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A B S T R A C T

Skillful goal-directed manual actions such as grasping and manipulating objects are supported by a large sensorimotor network. Within this network, the ventral
premotor cortex (PMv) transforms visual information about objects into motor commands that are conveyed to the primary motor cortex (M1), allowing fine control of
finger movements. However, it is unknown whether transcranial magnetic stimulation (TMS) of this PMv-to-M1 hierarchical pathway improves action performance.
To fill in this gap, here, we used cortico-cortical paired associative stimulation (ccPAS) with the aim of manipulating synaptic efficacy in the human PMv-to-M1
pathway. We found that repeatedly pairing TMS of pre-and post-synaptic nodes of the PMv-to-M1 pathway (i.e., PMv-to-M1 ccPAS) increased motor excitability
and enhanced performance on the 9-Hole Peg Test (9-HPT), which taps into PMv-M1 functioning. These effects were specific to the ccPAS protocol consistent with the
direction of the PMv-to-M1 hierarchy, as no effects were observed when reversing the order of the paired TMS pulses (i.e., following a M1-to-PMv ccPAS) or when
administering sham ccPAS. Additionally, the effect of PMv-to-M1 ccPAS appeared functionally specific, as no behavioral enhancement was observed in a visuomotor
control task. We therefore provide novel causal evidence that the PMv-to-M1 pathway, which is instrumental to object-oriented hand actions, is sensitive to TMS
manipulations of associative plasticity. Our study highlights the causal role of the PMv-to-M1 pathway in controlling skillful object-oriented hand actions and suggests
that ccPAS might be a useful tool for investigating the functional relevance of directional connectivity in humans. These findings may have implications for designing
novel therapeutic strategies based on the manipulation of associative plasticity in cortico-cortical networks.
1. Introduction

Goal-directed manual actions such as grasping, manipulating and
moving objects are the result of complex interactions within dorsal
occipito-parieto-frontal streams involved in sensorimotor trans-
formations (Jeannerod et al., 1995; Castiello, 2005; Grol et al., 2007;
Cavina-Pratesi et al., 2010; Davare et al., 2011). At least part of this
process is thought to occur in a serial, hierarchical fashion: monkey
studies have suggested that, within a dorsolateral stream, the ventral
premotor cortex (PMv) transforms visual information about object
properties (e.g., their shape, size, etc.) into appropriate motor com-
mands; these commands are conveyed to the primary motor cortex (M1),
allowing fine control of individual finger movements (Muir and Lemon,
1983; Murata et al., 1997; Fagg and Arbib, 1998; Fogassi et al., 2001;
Lang and Schieber, 2004; Raos et al., 2006). Although alter-
native/parallel pathways also exist (e.g., Dum and Strick, 1991; He et al.,
1993), these monkey studies point to a pivotal role of the PMv-to-M1
hierarchy in performing skilled, visually guided, object-oriented
manual actions such as grasping observed objects (Prabhu et al., 2009;
Rizzolatti et al., 2014; Borra et al., 2017; Gerbella et al., 2017).
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Neuroimaging and transcranial magnetic stimulation (TMS) studies
suggest that the human brain is endowed with neural systems for goal-
directed actions analogous to those of monkeys (Castiello, 2005; Cav-
ina-Pratesi et al., 2007; Kr�oliczak et al., 2007; Tunik et al., 2007; Davare
et al., 2008, 2009, 2010). These studies have shown that visually guided,
object-oriented manual actions are at least partly underpinned by neural
interactions within the dorsolateral stream (e.g., Davare et al., 2010,
2011; for further involvement of dorsomedial areas see Vesia et al.,
2017). For example, Grol and colleagues reported increased connectivity
between occipito-parieto-frontal nodes of the dorsolateral stream (i.e.,
V3A, AIP and PMv) during precision grasping (Grol et al., 2007). In
addition, Davare and colleagues have shown that, during grasp prepa-
ration, short-latency PMv-to-M1 connections are facilitated in a
muscle-specific manner (i.e., grasp-related facilitation is specific to those
circuits controlling the muscles involved in the upcoming grasp; see
Davare et al., 2008, 2009, 2010). These studies converge with monkey
findings and support the notion of a human PMv-to-M1 hierarchy in fine
motor control of object-oriented manual actions.

A variety of experiences ranging from learning new motor skills to
experiencing a stroke in motor areas have been associated with
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neuroplastic changes in premotor and motor areas and the connection
between them (Nelles et al., 2001; Sun et al., 2007; Albert et al., 2009;
Taubert et al., 2011; Wiestler and Diedrichsen, 2013; Horn et al., 2016).
For example, training in a fine motor task involving grasping and moving
pegs and marbles strengthened functional connectivity between PMv and
primary sensorimotor representations of the hand (Hamzei et al., 2012).
Increased functional connectivity between PMv and sensorimotor cortex
was also found following training in a precision drawing task (Philip and
Frey, 2016). Moreover, performing skillful hand actions after extensive
training was associated with increased premotor-motor connectivity
(Dayan and Cohen, 2011). However, these previous studies used a
correlational approach that does not address the critical question of
whether direct strengthening of premotor-motor connectivity (e.g., via
exogenous brain manipulation) would cause an enhancement in hand
motor functions. Answering this outstanding question is the goal of the
present study.

