting the perspective from single sites to circuits grants the opportunity to explore 

more complex hypotheses, such as what we did in Chapter 6, disentangling the role of the 

frontal node of the human mirror neuron system (hMNS), the PMv, to the hyper-learnt and 

involuntary visuomotor behaviour of automatic imitation. Although prior studies have 

suggested that automatic imitation stems from the activation of the hMNS influencing the motor 

system93,277, causal evidence of this notion is still elusive. Using ccPAS to manipulate the 

strength of projections from the PMv, a frontal hub of the hMNS, to the ipsilateral M1, we 

provided compelling evidence that enhancing (or weakening) the strength of PMv-to-M1 

connectivity increases (or hinders) automatic imitation. These results, coherent with the 

findings presented in Chapters 5.1, 5.2, 5.3 of opposite outcomes following PMv-to-M1 and 

M1-to-PMv active ccPAS, provide unprecedent causal evidence that PMv-to-M1 connectivity 

is functionally relevant to automatic imitation and malleable to exogenous manipulation of 

Hebbian associative plasticity. Remarkably, we found ccPAS aftereffects to be highly specific: 

employing a well-known task which tests both voluntary short-term visuomotor associations 

and automatic visuomotor associations (i.e., automatic imitation)267,273, we found that ccPAS 

only impacted the latter. Additionally, our study design favoured the testing of competing 

theories on the role of the fronto-parietal brain network, which encompasses the PMv, to 

automatic imitation. Automatic imitation can exert two distinct effects: a facilitatory one, when 

the automatic imitative response is consistent with the correct one required by the task and 

therefore facilitates it, or an interferential one, when the automatic imitative tendency competes 

with the correct response and therefore inhibits it. Previous brain stimulation studies have 

commonly documented changes in speed difference between these two kinds of situations after 

manipulation of the activity of key brain areas99,115,281, but haven’t clarified whether the affected 
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component was the facilitatory or interferential one of automatic imitation, or both. By 

including a neutral condition in our design, we were able to generate distinct indices to quantify 

facilitatory and interference effects and test this relevant issue. It was our hypothesis that only 

the interferential component would be affected by manipulating PMv-to-M1 connectivity, 

assuming the suppression of automatic responses would require additional resources to deal 

with increased task demands, involving domain-general dorsolateral fronto-parietal brain 

networks supporting executive functions114,270,272. As expected, we found that ccPAS 

modulated the interferential, but not facilitatory, component of automatic imitation. Our study 

provides the first causal evidence that in conflicting conditions, where goal-oriented responses 

compete with long-term automatic imitative tendencies, driving associative plasticity between 

the frontal node of the hMNS and the ipsilateral M1 can bias the competition between goal-

oriented and automatic behavior, so that enhancing PMv-to-M1 connectivity via ccPASPMvM1 

would reinforce automatic behavior and weakening PMv-to-M1 connectivity via ccPASM1PMv 

would disrupt automatic behavior. Thus, these findings provide unprecedent causal evidence of 

a neural mechanism capable of supporting or controlling automatic imitation in conflict 

conditions mediated by cortico-cortical PMv-to-M1 projections. 

One further application of the ccPAS protocol investigated by our studies is to the field of 

ageing. The ageing process, even when healthy, modifies the brain relentlessly. The weakening 

of density and the disruption of the integrity of white matter tracts can dramatically affect the 

flow of the information between brain areas, compromising the efficiency of networks 

processing and their output119,126,348. Accordingly, age-related connectivity changes within the 

motor network correlates with motor behavior310,349. The study presented in Chapter 7 

investigated the PMv -M1 and SMA-M1 connectivity to understand whether discriminative 

neurophysiological markers of healthy aging in the motor system circuitry could predict the 

behavioral motor performance. The final scope of this kind of research would be to establish if 
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connectivity manipulation in the healthy ageing brain through techniques such as ccPAS could 

ultimately support motor behavior. To this end, we took advantage of the dcTMS paradigm to 

characterize in young and older adults the PMv-M1 and SMA-M1 connectivity at rest in terms 

of presence/absence of interactions, their direction, and their timing. In addition, the motor 

performance of the participants was measured on a series of behavioral tests. We found that 

younger and elderly individuals differ regarding both the behavioral performance on tasks 

involving manual dexterity and force and, critically, the neurophysiological expression of the 

PMv-M1 and SMA-M1 connectivity. We demonstrate that effective connectivity in the motor 

system predicts motor behavior; specifically, interactions between PMv and M1 are indicative 

for dexterity/speed performance, whilst the SMA-M1 connectivity can index strength. 

Interestingly, our results showed that the more the neurophysiological markers were similar to 

the pattern observed in the healthy young adult group, the better was the behavioral 

performance in the elderly as well. 

Building on this evidence, in a subsequent study presented in Chapter 8 we aimed to test 

whether enhanced efficiency of the PMv-to-M1 pathway could be obtained in older individuals 

through ccPAS, and explore the relationship between physiological indices of STDP and 

manual dexterity. Our results indicate that, by strengthening PMv-M1 cortico-cortical 

connectivity, the ccPAS protocol effectively enhances fine manual performance in young 

adults39; remarkably, behavioural improvement was predicted by a progressive growth in MEP 

amplitude during protocol administration. However, both behavioural (increased dexterity) and 

neurophysiological (MEP growth) changes were not observed in older individuals, in line with 

previous evidence of reduced synaptic plasticity in the aging brain402. Still, we found increased 

motor excitability during the ccPAS protocol to predict improvement of manual dexterity 

similarly in young and old participants, so that individuals who displayed greater increase in 

corticomotor excitability at the end of the ccPAS – reflecting the malleability and enhanced 
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efficiency of the targeted circuit153 – also reported stronger improvement in the fine manual 

performance. Therefore, preserved physiological indices of STDP predict behavioural 

improvement following ccPAS not only in young adults, but in the elderly as well, further 

supporting the link between plasticity and motor function. Hence, our findings expand prior 

work showing altered cortico-cortical connectivity in aging132,406,408 by highlighting a reduction 

of Hebbian plasticity over the PMv-M1 network.  

The finding that older individuals display both a reduced manual dexterity, compared to young 

adults, and reduced plastic potential and responsiveness to ccPAS raised the interesting theme 

of the relationship between the two, worthy of further inspection to clarify if reduced plasticity 

could be a contributing factor and a biomarker of functional decline in the elderly. We 

investigated this relevant and entirely unexplored question in the study presented in Chapter 9. 

Our findings indicate a tight link between the loss of plasticity in the motor system of the healthy 

elderly and their visuomotor performance, so that indices of STDP can accurately predict 

baseline motor performance.  