Recent advances in TMS allow us to directly address this question
through a protocol called cortico-cortical paired associative stimulation
(ccPAS) (Rizzo et al., 2009, 2011; Koganemaru et al., 2009; Arai et al.,
2011; Buch et al., 2011; Lu et al., 2012; Koch et al., 2013; Veniero et al.,
2013; Johnen et al., 2015; Romei et al., 2016a; Casula et al., 2016;
Chiappini et al., 2018). This protocol consists of repeated paired stimula-
tion of two interconnected brain areas with the aim of mimicking patterns
of neuronal stimulation shown to induce spike-timing-dependent plasticity
(STDP) – a form of synaptic plasticity meeting the Hebbian principle that
synapses are potentiated if the presynaptic neuron fires immediately
before the postsynaptic neuron in a coherent and repeated manner
(Jackson et al., 2006; Caporale and Dan, 2008; Markram et al., 2011). In
the ccPAS protocol, pre- and post-synaptic coupling is achieved by
repeatedly administering pairs of TMS pulses. In each pair, a first pulse
over a target area is followed by a second pulse over an interconnected
target area with an inter-stimulus interval (ISI) consistent with the acti-
vation of short-latency connections between the two areas. In a relevant
study, Buch et al. (2011) administered a ccPAS protocol by delivering the
first pulse in each pair over PMv and the second over M1 using an ISI of
8ms, i.e., the critical ISI at which the PMv exerts a short-latency physio-
logical effect on the excitability of the ipsilateral M1 (see dual-site TMS
studies of Davare et al., 2008, 2009, 2010; B€aumer et al., 2009 pointing to
an ISI of 6–8ms). Thus, with this protocol, the cortico-cortical volley eli-
cited by PMv stimulation (first pulse) would reach M1 slightly before/at
the same time as the exogenousM1 stimulation (second pulse), resulting in
convergent M1 activation. This repeated stimulation of the PMv-to-M1
pathway enhanced the physiological effect of PMv conditioning over M1
excitability, and the time-course of the long-term potentiation (LTP)-like
effect resembled that of STDP effects observed in animal studies (Buch
et al., 2011). In a further study, the PMv-to-M1 ccPAS protocol was found
to increase the functional connectivity of the stimulated pathway, as
measured by functional magnetic resonance imaging (fMRI). Increased
connectivity was anatomically specific and did not occur in non-stimulated
parallel motor pathways (Johnen et al., 2015).

These physiological studies provided direct evidence that ccPAS can
transiently strengthen PMv-to-M1 connections by increasing synaptic
efficiency in a hierarchical motor pathway involved in visually guided
object grasping and manipulation. However, these studies did not answer
the critical question of whether exogenous enhancement of PMv-to-M1
synaptic efficiency also causes an improvement in performing object-
oriented manual actions.

In the present study, we sought to investigate the malleability and
behavioral relevance of PMv-to-M1 connectivity by combining a ccPAS
PMv-to-M1 protocol with two behavioral tasks. Based on the notion that
the PMv is a key region for visually guided, object-oriented manual ac-
tions (Binkofski et al., 1999; Ehrsson et al., 2000; Kuhtz-Buschbeck et al.,
2001; Horn et al., 2016) and the PMv-to-M1 hierarchy is involved in the
implementation of such actions (Prabhu et al., 2009; Rizzolatti et al.,
2014; Borra et al., 2017; Gerbella et al., 2017), we hypothesized that
administering a ccPAS protocol aimed at enhancing PMv-to-M1
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connectivity would improve performance on the Nine-Hole Peg Test
(9-HPT; Mathiowetz et al., 1985; Grice et al., 2003), a well-established
manual dexterity task tapping into the ability to grasp and manipulate
small objects.

We hypothesized this behavioral enhancement would be specific. No
improvement was expected following a M1-to-PMv ccPAS protocol
–controlling for the directionality of the stimulated pathway– or a sham
ccPAS protocol –controlling for nonspecific effects of TMS. Additionally,
we expected no ccPAS-induced changes in performance on a visual
choice reaction time (cRT) task. Although both 9-HPT and cRT are
visuomotor tasks, the latter does not tap into the ability to efficiently
shape the hand to manipulate objects, and it was thus expected to be less
sensitive to manipulation of PMv-M1 connectivity.

Lastly, based on prior work reporting that global measures of motor
excitability predict the magnitude of LTP effects in the motor system
(Müller-Dahlhaus et al., 2008) and TMS-induced behavioral effects
(Kaminski et al., 2011), we expected to find a positive relationship be-
tween behavioral changes induced by PMv-to-M1 ccPAS and motor
excitability as assessed before ccPAS.

2. Materials and methods

2.1. Participants

Fifty-four healthy participants (16 males, mean age 23.1� 3.3 years)
took part in the study. All were right handed, based on the Edinburgh
Handedness Inventory (Oldfield, 1971), hadnormal 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 TMS (Rossi et al., 2009; Rossini et al., 2015). 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). None of the participants reported adverse re-
actions or discomfort related to TMS.

2.2. General experimental design and procedures

To test the malleability and functional relevance of PMv-M1 con-
nections, we administered ccPAS over the left PMv and the left M1, to
repeatedly activate the neural pathways between them (Buch et al., 2011;
Johnen et al., 2015). The participants were randomly assigned to 1 of 3
groups, according to the administered ccPAS protocol (see Table 1 and
Fig. 1). In the experimental group (ExpPMv→M1; N¼ 18), we administered
a PMv-to-M1 ccPAS protocol. In the active control group (CtrlM1→PMv;
N¼ 18) we administered a M1-to-PMv ccPAS protocol, whereas in the
sham control group (Ctrlsham, N¼ 18) we administered a sham
PMv-to-M1 ccPAS protocol. We used a double-blind procedure, as both
the participants and the experimenter assessing behavioral performance
were blind to participants' allocation.

Participants performed two behavioral visuomotor tasks (i.e., 9-HPT
and cRT). After they were familiarized with the tasks for about 10min
(training), their performance was recorded in four experimental sessions
(Fig. 1). Two sessions were recorded before the ccPAS (constituting the
“Baseline” and “Pre” sessions) and two sessions were recorded after the
ccPAS (“Post-0” and “Post-30”). Each session lasted ~5min, during
which the two tasks were administered in a counterbalanced order across
participants. Behavioral performance was followed by ~25min of rest
(i.e., sessions were separated by 30min each). TMS parameters and coil
positions (see ccPAS protocol and neuronavigation paragraphs below) were
identified in the rest periods before and after the Baseline session. Fifteen
minutes after the beginning of the Pre session, the ccPAS protocol was
administered for 15min and performance was recorded immediately
(Post-0) and 30min (Post-30) after the end of the stimulation. Partici-
pants were invited to remain seated throughout the experiment and to
keep their hands completely relaxed in the rest periods. The experiment
lasted approximately 2.5 h.



Table 1
Demographic characteristics, TMS parameters and baseline performance of the three groups. A series of null hypothesis-testing analyses (one-way ANOVAs and
χ2) and their Bayesian implementations showed no differences between groups.Notes: (a) TMS intensity corresponding to 90% of the rMT as assessed with the coil of the
monophasic stimulator over M1. (b) TMS intensity required to elicit a motor-evoked potential (MEP) of ~1-mV amplitude as assessed with the coil of the biphasic
stimulator over M1; (c) In the sham group the biphasic stimulator was set at an intensity of 65% in all participants.

ExpPMv→M1

(N¼ 18)
Ctrlsham
(N¼ 18)

CtrlM1→PMv

(N¼ 18)
Statistical comparison

Mean� S.D. age (years) 22.9� 2.6 24.1� 4.3 22.7� 2.9 F2,51¼ .94, p¼ .40; ηp2¼ .04;
BF01¼ 3.5

Gender (F/M) 13 F/5M 12 F/6M 13 F/5M χ 2¼ .18, p ¼ 1; φ¼ .06; BF01¼ 5.0
Mean� S.D. PMv pulse intensity (% of maximal monophasic stimulator
output)

37.9%� 7.3(a) 38.8%� 6.0(a) 36.8%� 5.8(a) F2,51¼ .47, p¼ .63; ηp2¼ .02;
BF01¼ 4.9

Mean� S.D. M1 pulse intensity (% of maximal biphasic stimulator
output)

68.8%� 11.6(b) not assessed(c) 68.6%� 9.5(b) F1,34< .01, p¼ .96; ηp2< .01;
BF01¼ 3.1

Mean� S.D. 9-HPT performance at baseline (s) 20.8� 2.1 20.6� 1.8 21.2� 1.5 F2,51¼ .47, p¼ .63; ηp2¼ .02;
BF01¼ 4.9

Mean� S.D. cRT performance at baseline (ms) 397� 29 421� 59 425� 43 F2,51¼ 1.97, p¼ .15; ηp2¼ .07;
BF01¼ 1.7

Mean� S.D. cRT performance at baseline (%Corr) 96%� 3 95%� 5 96%� 4 F2,51¼ .83, p¼ .44; ηp2¼ .03;
BF01¼ 4.5

Fig. 1. Schematic representation of the experimental procedure.
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2.3. ccPAS protocol

The ccPAS pulses were administered by means of two 50-mm figure-
of-eight branding iron coils. 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. One
coil was placed over the left PMv and connected to a Magstim 2002

monophasic stimulator; the other coil was placed over the left M1 and
connected to a Magstim Rapid2 biphasic stimulator (The Magstim Com-
pany, Carmarthenshire, Wales, UK). Ninety pairs of TMS pulses were
delivered continuously at a rate of 0.1 Hz for 15min (Rizzo et al., 2009,
2011; Buch et al., 2011; Johnen et al., 2015; Romei et al., 2016a;
Chiappini et al., 2018). In each pair, PMv and M1 were stimulated with
an ISI of 8ms (Buch et al., 2011; Johnen et al., 2015) to activate
short-latency connections between the two regions (e.g., Davare et al.,
2009).

The ExpPMv→M1 group received a PMv-to-M1 ccPAS with the PMv
pulse always administered before the M1 pulse. The CtrlM1→PMv group
received the pulses in the reverse order, i.e., with the M1 pulse prior to
the PMv pulse, to control for the direction of stimulation. The Ctrlsham
group received PMv-to-M1 ccPAS, but the coils were held perpendicu-
larly to the scalp so that no current was induced in the brain. The pulses
were triggered remotely using MATLAB (MathWorks, Natick, USA) to
control both stimulators.