Therefore, beyond widening our understanding of the premotor-motor system, the work 

presented in this thesis also allows us to draw some relevant methodological conclusions on the 

application of ccPAS to the human brain. While our results indicate that ccPAS can effectively 

induce Hebbian plasticity in healthy young adults, they also highlight the importance of aspects 

such as age, which might impact and hinder the plastic potential of synapses and deter the 

effectiveness of the protocol. Other factors previously proposed as modulators of NIBS 

interventions, such as gender, were instead found to be irrelevant (Chapter 4). Our studies call 

for further research exploring the residual plastic potential of the aging brain, to elucidate how 

to implement non-invasive brain stimulation to effectively promote plasticity in the healthy 

elderly population. 
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The application of the ccPAS technique has multiple potential applications. From a research 

standpoint, the use of this method allows to investigate the role of circuits, rather than single 

nodes, to cognitive functions. Critically, by directly impacting the coupling between the 

interested areas, it favours the causal study of directed, effective connectivity within target 

networks, to disentangle their role to cognitive functions, something which had never been 

possible before in the human brain, owing to the limitations of the classical virtual lesion 

approach being applied to single areas only. To date the ccPAS has mostly been applied to the 

motor31–34,39,101,107 and visual system35,36,38,42, with a few studies also venturing into the 

frontoparietal control network40,41. Still, whether the modulation of connectivity in key 

networks might affect performance in multiple other cognitive domains and functions remains 

a largely unexplored issue.  

From a clinical standpoint, the availability of a technique able to modulate connectivity may 

yield beneficial outcomes for several conditions. Beyond its application to healthy ageing, 

discussed in preceding Chapters and paragraphs, a broad literature has documented connectivity 

alterations in psychiatric pathologies such as autism420, schizophrenia421, ADHD 422 423 and 

mood disorders424–426. Substantial empirical evidence is available also for connectivity 

impairments in neurological conditions like epilepsy 427 or multiple sclerosis, where resting 

state network reorganization strongly relates to disability428,429. Multiple studies have 

investigated the abnormal connectivity in Alzheimer’s disease (AD) (for a review see430): 

structurally, the AD brain shows widespread connection loss and network disruption431 which 

is reflected in ineffective and disorganized global functional connectivity432, already apparent 

in the mild cognitive impairment (MCI) stage 433,434. Looking at potential clinical targets in the 

motor domain, which was the prime object of all studies presented in this thesis, evidence 

indicates that promoting plasticity can accelerate and enhance motor recovery after stroke435,436.  

All these conditions may have different target networks whose connectivity modulation could 
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have a beneficial impact on the pathology, calling for a research effort to maximise the 

efficiency of stimulation paradigms such as ccPAS in pathological populations as well. 

Indeed, several aspects need further study to be able to optimize the protocol. So far, ccPAS 

has been applied by most studies using low stimulation frequencies (e.g., 0.131,35–39,42,153 or 0.2 

Hz33,34,43) to exclude that any observed effect produced by ccPAS might have been due to the 

mere temporal summation of TMS pulses on the areas416, rather than attributable to Hebbian 

mechanisms which affect synaptic efficacy of the targeted connections. Still, future studies 

should test the comparative effectiveness of different frequency or stimulation intensities, as 

these parameters are known to influence the effects of repetitive TMS21,44. Also, the optimal 

dosing of the protocol is still an open question; our results from Chapter 4 indicate that the 

current protocol duration, which is generally set between 90 and 120 paired pulses, might not 

be the ideal one, or at least not for all subjects; a systematic study on the optimal protocol 

duration has never been carried out, and would certainly yield interesting findings. Similarly, 

no studies have tested the cumulative effect of multiple ccPAS sessions, which would convey 

relevant information for the development of potential future clinical NIBS interventions based 

on connectivity modulation through ccPAS. In sum, while meaningful advancements have been 

achieved in the field of connectivity manipulation through TMS in the past decade, several 

questions remain unanswered and call for extensive future research. 
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Appendix 1: The multifactorial nature of healthy brain ageing: brain 
changes, functional decline and protective factors 
Introduction – Defining Healthy Brain Ageing 
The past 250 years have seen a steady increase in the average human life expectancy and, 

although this trajectory has been temporarily altered by the recent Covid-19 pandemic1, this 

trend is projected to continue in the coming years in most industrialized countries2. This 

notion is a compelling call to address the issue of promoting and supporting a healthy ageing 

process.  Indeed, a lengthening lifespan does not necessarily align with an equally prolonged 

healthspan3, defined as the average length of a healthy life. Postponing the onset and 

attenuating the severity of late-life morbidity, aptly defined as ‘compression of morbidity’4, 

has subsequently become a health priority. 

The World Health Organisation (WHO) defines healthy ageing as “the process of developing 

and maintaining the functional ability that enables wellbeing in older age”5. Therefore, the 

WHO’s definition emphasizes that a healthy ageing trajectory is a ‘process’, a goal achieved 

throughout the lifespan to ensure the best possible outcome for one’s later years. The 

definition relies on the concept of ‘functional ability’, qualified as “having the capabilities 

that enable all people to be and do what they have reason to value”. This notion epitomizes 

the influential model proposed 25 years ago by Rowe and Kahn6, which lists three main 

components of successful ageing: maintenance of physical and cognitive function, minimised 

risk of disability and continued engagement with life. 

Embracing this framework, a significant spotlight should be afforded to healthy brain ageing. 

Seminal studies tackling the topic of ageing have traditionally focussed on cognitively 

disabled older individuals7 and, more recently, individuals displaying extraordinarily positive 

ageing outcomes (so called super-agers)8,9. The present review, instead, concentrates on usual 

healthy brain ageing7, which we define as the composite pattern of modifications the human 
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brain physiologically endures with advancing age, from the anatomical, functional and 

cognitive standpoint, when adequate typical functional ability and adaptability are retained. 

The first portion of our descriptive review will provide a synopsis of the anatomical 

transformations observed in the brain with advanced age, while also summarizing current 

findings on modifiable risk factors. Subsequently, we will relate these neural substrate 

modifications with the associated typical cognitive decline profile displayed by older 

individuals10 and propose potential beneficial active interventions to support cognitive 

reserve11, a mitigating factor preventing pathologic decline discussed in Paragraph 6. 

1. Structural changes associated with healthy brain ageing.  
Ageing physiologically causes a whole host of anatomical and functional modifications in the 

brain, ranging from the intracellular to macrostructural12 levels. For the scope of this narrative 

review, we will discuss these changes in terms of microscale (i.e., intracellular), mesoscale 

(i.e., intercellular or local circuitry) and macroscale (i.e., whole brain, large scale networks) 

changes (Figure 1). However, it is important to note that we are not implying that these three 

levels are separate, nor that they should be studied as such. Indeed, they are better understood 

as an interconnected and mutually influential continuum. 

2a. Predisposing genotypes 
Several studies have investigated the heritability of longevity, estimating that around 25% of 

the variation in lifespan is caused by genetic differences13; similar efforts have been made to 

estimate the heritability of healthy cognitive ageing14–18. A meta-analysis of genome-wide 

association studies of 31 cohorts, considering a total sample size of almost 54 thousand 

healthy individuals, found a significant relationship between general cognitive function and 

four genes known to be related to the development of Alzheimer’s disease (TOMM40, APOE, 

ABCG1 and MEF2C)16. Among them, the APOE e4 genotype was found by later studies to 

predict steeper cognitive decline in older adults even when not affected by Alzheimer’s 18–21. 
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The meta-analysis results indicate a polygenic model of inheritance16; in recent years the 

calculation of polygenic scores (PGS) has become common in research aiming to investigate 

genetic predictors of disease, health or, more generally, traits 22. PGSs are extracted from 

published genome-wide association studies that have tested the correlation of millions of 

single-nucleotide polymorphisms with specific phenotypes (e.g., disease, educational 

attainment…); scores can then be computed on any individual genotype to measure the 

genetic probability of specific traits or the liability to a specific disease. However, although 

PGSs were found to predict cognitive performance across several domains in old age, 

evidence of their effectiveness in predicting cognitive decline is still lacking18. 
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Figure 47 – ageing from micro to macroscale. Synopsis of changes the healthy brain endures 

through the lifespan, from the micro to the macroscopic level and the associated modifiable 

risk factors and beneficial active interventions to support a healthy ageing process. 