The coil position for targeting the PMv was determined by means of a
neuronavigation system (see next paragraph), while M1 was localized
functionally as the optimal scalp position for inducing motor-evoked
potentials (MEPs) of maximal amplitude in the right first dorsal inter-
osseous (FDI) (Rossini et al., 2015). During active ccPAS (i.e., in the
ExpPMv→M1 and CtrlM1→PMv groups), coils were oriented to induce current
flows consistent with previous dual-site TMS and ccPAS studies targeting
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PMv and M1 (e.g., Davare et al., 2008; B€aumer et al., 2009; Buch et al.,
2011; see Fig. 2A and B). The left PMv was targeted using the mono-
phasic stimulator and the coil was placed tangentially to the scalp,
inducing a posterior-to-anterior and lateral-to-medial current flow in the
brain. The left M1 was targeted using the biphasic stimulator with the
coil placed tangentially to the scalp and oriented at a ~45� angle to the
midline. In this way, the second and most effective component of the
biphasic waveform induced a current flowing in an anterior direction in
the brain, optimal for M1 stimulation (e.g., Kammer et al., 2001; Di
Lazzaro et al., 2004).

Table 1 reports the intensity of PMv and M1 stimulations in the three
groups. For both PMv and M1, TMS intensities were set based on MEPs
induced by single pulse stimulation of the left M1. 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 (Biopac,
USA) electromyograph, band-pass filtered (30–500 Hz) and digitized at a
sampling rate of 5 kHz. The intensity of PMv stimulation was individually
adjusted to 90% of each participant's resting motor threshold (rMT),
which was assessed by placing the coil of the monophasic stimulator
tangentially to the scalp over the left M1, at a ~45� angle to the midline,
inducing a posterior-anterior current direction in the brain (Kammer
et al., 2001; Di Lazzaro et al., 2004). The rMT was defined as the mini-
mum stimulator output intensity that induced a MEP with >50 μV
amplitude in 5 out of 10 consecutive trials (Rossini et al., 2015).
Although previous ccPAS studies focusing on PMv-to-M1 interactions
have used higher intensities for targeting PMv (i.e., 110% of rMT; Buch
et al., 2011; Johnen et al., 2015), subthreshold stimulation minimizes
potential discomfort associated with inferior frontal sites. Importantly,
the effectiveness of subthreshold conditioning has been demonstrated in
other ccPAS studies (e.g. Koch et al., 2013; Veniero et al., 2013) and finds



Fig. 2. Targeted sites and coil placement. (A) Coil positions during ccPAS on a representative participant and (B) schematic representation of the currents induced
in the brain. For M1 stimulation, the arrow indicates the direction of the most effective phase of the biphasic pulse (see Methods). (C–E) Individual subjects' targeted
sites reconstructed on a standard template using MRIcron software (MRIcron/NPM/dcm2nii) after conversion to MNI space, and corresponding mean� S.D. co-
ordinates. (C) ExpPMv→M1, (D) Ctrlsham and (E) CtrlM1→PMv group.
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specific support from dual-coil TMS studies testing early PMv-to-M1 in-
teractions (e.g. Davare et al., 2008, 2009; 2010; B€aumer et al., 2009;
Cattaneo and Barchiesi, 2011). To minimize discomfort and surprise,
before starting the administration of the active ccPAS protocols, we made
participants experience active stimulation of PMv, using 3–4 pulses of
increasing intensity. All participants reported that the stimulation was
tolerable. In the active ccPAS groups (ExpPMv→M1 and CtrlM1→PMv), the
intensity of M1 stimulation was adjusted to elicit MEPs of about 1mV in
amplitude following a single TMS pulse over the left M1 (Buch et al.,
2011; Johnen et al., 2015). In the Ctrlsham group, M1 stimulation was set
at 65% of maximal stimulator output in all participants. No
between-group differences were found in the intensities of PMv and M1
stimulation (Table 1).

During the ccPAS protocol, participants remained relaxed with the
eyes open, and EMG activity was constantly monitored from the right FDI
to ensure that full muscle relaxation was maintained during the protocol.
In a subsample of participants, we stored the EMG trace so that MEPs
induced by the M1 pulse could be assessed during PMv-to-M1 and M1-to-
PMv ccPAS protocols (see Supplementary material).
2.4. Neuronavigation

The coil positions to target the left PMv and left M1 were identified
using established methods. As reported above, the hand representation in
the left M1 was identified functionally based on MEPs from the FDI
muscle. The left PMv was identified using the SofTaxic Navigator System
(Electro Medical System, Bologna, IT) as in previous studies (Avenanti
et al., 2007, 2013; Tidoni et al., 2013; Paracampo et al., 2017). 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
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been proven to ensure a global localization accuracy of roughly 5mm
(Carducci and Brusco, 2012). To target the left PMv, the coil was placed
over a scalp region overlying the Talairach coordinates: x¼�54, y¼ 10,
z¼ 24. These coordinates were obtained by averaging the coordinates
reported in previous studies (Davare et al., 2006; Dafotakis et al., 2008;
Avenanti et al., 2012a, 2018; Jacquet and Avenanti, 2015); 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 ac-
tions. These coordinates are also consistent with those used in previous
ccPAS (Buch et al., 2011; Johnen et al., 2015) and dual-site TMS studies
targeting PMv-to-M1 connections (Davare et al., 2008, 2009, 2010; Fiori
et al., 2016, 2017).

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 stereo-
taxic template, and resulted in the following Talairach coordinates
(mean� S.D.) across the three experiments: left PMv: x¼�54� 1,
y¼ 10� 1, z¼ 24� 1; left M1: x¼�35� 4, y¼�19� 6, z¼ 60� 3.
These coordinates are consistent with regions defined as human PMv and
M1, respectively (Mayka et al., 2006). A series of ANOVAs ensured that
PMv and M1 coordinates were comparable across the three groups (all
F� 1.96, all p� .15). Fig. 2C–E shows individual targeted sites converted
into MNI space for illustrative purposes.
2.5. Visuomotor tasks

The 9-HPT is a widely-used test to assess fine hand dexterity. It re-
quires participants to finely shape their hand in order to grasp and
manipulate small objects (Mathiowetz et al., 1985; Grice et al., 2003), an
ability tapping into the activation of the dorsolateral stream (Grol et al.,
2007; Davare et al., 2010; Hamzei et al., 2012; Philip and Frey, 2016).
Performance on the 9-HPT was found to be sensitive to exogenous
non-invasive manipulations of the motor system (Koch et al., 2008;



F. Fiori et al. NeuroImage 183 (2018) 847–858
Avenanti et al., 2012b; Di Lazzaro et al., 2013) and correlate with the
recruitment of sensorimotor areas including PMv and M1 (Hamzei et al.,
2012). The 9-HPT apparatus (Fig. 3A) consisted of a plastic board with 9
small holes organized in a 3 x 3 matrix. The distance between holes was
3.2 cm, and pegs were placed in a tray of 8.5 x 10.4� 2.3 cm fixed
adjacent to the board. Upon receiving the start command, participants
picked up the nine small pegs one by one with their right hand, put all of
them into the nine holes and then removed them one by one, returning
them to the box. Participants were required to execute the task as quickly
as possible. The time taken to complete the task was recorded from the
starting movement to the drop of the last peg into the tray by an exper-
imenter blind to the ccPAS condition. In each session (Baseline, Pre,
Post-0, Post-30), participants performed 5 repetitions of the task.

The cRTwas used as a control task to assess visuomotor reaction times
(Fig. 3B). We used a 2-choice version of the cRT to assess simple visuo-
motor mapping based on learned visuomotor associations. Although the
cRT is sensitive to non-invasive brain stimulation of the motor system
(Kobayashi et al., 2004; Mansur et al., 2005), this task does not involve
dexterous hand shaping and object manipulation – as required by the
9-HPT– and relies less on the PMv-M1 circuit. Participants were
instructed 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 on a
monitor placed ~80 cm in front of them. Participants were instructed to
perform the task as quickly and accurately as possible. The probability of
appearance of each number was set to 50%. Each task consisted of 40
trials. The mean reaction times (RTs) and the accuracy (%Corr) of re-
sponses were collected.

2.6. Data analysis

ANOVAs and non-parametric tests (χ2) were used to ensure that the
three groups did not differ in age, gender, motor excitability or perfor-
mance at Baseline (see Table 1).

ANOVAs were also used to test the effect of ccPAS on behavior. For
the 9-HPT task, the mean execution time across the 5 repetitions was
computed for each session, and data were entered into a two-way mixed
factor ANOVA with ccPAS (ExpPMv→M1, CtrlM1→PMv, Ctrlsham) as the
between-subjects factor and Session (Baseline, Pre, Post-0, Post-30) as
the within-subjects factor. For the cRT task, we computed the mean RTs
and % Corr from each session. RTs associated with incorrect responses or
deviating more than 3 standard deviations from the mean RT in each
session were excluded from analyses (<5% of trials, comparably
distributed across groups and sessions). RTs and %Corr were analyzed
through a ccPAS x Session ANOVA. MEPs recorded during ccPAS
administration were also analyzed using an ANOVA (see Supplementary
material for details). The Greenhouse-Geisser correction was applied
when appropriate. Post-hoc analyses were performed using the Newman-
Keuls test to correct for multiple comparisons. Partial η2 (ηp2) was
computed as a measure of effect size for significant main effects and in-
teractions, whereas repeated measures Cohen's d indices were computed
Fig. 3. Schematic representation of t
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for significant post-hoc comparisons. By convention, ηp2 effect sizes of
~.01, ~.06, and ~.14 are considered small, medium, and large,
respectively; Cohen's d effect sizes of ~.2, ~.5, and ~.8 are considered
small, medium, and large, respectively (Cohen, 1992).

We computed one-tailed Pearson correlation coefficients to test
whether inter-individual differences in the behavioral effect of ccPAS at
Post-0 and Post-30 (i.e., reduction in 9-HPT execution time relative to
Baseline, i.e., Post-0 minus Baseline and Post-30 minus Baseline) posi-
tively correlated with global indices of motor excitability (i.e., the rMT
and the TMS intensity required to elicit a MEP of 1mV amplitude,
MEP1mV).

All parametric and non-parametric analyses were conducted using
STATISTICA version 12 and/or IBM SPSS Statistics version 25. Null hy-
pothesis significance testing is the main statistical method in neurosci-
ence, and for this reason we firstly used classical ANOVAs to show the
effect of ccPAS on behavior. However, null hypothesis significance
testing cannot assess whether observed data favor the null hypothesis in
comparison to the alternative hypothesis (which is critical, for example,
to ensure that our three groups of participants were comparable at
baseline and that control ccPAS manipulations were ineffective in
changing performance). Thus, ANOVAs were complemented by their
Bayesian implementations using JASP v 0.8.4 ( JASP Team, 2017). With
Bayesian hypothesis testing, we could directly evaluate the relative
strength of evidence for the null and alternative hypotheses, providing
quantification of the degree to which the data support either hypothesis
(Dienes, 2011; Wagenmakers et al., 2018). We used default priors in
JASP (r scale fixed effects¼ 0.5; r scale random effects¼ 1). Following
the current standards, we report subscripts on Bayes Factors to refer to
the models compared. Accordingly, the Bayes Factor for the alternative
relative to the null hypothesis is denoted BF10, while the Bayes Factor for
the null relative to the alternative hypothesis is denoted BF01. We
interpreted and labelled the sizes of BFs according to the recommenda-
tions of Raftery (1995) as referred to by Jarosz and Wiley (2014).