2b. The Micro scale 
A prominent review published almost ten years ago narrowed down the complex biology of 

ageing by identifying nine hallmarks of it 23, which represent widely investigated common 

denominators of the ageing process24: genomic instability, telomere attrition, epigenetic 

alterations, cellular senescence, altered intercellular communication, loss of proteostasis, stem 

cell exhaustion, deregulated nutrient sensing and mitochondrial dysfunction. These hallmarks 

are integrated, co-occurring and mutually causing one another, and can be adopted as a 

roadmap to discuss the microscale level changes occurring in the ageing brain. 

DNA damage is considered among the primary23 hallmarks of ageing, initiating a signalling 

cascade that reverberates through cells, driving them into apoptosis or senescence to avoid the 

replication of damaged genetic information24,25. Genomic instability is the increased tendency 

of the DNA to mutate, in response to both exogenous and endogenous factors, and the 

subsequent accumulation of genetic damage23. Even under physiological conditions, the DNA 

is not chemically stable26; additionally, it is vulnerable to chemical attacks by agents such as 

reactive oxygen species, resulting in prominent oxidative stress and consequent high levels of 

DNA mutations recorded in advanced age25,27.  Indeed, older brain tissue presents increased 

DNA deletions rates (the removal of at least one nucleotide in a gene during DNA copying) 

and reduced ability for DNA repair12,28. Although spontaneous DNA damage occurs randomly 

in all cell types on the order of tens of thousands of times per day26, some chromosomal 

regions are more prone to age-induced deterioration, such as telomeres, the terminal ends of 

DNA molecules29 . Most mammalian cells do not express telomerase, the enzyme responsible 

for the replication of telomeres30; this results in telomere attrition, the physiological gradual 
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and cumulative loss of chromosomes’ ends protective caps during DNA replication29. 

Telomere attrition limits the overall number of times any cell can replicate, slowly leading to 

cell loss in all organs with advancing age; thus, telomere attrition has been studied as a 

biomarker of brain age24,31. Notably, promising genetic interventions are being studied in 

animal models, and indicate that premature ageing can be reverted in mice through telomerase 

reactivation32.  

A further aspect of genomic instability are epigenetic alterations33. Epigenetic mechanisms 

regulate gene expression by changing the chemical structure of the DNA without affecting its 

coding sequence; epigenetic alterations consist of either the addition/removal of methyl 

groups from DNA (DNA methylation) or of changes to the histones, proteins that bind to 

DNA molecules in chromosomes (PARylation and acetylation of DNA and histones) 12,24,34.  

Epigenetic mechanisms determine both the development and the deterioration of brain tissues 

(see here34 for a review on epigenetics in neurodegeneration and neuroprotection) and are 

crucial for higher cognitive functions (e.g., memory)35. Multiple lines of evidence suggest that 

ageing is accompanied by epigenetic changes23; epigenetic clocks, thought to capture 

molecular ageing, are among the best-studied ageing biomarkers36,37. 

DNA damage too extensive to be quickly repaired induces signalling events that can results in 

senescence, which plays a causal role in ageing25. Cellular senescence is a stable arrest of the 

cell cycle, an adaptive mechanism by which the organism prevents the proliferation of 

damaged genetic material. Due to the phenomenon of ‘contagious ageing’, senescent cells 

induce senescence in neighbouring ones. The increase in senescent cells generation, coupled 

with their deficient clearance results in their deleterious accumulation23. Because senescent 

cells secrete high levels of proinflammatory cytokines38, cellular senescence contributes to 

inflammation. Tissue inflammation is so typical of ageing that the term ‘inflammageing’ was 

coined39, and upregulated neuroinflammation studied as a marker of brain age24. Multiple 
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other causes concur to the chronic inflammatory state observed in the ageing brain, such as 

invading pathogens, the accumulation of damaged tissue, neuronal injury, a decrease in the 

immune system efficacy12, the occurrence of improper autophagy40, and loss of proteostasis 

(i.e., the balance between protein synthesis, folding, trafficking, aggregation, disaggregation, 

and degradation) 41. The proteostasis network becomes increasingly less efficient with age42, 

and the subsequent deposition of proteins is among the best-known correlates of normal 

ageing43. A recent review of proteomic studies has identified over a thousand proteins that, 

across the whole human organism, including the brain, undergo modifications with age and 

are relevant to ageing and age-related disease 44. Thus, proteomic clocks could be 

implemented and serve a similar purpose to epigenetic clocks36.  

Neuroinflammation is initiated by microglia, the immune cells in the central nervous system 

and primary source of proinflammatory cytokines. Under non-damaged conditions, microglia 

are physiologically in a homeostatic “resting” state; they become activated in response to 

exposure to pathogen-associated or damage-associated molecular patterns45. While microglia 

cells have a neuroprotective role in the young brain, multiple studies have shown that they 

gradually transition to a chronically activated and neurotoxic state in older adults46, 

irrespective of their cognitive status47,48. Pathological microglia activation is believed to 

promote neurodegeneration46 and an experimental intervention based on the induction of high 

frequency activity in the gamma frequency band has proven effective in modifying microglia, 

reducing inflammation and improving protein clearance49. 

To counteract tissue inflammation, the use of stem cells has been proposed50. The role of stem 

cells in healthy ageing51 has been at the forefront of the scientific debate for a number of 

years, and exhaustively discussing it is beyond the scope of this review. Stem cells have been 

found in most tissues and organs in adult humans including, notably, the brain52. A stable 

populations of proliferating stem cells is necessary to the ability of tissues to recover from 
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damage; however, with advanced age the number and proliferative capacity of stem cells 

decline, a phenomenon called stem cell exhaustion24,29,51. 

Neuroinflammation is one of the most important alterations in intercellular signalling 

related to ageing. A second one is deregulated nutrient sensing 23, which alters the 

metabolism and plays a critical role in the ageing process53. Nutrient sensing is the ability of 

all cells, including neurons, to recognize nutrient levels within them and in the bloodstream 

and respond accordingly by absorbing, storing and converting nutrients to ensure energy 

provision and maintain blood nutrient levels within safe ranges (e.g., blood sugar levels). A 

wide range of nutrient signalling pathways, especially those involving insulin, are deregulated 

in ageing54. Excessive activation of nutrient-signalling pathways has been linked with 

negative ageing outcomes: genotypes that determine a lowered activity of nutrient-signalling 

pathways are also predictive of successful ageing55 and calorie restrictive diets, which 

downregulate nutrient signalling, have well-established neuroprotective effects56.  

One further source of metabolism imbalance in ageing is mitochondrial dysfunction53. With 

advancing age, the efficacy of the respiratory chain dwindles, reducing ATP generation57; this 

phenomenon is particularly relevant in brain cells, as neurons are highly metabolically 

active58. Although the link between mitochondrial dysfunction and ageing has not been fully 

elucidated yet, it is known that in the elderly brain damaged mitochondria overproduce 

reactive oxygen species24, adding to the oxidative damage of DNA and aggravating genomic 

instability. Among its consequences, persistent DNA damage depletes the coenzyme NAD+59; 

indeed, an age-dependent reduction of NAD+ has been demonstrated in healthy humans60. 

NAD+ is an oxidation-reduction factor essential to energy metabolism and mitochondrial 

homeostasis59 so that its depletion further aggravates mitochondrial dysfunction, in a 

detrimental loop that contributes to the ageing process. 
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2c. The Meso scale  
Age-driven mesoscale modifications (i.e., impacting the intercellular or local circuitry level) 

are among the most studied phenomena concerning the ageing brain. The best known of them 

is the formation of neurofibrillary tangles (NFT) and amyloid plaques (AP), a firmly 

established characteristic of brains affected by dementia of the Alzheimer’s type which is also 

observed in healthy ageing12,43. Neurofibrillary tangles form in the intracellular space; they 

are insoluble twisted fibres made mostly of tau protein, an essential building block of the 

microtubular structure that allows intracellular molecular transport. Amyloid plaques, instead, 

accumulate in the extracellular space; while protein fragments (i.e., amyloids) are broken 

down and removed in the healthy young brain, ageing causes protein clearance to decline, 

resulting in the accumulation of hard insoluble plaques of protein fragments between 

neurons41,43. One the one hand, the pathological misfolding of tau protein impacts the 

microtubule structures, which collapse and disrupt the intracellular trafficking of materials; on 

the other, plaques around nerve cells induce their death, conceivably by triggering an immune 

response. Thus, AP and NFT lead to local hypoactivation and atrophy61 in older brains. 

Although manifesting on different timescales62, atrophy is observed across different 

multimodal associative brain regions, particularly the medial temporal and parietal cortex63. 

Because episodic memory loss is among the cognitive functions most susceptible to ageing, 

medial temporal (i.e., hippocampal, entorhinal and parahippocampal) grey matter atrophy 

64 and hypoactivation65 have been especially extensively studied and reported.  

The cerebrovascular system is impacted by age. Vessels tend to diminish in size 12,66,67 , 

capillaries to reduce in number68 and microbleeds and small infarctions are common69 with 

advanced age, causing overall decreases in cerebral perfusion: blood flow to both the grey and 

white matter lowers by an estimated 0.5% every year from early adulthood onwards70. 

Cerebrovascular causes have been indicated for the white matter lesions commonly observed 
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in ageing12: an age-related loss of myelinated axons71 and a decline in fractional anisotropy72 

have been observed; the periventricular and deep subcortical white matter lesions in particular 

are thought to likely arise as a result of hypoperfusion and microvascular disease68,73,74.  

Intercellular communication impairment is one of the hallmarks of ageing discussed in the 

previous section with regards to inflammageing and deregulated nutrient sensing. At the 

larger neural population scale, intercellular communication is impaired by neurotransmitter 

imbalances. Most neurotransmitters show decrements with age (e.g. dopamine and 

serotonine63) with cascade effects on cognitive function; GABAergic and glutamate 

dysregulation75 are of particular interest because of their implication in brain plasticity76 and 

on local oscillatory activity changes. EEG and MEG studies found that healthy ageing is 

characterized by changes in several metrics of resting state oscillatory activity (frequency, 

power, morphology and distribution). Background oscillatory activity tends to slow down in 

the elderly, with the alpha rhythm (8-13 Hz) becoming dominant, and an increase in delta 

(0.1-4 Hz) and theta (4-8 Hz) power with respect to young adults77; this is coupled with 

decreased activity in the gamma frequency band (30-80 Hz)78. The decrease in oscillatory 

activity in the gamma band is particularly interesting; previous studies have tied local 

activation in the gamma frequency band to peri-somatic inhibition79, which relies on the 

activation of Parvalbumin-positive intracortical inhibitory GABAergic nets whose 

dysfunction accounts for the reduction in gamma power observed in the elderly80. Moreover, 

their impairment leads to aberrant modulation of intrinsic neuronal excitability and, 

subsequently, aberrant neuronal plasticity81. Indeed, local mechanisms of brain plasticity, and 

particularly synaptic plasticity82,83, are impaired in the ageing brain84,85. 
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2d. The Macro scale  
On a macroscale level (i.e., whole brain, large scale networks), the modifications that impact 

the brain during ageing are well characterized, and the relevance of these changes on 

cognitive functions is widely recognized in the scientific literature.  

Recently, a brain-wide cerebrospinal fluid and interstitial fluid drainage pathway was 

characterized, the glymphatic system. The glial-lymphatic system of vessels channels 

extracellular fluid within the central nervous system to clear interstitial metabolic waste from 

the brain parenchyma; recent evidence suggests that ageing leads to an abnormal glymphatic 

function86, which results in the accumulation of metabolic waste in the extracellular space, 

such as amyloid fragments which, as discussed in paragraph 2c, contribute to neuronal death 

and cortical atrophy (for a review see87). 

As discussed in the previous paragraph, cellular loss and widespread hypoperfusion70,88 result 

in local atrophy61 across the entire brain; therefore, an overall decrease in cortical volume 

and thickness is observed in older individuals. A recent study, which pooled structural MRIs 

of more than 100,000 human participants, measured brain volumes during the lifespan and 

found that both grey and white matter volumes decline over time, with steeper declines for the 

grey matter89, accompanied by an increase in ventricular size and cerebrospinal fluid 

volume89. Cortical atrophy is particularly interesting because of its strong correlation with 

cognitive performance90.  

Moreover, whole-brain structural and functional connectivity are similarly and coherently 

impacted by ageing91. Findings on structural metrics consistently describe widespread 

decreases in fractional anisotropy in older compared to younger adults72,91,92 and age-related 

reduction in structural connectivity and efficiency starting from early adulthood93,94. Studies 

focussing on functional connectivity also report age-related modifications: first, the ageing 

brain is characterized by within network effects, i.e., alterations of synchronized activity 
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between nodes of cortical networks. Key brain networks such as the default mode network 

(DMN), the frontoparietal network (FPN) and the salience network (SN) all show a decreased 

within network connectivity in the elderly95–98. Second, between-network effects have been 

found in normal ageing. These include increased between network-connectivity (i.e., 

increased positive correlations between networks that are not typically coupled and decreased 

anticorrelations between networks)91,99. This has been interpreted as a loss of functional 

system segregation between large-scale networks subserving cognition and it may potentially 

reflect an over-recruitment compensatory strategy91,100,101. It is worth noting that functional 

connectivity studies systematically measuring its changes during the lifespan are still scarce 

and not always consistent in their results102. Recent systematic reviews and meta-analyses 

have validated the findings described above, especially confirming the reported disruption of 

within network connectivity in the DMN103 and reduced network-to-network segregation99, 

but further second level evidence is still needed. 