3. Results

All participants tolerated the ccPAS protocol well and no adverse
effects were noted or reported.

3.1. Preliminary comparisons and physiological assessment

Table 1 shows that participants in the three ccPAS groups did not
differ in age or gender. Moreover, they showed comparable 9-HPT and
cRT performance at Baseline, and similar left M1 excitability.

Fig. S1 shows MEP amplitudes induced by paired stimulation during
the administration of the ccPAS protocol. MEP amplitudes were initially
comparable in the ExpPMv→M1 and the CtrlM1→PMv group. Then, the
ExpPMv→M1 group, but not the CtrlM1→PMv group, showed a consistent and
gradual increase in MEP amplitudes throughout the protocol, indexing an
enhancement of motor excitability.
he tasks. (A) 9-HPT (B) cRT task.
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3.2. Experimental task (9-HPT)

The ccPAS x Session ANOVA conducted on the mean execution time
showed no main effect of ccPAS (F2,51¼ 2.80, p¼ .07; ηp2¼ 0.10), but a
main effect of Session (F2.3,117.6¼ 5.12, p¼ .005; ηp2¼ 0.09) that was
qualified by a ccPAS x Session interaction (F4.6,117.6¼ 3.31, p¼ .009;
ηp
2¼ 0.11), indicating that changes in 9-HPT performance over time
depended on the ccPAS protocol being administered (Fig. 4.; see also
Fig. S2 for single participants' raw data).

Post-hoc analysis further clarified the ccPAS interaction. The
ExpPMv→M1 group showed a reduction in the mean time necessary to
complete the 9-HPT after ccPAS (Fig. 4A). In this group, execution time in
the Baseline (mean� S.D.: 20.8 s� 2.1) and Pre (20.4 s� 1.6) sessions
were comparable (p¼ .86). At Post-0 (19.9 s� 1.2), execution time
appeared lower than at Baseline and Pre, although the relevant post-hoc
comparisons were not significant (all p� .19; trends for reductions were
detected with uncorrected planned comparisons: Post-0 vs. Baseline:
p¼ .02, Cohen's d¼ 0.59; Post-0 vs. Pre: p¼ .06, Cohen's d¼ 0.45).
Importantly, at Post-30 (18.9 s� 1.3), mean execution time appeared
strongly reduced relative to Baseline, Pre and Post-0 (all p� .007, all
Cohen's d� 1.14).
Fig. 4. Performance on the experimental task (9-HPT). A) ccPAS x Session interac
Error bars denote s. e.m. Asterisks indicate significant post-hoc comparisons, ** ¼ p
to Baseline.
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No consistent changes in mean execution time were found in the
CtrlM1→PMv (all p� .35) or the Ctrlsham groups (all p� .60) across time
points; moreover, no differences were found between these two groups
across time points (all p� .83).

The ExpPMv→M1 group showed comparable performance to the
CtrlM1→PMv and Ctrlsham groups in Baseline and Pre sessions (all p� .68).
At Post-0, the execution time of the ExpPMv→M1 group (19.9 s� 1.3)
started to appear shorter than the execution times of the CtrlM1→PMv
(20.1 s� .9) and the Ctrlsham groups (20.7 s� 1.2), although the relevant
post-hoc comparisons were not significant (all p� .59; uncorrected
planned comparisons detected a difference relative to the CtrlM1→PMv
group, p¼ .03, Cohen's d¼ 0.70). In contrast, at Post-30, the execution
time of the ExpPMv→M1 group (18.9 s� 1.3) was significantly reduced
relative to the CtrlM1→PMv (20.6 s� 1.2; p¼ .004; Cohen's d¼ 1.53) and
the Ctrlsham groups (20.5 s� 1.3; p¼ .009; Cohen's d¼ 1.27).

These findings were further corroborated by a Bayesian ANOVA with
factors ccPAS and Session. The models including the main effect of Ses-
sion (BF10¼ 7.4) and both main effects (BF10¼ 8.1) showed positive
evidence favoring the alternative hypothesis, but the model that out-
performed the null model the most was the model which also included
the interaction (BF10¼ 75.2). Data were ~8.8 times more likely under
tion showing 9-HPT mean execution time (s) in the three groups across sessions.
� .01, *** ¼ p � .001. B) Individuals' changes in 9-HPT execution time relative
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that model than under a null model including only the main effects, thus
providing positive evidence indicating that 9-HPT performance changed
over time depending on the type of the ccPAS protocol. Additionally, a
series of Bayesian one-way ANOVAs with the factor Session provided
very strong evidence supporting the alternative hypothesis for the
ExpPMv→M1 group data (BF10 ¼ 7.6*104), whereas they provided positive
evidence supporting the null hypothesis of no change across sessions in
the CtrlM1→PMv (BF01¼ 6.2) and the Ctrlsham (BF01¼ 7.5) groups.
3.3. Variability in the behavioral effect of ccPAS and its relation to motor
excitability

Fig. 4B shows the distribution of individual changes in 9-HPT per-
formance (relative to Baseline). In the ExpPMv→M1 group, the effect of
ccPAS was variable at Post-0 with 13 participants showing a reduction
and 5 showing an increase in 9-HPT execution time (range �4.2 to
þ2.3 s). At Post-30, all participants showed a reduction in 9-HPT
execution time, although the magnitude of the reduction was still vari-
able across participants, ranging from �130 ms to �4.3 s (corresponding
to reductions of ~1%–~17% relative to Baseline execution time). The
other two groups showed a more distributed performance centered at
zero and no net change at the group level.