3. Modifiable risk factors 
Based on the most recent report from the Lancet commission on dementia prevention, twelve 

modifiable risk factors have been identified which might delay or avoid dementia and 

promote healthy ageing: excessive alcohol consumption, history of traumatic brain injury 

(TBI), exposure to air pollution, lower education level, hypertension, hearing impairment, 

smoking, obesity, depression, physical inactivity, diabetes and infrequent social contact 104. 

After reviewing the available literature, we propose two additional modifiable risk factors: 

high stress exposure and sleep fragmentation/sleep disorders (Figure 1, top arrow). In this 

revised framework, we included depression into the broader construct of negative 

psychological traits. Furthermore, we integrate low education level into the wider concept of 

cognitive reserve105, which is also related to IQ, occupational attainment, physical fitness, and 

several other lifelong exposures discussed in paragraph 6. 
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Some authors propose that several risk factors for cognitive decline could be traced to low 

socioeconomic status106. For example, low income is associated with worse eating habits107, 

increased rate of school dropout108, a higher probability of living in densely polluted areas109 

and diminished life expectancy110. A recent longitudinal study found that lower wealth 

predicts a steeper decline in physical, sensory and cognitive health, as well as in emotional 

well-being 111. In the United States, such factors are inextricably linked to disparities in health 

care delivery and economic status in racial and ethnic minorities112,113. Therefore, when 

considering risk and protective factors to improve healthy ageing in the whole population, 

bridging disparities in social and racial inequalities must be considered. 

The analysis of predisposing risk factors and beneficial interventions protecting from 

cognitive decline is for the most part based on observational studies; although the preferred 

research design, at least for interventions, would be a randomized clinical trial (RCT), it is 

often complex to build a study to be able to evaluate them in trials (e.g., educational 

attainment, lifelong physical fitness exercise). This can impact the quality of the available 

evidence on predisposing risk factors and beneficial interventions, which is sometimes low20. 

Because study designs are mainly limited to observational designs, improvements in research 

methods are needed, such as better validated standardized metrics of cognitive decline and 

exposure to risk/protective factors, as well as confirmatory second level evidence. 

Risk Factor Level Evidence 

Air Pollution Micro Animal models suggest airborne particulate pollutants accelerate 

neurodegenerative processes through cerebrovascular and 

cardiovascular disease, Aß deposition, and amyloid precursor 

protein processing104. A systematic review including 13 
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longitudinal studies found that exposure to air pollutants was 

associated with increased dementia risk114.   

Smoking Micro Different systematic reviews confirm that active smoking 

increases the risk of dementia20,115. Indeed, smoking increases 

oxidative stress and is a risk factor for multiple vascular 

conditions (e.g., high blood pressure, high cholesterol) as well as 

for insomnia and sleep apnea, all linked to an increased 

probability of pathological cognitive decline. 

History of TBI Micro Evidence indicates that even one single severe TBI is associated 

in both humans and mouse models with widespread 

hyperphosphorylated tau pathology104. Multiple studies and 

meta-analyses have confirmed that a history of TBI increases the 

risk of dementia116,117, even reporting a two-fold surge117. It is 

worth noting that data from the National Alzheimer's disease 

Coordinating Center database suggest that the clinical profiles of 

older adults with and without a history of TBI differ 

significantly and can be distinguished, suggesting that TBI is not 

necessarily just a risk factor for other known dementia subtypes, 

but rather that TBI-induced dementia should be considered a 

subtype of his own118. 

Sleep 

fragmentation/Sleep 

disorders 

Micro Insomnia is associated with increased AD risk, while Sleep 

disordered Breathing correlates with a higher incidence of all-

cause dementia119. Because of the critical role afforded to sleep 

in protein and neurotoxic waste clearance120, the primary 
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proposed pathway revolves around diminished protein clearance 

function and subsequent pathological accumulation121. 

Obesity/weight Micro/Meso Metabolic morbidity accelerates most of the hallmarks of brain 

ageing (e.g., neuroinflammation, impaired neuronal 

homeostasis)56. Moreover, studies have documented reduced 

grey matter volume122 and white matter integrity123 in multiple 

brain regions and reduced functional connectivity124 in obese 

individuals. 

Chronic Stress Micro / 

Meso 

Chronic stress leads to the secretion of glucocorticoids, such as 

cortisol, whose excessive level is harmful to brain structures; 

research has especially focussed on the deleterious effects of 

stress on the hippocampal formation. Animal studies found that 

stress impairs hippocampal synaptic plasticity and neuronal 

proliferation, resulting in hippocampal atrophy125. In humans, 

high stress levels were found to be associated with increased 

neural inflammation and diminished immune responses126 as 

well as decreased brain volume and more prominent white 

matter lesions127. 

In contrast hormesis, i.e., the steady prolonged exposure to mild 

levels of stress, increases stress resilience and reduces 

vulnerability, with positive effects on cognitive ageing126. 

Diabetes Micro/Meso Diabetes leads to vascular pathology128 and to reduced 

hippocampal neurogenesis and neuroplasticity129. A systematic 

review of observational studies totalling a sample size of over 
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32 thousand individuals has confirmed the increased risk of 

cognitive decline in diabetic patients20. 

Hearing 

impairment 

Meso A US prospective cohort study of 194 adults found that midlife 

hearing impairment is associated with steeper temporal lobe 

volume loss, including in the hippocampus and entorhinal 

cortex130. 

Excessive Alcohol 

consumption 

Meso/Macro According to the UK Whitehall study, with 23 years follow-up, 

drinking more than 14 alcohol units per week is associated with 

right-sided hippocampal atrophy131 and increased dementia risk. 

Moreover, alcohol consumption is linearly negatively associated 

with grey and white matter volume132, so that high alcohol 

consumption correlates with increased atrophy. 

Physical inactivity Meso/Macro Exercise yields an increase in brain plasticity, indexed by 

heightened BDNF concentration, and has a protective role 

against brain volume loss and AD pathology, as well as 

cardiovascular pathologies, that are risk factors for dementia127. 

Hypertension Meso/Macro Midlife hypertension is associated with reduced brain volumes 

and increased white matter hyperintensity volume104. 

Negative 

Psychological 

Traits 

Macro Psychological and personality attributes such as optimism, 

positivity, and a sense of purpose have been associated with 

healthy ageing. One review reported that both early and late-life 

depression correlate with increased in dementia risk20,133. 

Proposed pathways  

include the direct effects of depression on stress hormones, 

neuronal growth factors and hippocampal atrophy134. 
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Social isolation Macro Low social interaction is associated with increased stress, 

disrupted sleep patterns and inflammation, leading to more 

prominent AD brain pathology and steeper rates of brain volume 

loss127. Additionally, social contact enhances cognitive reserve 

by encouraging beneficial behaviours (e.g., physical activity, 

cognitive stimulation). 

Low Cognitive 

Reserve 

Macro Individuals with higher Cognitive Reserve display lower task 

related cortical activation, more robust connectivity in key brain 

networks, and a better compensatory activation in response to 

ageing and pathology105,135,136. 

Additionally, higher cognitive activity levels, especially in early 

life and in middle age, correlate with decreased Aβ 

deposition127. 