Based on prior work showing a relationship between motor excit-
ability and TMS-induced effects (e.g., Müller-Dahlhaus et al., 2008;
Kaminski et al., 2011), we explored whether reductions in 9-HPT
execution time following PMv-to-M1 ccPAS (i.e., in the ExpPMv→M1

group) were positively associated with inter-individual differences in
rMT and MEP1mV. Fig. 5 shows that changes in 9-HPT execution time at
Post-0 significantly correlated with rMT (r¼ 0.42, p¼ .04) and MEP1mV
(r¼ 0.47, p¼ .02); moreover, changes in 9-HPT execution time at Post-30
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significantly correlated with rMT (r¼ 0.41, p¼ .05) and
non-significantly with MEP1mV (r¼ 0.30, p¼ .12). These findings indi-
cate that ExpPMv→M1 individuals with more excitable motor systems
tended to show greater 9-HPT improvements following PMv-to-M1
ccPAS administration.

No correlations were found between behavioral effects and changes
in MEP amplitudes during ccPAS (see Supplementary material).
3.4. Control task (cRT)

The ccPAS x Session ANOVA conducted on the mean RTs showed no
main effect of ccPAS (F2,51¼ 1.82, p¼ .17), but a main effect of Session
(F2.6,132.4¼ 15.67, p< .001; ηp

2¼ 0.23), showing that participants,
regardless of the group to which they belonged (i.e., also in the Ctrlsham
group), became faster as task repetitions increased (Fig. 6). Post-hoc
analysis of the main effect of Session indicated that cRTs were compa-
rable at Post-0 and Post-30 (398� 35ms vs. 392� 30ms; p¼ .08);
however, cRTs in these sessions were lower than at Pre (405� 39ms; all
p� .03) and cRTs in the Pre, Post-0 and Post-30 sessions were lower than
at Baseline (414� 46ms; all p� .01). No significant ccPAS x Session
interaction was revealed (F5.2,132.3¼ 0.71 p¼ .62), suggesting similar
trends across groups (Table 2).

These findings were further corroborated by a ccPAS x Session
Bayesian ANOVA. The analysis provided very strong evidence supporting
all the alternative models (all BF10> 10̂5) – with the exception of the
model including the main effect of ccPAS, which showed weak evidence
in favor of the null hypothesis (BF01¼ 1.3). The model that outperformed
the null model the most was the model including only the main effect of
Session (BF10 > 2.3*10̂6) which was ~20 times more likely than the
model with the interaction. Thus, the reduction of RTs over sessions
Fig. 5. Scatterplots showing the relationships be-
tween behavioral effects of PMv-to-M1 ccPAS and
inter-individual differences in motor excitability.
The y-axis displays the change in 9-HPT execution
time at Post-0 (A, B) or at Post-30 (C,D) relative to
Baseline (negative values indicate better perfor-
mance). The x-axis reports individual values of rMT
(A,C) and MEP1mV (B,D) as assessed before ccPAS
(lower values indicate greater motor excitability).
Values are expressed as the percentage of maximal
biphasic stimulator output (% MOS).



Fig. 6. Performance on the control task (cRT). Main effect of Session. Error
bars denote s. e.m. Asterisks indicate significant post-hoc comparisons
(* ¼ p � .05, *** ¼ p � .001).
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likely reflected an effect of practice, as the Bayesian analysis provided
evidence against an influence of ccPAS.

The ccPAS x Session ANOVA conducted on accuracy data (%Corr;
Table 2) showed no main effects or interactions (all F� 1.41, all p� .24)
and the corresponding Bayesian ANOVA showed positive evidence sup-
porting the null hypothesis of no change in cRT accuracy (all alternative
models with BF01� 4.2).

4. Discussion

Seminal studies in animals have provided in vitro and in vivo evidence
that repetitive paired stimulation of interconnected neurons, evoking
sequential pre- and postsynaptic activity in such neurons, can induce
STDP and elicit a transient (Hebbian) enhancement of the synaptic effi-
cacy of those connections (Hebb, 1949; Markram et al., 1997, 2011;
Antonov et al., 2003; Jackson et al., 2006; Caporale and Dan, 2008).
Previous TMS studies in humans have shown that similar STDP-like
synaptic strengthening can be induced in the motor system between
two interconnected motor areas through ccPAS administered at an
optimal ISI (Koganemaru et al., 2009; Rizzo et al. 2009, 2011; Arai et al.,
2011; Buch et al., 2011; Lu et al., 2012; Koch et al., 2013; Veniero et al.,
2013; Chao et al., 2015; Johnen et al., 2015). These studies showed that
the ISI at which one targeted region (e.g., a premotor area) exerts a
physiological effect on an anatomically connected second region (i.e., the
M1) is also the ISI at which ccPAS can induce Hebbian-like cortico--
cortical connection changes (e.g., ~8ms for premotor-motor circuits;
Davare et al., 2008; Buch et al., 2010, 2011; Arai et al., 2011, 2012). In
particular, it has been demonstrated that the repeated paring of PMv and
M1 stimulation (i.e., PMv-to-M1 ccPAS) with an ISI of 8ms induces a
transient enhancement of the effect of PMv stimulation on M1 excit-
ability, thus providing direct evidence of increased PMv-to-M1 effective
connectivity (Buch et al., 2011; see also Johnen et al., 2015).