Table 16 - Modifiable risk factors impacting healthy brain ageing. 
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Figure 48 – The cognitive hallmarks of healthy ageing. A) Trajectories displaying the typical 

performance across the lifespan of different cognitive functions. B) Different cognitive 

trajectories in crystallized (red) and fluid (blue) intelligence components in typical adults 

(dashed line), adults with high cognitive reserve (solid line) and adults with Alzheimer’s 

Disease (dotted line). C) The age-related cognitive decline can be epitomized as a model 

comprising four main domains: Processing Speed, Reasoning, Memory and Numeric and 

Spatial Abilities. 
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4a. Cognitive hallmarks of healthy ageing 
The physiological brain changes associated with age, described in paragraphs 2b, 2c and 2d, 

are accompanied by a typical decline in cognitive functions, which follow different 

trajectories137 (Figure 2a). Note that the profile described here is a correlate of normal ageing, 

rather than a pathological outcome: it represents a natural decay in cognitive functions, 

similar to expected declines in physical functioning that accompany normal ageing. As such, 

the cognitive declines outlined here do not prohibit functional independence, particularly 

when compensatory strategies are engaged. 

When reviewing the literature on the cognitive correlates of ageing, it is necessary to consider 

some methodological issues. Ageing cognitive trajectories can be studied adopting cross-

sectional or longitudinal study designs, whose findings can sometimes be inconsistent. 

Inconsistencies can be ascribed, on the one hand, to cross-sectional study designs being 

flawed by well documented biases and inferential problems such as cohort effects, resulting in 

inappropriate estimations of the effect of age on cognition during the lifespan138–142. However, 

on the other hand, they could due to longitudinal study designs presenting retest or practice 

effects; positive gains due to retest have been reported even when time intervals are of 

considerable magnitude (above 5 years)143,144, and could therefore be very complex to 

minimize in longitudinal study designs. Moreover, previous evidence indicates retest effects 

to have a rather large positive effect size, potentially masking age-related decline 144–146 and, 

critically, that it is hard to build a statistical model to effectively control for retest effects147. 

Based on these considerations on the impact of cohort and retest/practice effects, we included 

in the literature informing this section of the review on cognitive ageing both longitudinal and 

cross-sectional evidence with large sample sizes, and report findings with convergent support 

in both kinds of study designs. 
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Cognitive functions broadly follow three patterns of age-related change: some decline across 

the lifespan, some in late-life, and others are relatively stable, or even moderately increase 

over time137. Performance in life-long declining cognitive abilities decreases from its peak 

throughout the adult lifespan. The hallmark of cognitive ageing is decreased processing speed, 

which slowly declines in early adulthood and linearly recedes after age 40148–150. Similarly, 

working memory performance also linearly declines, both in its visuospatial and in its verbal 

components151–153. Critically, and in part due to the deterioration of working memory abilities, 

memory encoding abilities also decline from a very young age, resulting in worsened 

performance both in long term148,152,154–156 and short-term memory157,158 tasks. 

Most cognitive functions, however, experience only slight declines until later in life. 

Numerical ability, measured through mathematical tests, is stable until one’s mid-fifties148. 

Spatial orientation seems to slightly increase until age 30148, then plateaus and only declines 

after one’s sixties154,159. A similar pattern has been reported for reasoning abilities, which 

undergo a significant decline after the age of 50148,151,154,160. Shifting (i.e. mental set shifting) 

and inhibition abilities (i.e. inhibition of prepotent responses)161 also display a late-life 

decrease150,154: performance steeply declines after 50 and 70 years of age, respectively. These 

late-life declining abilities are the ones most affected by discrepancies in results between 

longitudinal and cross-sectional measurements; indeed, although cross-sectional estimates 

demonstrate clear declines in spatial orientation and reasoning with ageing, longitudinal 

assessments support a maintenance of these functions at the individual level145. 

Cognitive functions which remain stable in life have been termed “crystallized 

intelligence”149. Semantic knowledge is one of them, increasing until the mid-fifties and only 

slightly lowering after age 70 148,154–157,159. Emotional regulation and processing seem to be 

maintained, or even improved, with age: for instance, performance in theory of mind tasks 

which require the attribution of mental states to others remains intact162, and data suggests 
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that the elderly attend to the emotional content  of memories more than young adults do137,163. 

Although the most characteristic and recognisable symptom of old age is memory loss, not all 

memory functions decline with age. Autobiographical memory is largely preserved164, 

especially for events occurring in young adulthood (for a review see165). Automatic memory, 

measured as the magnitude of priming effects, seems to remain intact until late age as 

well156,166. 

Declining and stable cognitive functions are broadly referred to as fluid and crystallized, 

respectively149, and it has been put forth that fluid declines might be compensated for by 

retained crystallized abilities. According to the ‘dedifferentiation hypothesis’, however, all 

abilities deteriorate after the age of 85, potentially because of vision and hearing loss167; 

however, this generalized decline has not been consistently confirmed168. Moreover, recent 

studies have moved past this classical distinction and reported that, although they diverge in 

the steepness of their decline, rates of change correlate across all cognitive domains, so that 

individuals with greater losses in fluid abilities also display smaller gains, or even losses, in 

crystallized abilities169,170.  

4b. The four components of cognitive decline  
The profile of physiological cognitive decline described in paragraph 4a can be characterized 

with a four-factor model (Figure 2C). Previous studies that have applied latent component 

analyses to both longitudinal 171 and cross-sectional data160 report that, although the bulk of 

individual differences in cognitive decline can be attributed to domain general processes, a 

significant amount of it is accounted for by four distinct domains: processing speed, memory, 

reasoning and visuospatial function. 

Processing speed, i.e. the ability to carry out mental operations quickly and efficiently, has 

been proposed as the prime indicator of cognitive ageing and the driving cause of other 

impairment 172. Interestingly, however, some studies suggest that the impairment in other 
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cognitive tests, especially memory and reasoning, emerges sooner in life than processing 

speed deficits145,148,151; yet, this could be accounted for by the fact that pure processing speed 

tests (e.g., letter or pattern comparison, finding A’s) are very simple, and may be prone to 

ceiling effects. Because processing speed is known to heavily rely on general white matter 

integrity173, interventions known to promote its health, such as physical activity174, might be 

beneficial, as reported by a meta-analysis of randomized clinical trials on the effect of aerobic 

exercise training, which found it to be associated with improvements in processing speed175. 

Declarative memory, i.e. the ability to retrieve and state previously encoded information after 

a brief (short term memory) or long (long term memory) time interval, is notoriously linked to 

the activity and integrity of medial-temporal structures, which are essential nodes of the 

DMN. Although research on the definitive benefits of memory training is still underway176, 

promising results hint that mnemonic stimulation could be a tool for long time memory 

maintenance177. 

The aforementioned studies that have investigated latent components of cognitive 

decline160,171 include  

visuospatial function, i.e. the ability to mentally rotate 2D and 3D patterns, as one of their 

components. In the present review, we revisit this concept in light of novel findings that 

tightly link this capacity with numerical abilities178. Although they are two separate functions, 

numeric and spatial abilities rely on the same neural substrate, centred around the 

frontoparietal network 179, which can be preserved and enhanced through cognitive 

training149,180,181. 

 

Reasoning requires a complex and composite definition: it is the ability to divergently think, 

make use of unfamiliar information, identify relations, form concepts and draw inferences171. 

However, taking into consideration the overlapping neural substrates underlying these 
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processes182, we believe reasoning comprises the three “frontal lobe” executive functions: 

mental set shifting (‘Shifting’), information updating and monitoring (‘Working Memory’), 

and inhibition of prepotent responses (‘Inhibition’)161. This high-order reasoning factor has 

widespread neural bases, which mainly rely on the dorsal attention network, and to a lesser 

extent on both the left and right fronto-parietal control networks 183,184. Reasoning abilities, 

too, draw positive benefits from cognitive training149,180,181. 

5. Entering the era of personalized brain health tracking 
In light of the critical relevance of implementing any intervention with prompt timing, the 

issue of tracking brain and cognitive health is pivotal. A new wave of technological progress 

is opening the stimulating prospect of designing innovative tools to measure and track health 

daily, increasing the temporal resolution of traditional cognitive check-ups and giving access 

to an abundance of digital biometric measures so far undetected185. 

Shifting from pen and paper cognitive assessment and stimulation tools to computerized 

methods, besides potentially yielding better results186 because of the increased interactive 

engagement, allows for the collection of more informative data. Eye-tracking technologies to 

assess dynamic vision and measure attention allocation through recording of fixation and 

saccades187, biomarkers derived from human voice188, the use of wearables such as actigraphs 

to track sleep and other health parameters189 and the recording of pen pressure or speed in 

drawing and writing tasks190 are all examples of viable metrics and potential proxies of 

general health and cognitive functioning; their application to tracking healthy brain ageing 

may become a key component of health monitoring . 

5. From structural to cognitive: how well can the brain adjust to change? 
Brain age may or may not align with chronological age, but it can be estimated by measuring 

structural and functional brain markers36. This roughly falls within the ambit of estimating 

one’s brain reserve, defined as the ‘neurobiological capital’, or the quantifiable brain 
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resources (e.g., synaptic count, intracranial volume, white and grey matter integrity) necessary 

to maintain adequate function191. The extent to which individual brains preserve their 

neurochemical, structural and functional integrity, at micro, meso and macro-scale levels, has 

also been referred to as “brain maintenance” in longitudinal studies192.  

The concept of brain maintenance implies that variations in structural characteristics would 

tightly correspond to a better cognitive performance. However, this is not always the 

case193,194, as certain individuals display better coping abilities and mitigate the cognitive 

decline which would be expected based on their underlying brain damage. This raises the 

question of how to bridge the gap between one’s brain structure, brain function and metrics of 

cognition. The construct of cognitive reserve (CR) was put forward as a moderator between 

brain pathology and its clinical outcome11,105. While brain reserve is a passive protective 

factor, based on the sheer amount of expendable substrate, CR is conceptualized as the brain’s 

active coping in response to damage, through compensatory or pre-existing cognitive 

processing195. Although potentially influenced by common lifestyle factors, cognitive reserve 

and brain maintenance/reserve are two separate, uncorrelated processes196. 

One major hurdle to the research on CR is its measurement, which is to this day uneven 

across studies. The most frequently adopted proxy of CR is years of education193,197,198; 

however, high education alone is arguably a reductive index for this broader construct. 

Indeed, while it is true that individuals with higher education have higher scores in all 

cognitive domains, evidence casts doubt on the notion that high education per sé is a predictor 

of slower cognitive decay rates, as multiple studies on large sample sizes have reported no 

difference between the decline trajectories of adults of higher or lower than average 

education159,199. Some questionnaires have been proposed, such as the Cognitive Reserve 

Index questionnaire, which take into account the multiple aspects of CR 200; studies that have 
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included social engagement and occupational attainments as components of CR have reported 

consistent findings of its beneficial impact on cognitive ageing 201–203. 

The inconsistency in defining and measuring CR has made the investigation into its 

neurobiological underpinnings particularly challenging191, but some findings have been 

replicated by different researchers and on different cohorts of participants. Although high CR 

does not offset structural brain ageing, as indexed by similar levels of objective brain lesions 

194, protein burden 197,198 or cortical atrophy 204 irrespective of CR scores, those with high CR 

appear to be more resilient to this brain deterioration, so that the same extent of objective 

substrate damage causes, comparatively, less cognitive impairment 105,193; functional imaging 

studies indicate that this is accompanied by more efficient patterns of metabolism in posterior 

brain areas and increased activation and connectivity in the frontal lobes 105.  

The interpretation of cognitive reserve as one’s ability to sustain a higher degree of damage 

before displaying overt symptoms closely resembles the definition of the metric of brain 

graph resilience205,206. Resilience is a concept derived from graph-theory which reflects a 

complex system’s robustness to progressive lesioning, i.e., the ability to compensate for the 

endured damage without losing its overall characteristics and efficiency207. Although the 

precise genetic basis of CR and brain resilience have yet to be clarified, studies suggest the 

heritability of both208,209. Exploring the involvement of brain graph resilience as a correlate of 

CR might provide interesting insights into its neurobiology. 

6. Deviating trajectories: cognitive performance in high CR individuals and AD 
patients  

The profile described in paragraphs 4a and 4b is typical of ordinary, cognitively healthy 

individuals. However, trajectories can deviate both ways, displaying a better or worse than 

average performance. This is the case for, respectively, individuals with high cognitive 

reserve (CR) and patients affected by dementia (Figure 2b). 
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The most prevalent form of dementia is amnesic Alzheimer’s disease (AD). Its cognitive 

symptoms are well known and have been extensively described elsewhere210 (Figure 2b, 

dotted line). Memory impairment is typically the first reported symptom, although processing 

speed deficits seem to be the first to appear objectively211, followed closely by executive and 

spatial deficits210. Moreover, those crystallized functions which are spared in typical healthy 

ageing also become impaired in AD patients: semantic knowledge212, autobiographical 

memory213, automatic memory214 and emotion regulation210 all endure significant 

deterioration with the progression of the disease. 

On the contrary, individuals with high CR display particularly favourable outcomes (Figure 

2b, solid line). A recent longitudinal study conducted on 1697 individuals has assessed the 

influence of CR on cognitive trajectories203. Measuring CR as a composite score including 

education, early, mid and late-life cognitive activities and social engagement, the study 

showed that those with higher CR experience a longer cognitive healthspan across all 

domains. Furthermore, having a high cognitive reserve protects from cognitive decline even 

in patients with AD pathology, so much so that individuals with AD pathology but high CR 

scores and individuals without AD pathology but low CR scores can display the exact same 

cognitive profile and decline trajectories. This demonstrates the practical gains derived from 

considering the risk factors presented in paragraph 3 and Table 1 and embracing the beneficial 

interventions proposed in the following paragraph.  

7. Beneficial active interventions to promote healthy brain ageing. 
Active interventions to promote healthy brain ageing can prolong the cognitive healthspan127 

(Figure 1, bottom arrow). These target both cognitive and brain reserve and increase resilience 

to functional decline, however, to the best of our knowledge, no study has systematically 

compared and quantified the impact of concomitant risk and protective factors for cognitive 

decline. That is, how does the adoption of positive habits, such as lifelong cognitive 
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engagement, or the fortuitous lack of risk factors, like a history of TBI, stack up with 

concomitant adverse conditions such as genetic predisposition, or risky behaviours such as 

smoking? The pursuit of this line of research would be particularly interesting, considering 

most elderly adult individuals present a mix of protective and risk factors in both their 

personal history and current lifestyle. 

Promising experimental interventions to prevent genetic degradation are in development. For 

instance, new techniques are being studied with the aim of reversing age-related decline by 

promoting brain tissue repair through epigenetic reprogramming215,216 and multiple clinical 

trials investigating the beneficial effect of administrating NAD+ precursors to increase NAD+ 

levels in healthy elderly adults are currently ongoing, and hold encouraging results59,217,218. 

The brain’s microstructure can be protected through several interventions. Among the best 

established of these are sleep interventions219. Disrupted sleep induces higher inflammation 

and decreased protein clearance127, which can be minimized by promoting slow waves during 

non-REM sleep219. A randomized control study (RCT) has indeed demonstrated that treating 

sleep disorders partially mitigates negative effects on brain health220. Managing stress and 

depression also represents a viable intervention. In humans, high stress levels are associated 

with increased oxidative stress and AD pathology, as well as decreased brain volume and 

more prominent white matter lesions127. RCTs demonstrate that stress reducing practices, 

such as yoga or meditation, lead to improved cognitive functioning in ageing221,222. On the 

other hand, the importance of treating depression as a beneficial preventative intervention is 

debatable: it is hard to disentangle the relationship between dementia and depression, because 

depression is considered both a risk factor for and an early symptom of dementia. However, 

the correlation between depression and cognitive decline is among the best-supported ones by 

empirical data20 and, because of the relevant impact depression has on stress and brain health 
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and particularly on medial-temporal cortex integrity223, treating depression is likely to benefit 

processes of brain ageing127. 

Among the most robust effective interventions are physical exercise and adopting a healthy 

diet20. Exercise yields an increase in BDNF concentration224 and insulin-like growth factor 1, 

promoting a healthier metabolism225–227, and induces better sleep patterns228,229 in all age 

groups227. Moreover, physical exercise interventions decrease overall AD pathology and brain 

volume loss, while strengthening the cardiovascular system and thus decreasing the connected 

risks127. A recent meta-analysis conducted on 15 international cohorts has proven a direct 

negative association between regular daily exercise, computed as daily steps, and all-cause 

mortality230; trials testing exercise interventions show it has cascading effects, improving 

memory, mood, executive function and promoting brain plasticity127,231. Interestingly, a recent 

study232 that examined 1369 adults found that pet ownership, by inducing beneficial 

behaviours such as walking regularly and through its well-known positive effects on blood 

pressure and stress233, may be linked to slower cognitive decline. The benefits of adopting a 

balanced and heart-healthy diet throughout the lifespan, such as the Mediterranean diet234, are 

widely accepted235. Positively impacting cardiovascular health, a heart-healthy diet protects 

from brain volume loss and is associated with lesser atrophy in the hippocampal region and 

reduced AD pathology127; also, some emerging studies have even linked the Mediterranean 

diet with augmented telomere length236. RCTs have shown that these diets induce improved 

global cognition and executive function225. 

In the recent decades, several studies have focussed on behavioural interventions225 (i.e., 

physical activity, social interventions, cognitive stimulation), and have obtained significant 

and encouraging findings. The importance of the social environment should not be 

underestimated. Epidemiological evidence suggests that less frequent social contact and 

feeling lonely are associated with increased dementia risk and cognitive impairment237, 
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although the relationship could to some extent be bidirectional. Interventions aimed at 

promoting social engagement hold promising results, including increases in memory and 

executive function238,239, which is reflected in imaging studies as increased prefrontal and 

anterior cingulate cortex activation240 and an overall higher brain volume241. 

The importance of remaining cognitively active throughout one’s life is undisputed. However, 

measuring the exact impact on brain health and cognitive function is somewhat challenging: 

the wide variety of cognitive stimulation interventions are difficult to compare and loosely 

defined177, ranging from daily crosswords242 to structured multisession programs181. However, 

converging evidence shows that late life cognitive activity is associated with improved 

performance in memory, processing speed and executive function, as well as reduced 

dementia risk149,180,181. Critically, cognitive training programs and memory training seem to 

be effective only if enacted before dementia onset243. The mechanisms underlying these 

beneficial effects are still unclear127. Potentially, it might be due to an increase in 

neuroplasticity, indexed by a higher BDNF concentration recorded in older individuals after 

an intensive cognitive training program244; other possible mechanisms include a reduction in 

AD pathology and maintained grey matter volume127. 

Although more rigorous RCTon cognitive training are still needed to clearly define its 

efficacy176, one RCT conducted on a cohort of 1260 elderly participants, the Finnish Geriatric 

(FinGer) Intervention Study to Prevent Cognitive Impairment and Disability, has found that 

the combination of multiple non-pharmacological interventions (diet, exercise, cognitive 

training and vascular risk monitoring) may be especially effective and beneficial245. This 

finding gave rise to the creation of a global network of ongoing studies exploring the potential 

of multi-pronged approaches to reduce risk of cognitive impairment or dementia246.  
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Finally, recent neuroscientific research has investigated the feasibility and efficacy of non-

invasive brain stimulation (NIBS) techniques to promote and preserve cognitive abilities in 

the healthy ageing brain247, offering unique neuromodulation potential and minimal side 

effects. Transcranial magnetic stimulation (TMS) can be applied using its multiple repetitive 

paradigms to increase synaptic efficiency and strength (repetitive TMS, rTMS, and theta-burst 

stimulation, TBS)247 or to modulate cortical connectivity (cortico-cortical paired associative 

stimulation, ccPAS)248,249. Transcranial electric stimulation (tES) is based on the application 

of electrical potentials with the aim of modulating intrinsic oscillatory brain activity 

(transcranial alternating current stimulation, tACS) or to alter membrane polarisation and the 

spontaneous firing rate of neurons (transcranial direct current stimulation, tDCS)247. Although 

both TMS and tES have been adopted to modulate brain activity and cognition in the older 

individuals, TMS studies are strongly skewed toward patient populations, and studied on the 

application of repetitive TMS protocols on healthy elderly individuals are rarer250. Anodal 

tDCS to increase excitability of specific brain areas is the most frequently adopted technique 

and evidence supports its effectiveness in improving episodic, semantic and working memory, 

motor and cognitive control, and the feasibility of non-invasive brain stimulation treatments 

in healthy older adults250,251. 

8. Conclusions 
Cognitive functions and their neural underpinning physiologically decline with ageing 

following characteristic trajectories, which can however be modified. In the present paper, we 

have summarized the modifiable risk factors and the main beneficial interventions which 

could promote a healthy brain ageing process and significantly cut the risk of cognitive 

decline in old age. Those who adhere to these recommendations, indeed, do show a longer 

cognitive healthspan. The critical mediating factor which moderates the relationship between 

structural and cognitive decline is Cognitive Reserve. A better understanding of the neural 
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substrate of Cognitive Reserve will provide further insight into relevant markers of cognitive 

decline, allowing for the development of more precocious and prompt multi-pronged 

interventions. 
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