Yet, these studies did not answer the critical question of whether
plastic effects induced by PMv-to-M1 ccPAS are functionally relevant to
behavior. To address this outstanding question, we combined a ccPAS
protocol with a visuomotor task tapping into PMv-M1 interactions (i.e.,
the 9-HPT) and a control visuomotor task (i.e., the cRT). Based on prior
Table 2
Performance on the control task (cRTs). Mean RTs (in ms)� S.D. and accuracy (%

RTs (ms)

Baseline Pre Post-0 Po

ExpPMv→M1 397� 29 393� 28 388� 25 38
CtrlM1→PMv 425� 43 416� 40 402� 35 40
Ctrlsham 421� 59 407� 46 402� 43 39

854
neuroimaging studies suggesting that improved motor performance
following training is associated with increased premotor-motor connec-
tivity (Hamzei et al., 2012; Philip and Frey, 2016) and with evidence
showing a hierarchy in PMv-M1 interactions underpinning skillful
goal-oriented actions (Muir and Lemon, 1983; Murata et al., 1997; Fagg
and Arbib, 1998; Fogassi et al., 2001; Lang and Schieber, 2004; Raos
et al., 2006; Rizzolatti et al., 2014), here, we sought to examine whether
exogenous manipulation of PMv-M1 connectivity through ccPAS can
affect performance on the 9-HPT.

Our study provides the first evidence that PMv-to-M1 ccPAS meeting
the physiological constraint of PMv-to-M1 short-latency connectivity
(i.e., an 8-ms ISI) increases motor excitability and, remarkably, improves
performance on the 9-HPT. Such a behavioral task requires dexterous
control of grasping and manipulation of small objects (Mathiowetz et al.,
1985; Grice et al., 2003), and hierarchical PMv-to-M1 interactions are
thought to underpin this type of fine motor control (Grol et al., 2007;
Davare et al., 2010). Critically, improvement on the 9-HPT was selec-
tively found in the ExpPMv→M1 group that underwent a ccPAS protocol
aimed at boosting synaptic efficiency in PMv-to-M1 connections. More-
over, by complementing classical hypothesis-testing with Bayesian ana-
lyses, we also show that no changes in 9-HPT performance were induced
when reversing the order of the repeated PMv-M1 stimulation (i.e. in the
CtrlM1→PMv group that underwent active M1-to-PMv ccPAS) or when
administering repeated PMv-to-M1 sham stimulation (in the Ctrlsham
group). This allows us to rule out the possibility that mere repeated
stimulation of PMv and M1, task practice or other nonspecific effects
could explain the selective increase in 9-HPT performance. These find-
ings indicate that hierarchical connections between frontal nodes of the
network underlying motor control of object grasping and manipulation
(Davare et al., 2008, 2009, 2010) are functionallymalleable and sensitive
to ccPAS.

In the ExpPMv→M1 group, we observed a gradual increase in MEP
amplitudes during administration of the PMv-to-M1 ccPAS (see Fig. S1),
indexing a rapidly growing facilitation of motor excitability that was
already detectable in the second half of the protocol (i.e., before Post-0).
On the other hand, behavioral enhancement in the 9-HPT was weak at
Post-0 and increased at Post-30, i.e., 30min after the end of the PMv-to-
M1 ccPAS. This build-up of the plastic effects during stimulation and/or
within the first minutes after stimulation offset is consistent with the time
course of Hebbian plasticity (Bi and Poo, 2001; Caporale and Dan, 2008)
and, more generally, with LTP-like effects induced in the human motor
cortex (Stefan et al., 2000; Huang et al., 2005; Ziemann et al., 2008).
Previous physiological studies administering ccPAS over premotor-motor
areas have reported changes in motor excitability during (Arai et al.,
2011) and/or immediately after the end of stimulation (Arai et al., 2011;
Buch et al., 2011). Further studies have targeted other motor or visual
regions and have reported behavioral effects immediately after the end of
ccPAS (Koganemaru et al., 2009) or, in most cases, at later time points
(Rizzo et al., 2009, 2011; Romei et al., 2016a; Chiappini et al., 2018). For
example, we found a similar time course of behavioral gain in a previous
study in which we administered ccPAS over extrastriate motion areas
(V5) and primary visual cortex (V1) (Romei et al., 2016a). In that study,
we found that ccPAS aimed at increasing V5-to-V1 (reentrant) connec-
tivity significantly improved perceptual visual sensitivity after 30min,
whereas nonsignificant effects were observed immediately after ccPAS
(Romei et al., 2016a). Based on previous physiological evidence (e.g.,
Buch et al., 2011), we would expect that behavioral improvements could
of correct responses)� S.D. in the three groups across sessions.

Accuracy (%Corr)

st-30 Baseline Pre Post-0 Post-30

2� 24 96� 3 96� 4 96� 3 96� 5
1� 28 96� 4 97� 4 96� 3 96� 3
3� 36 95� 3 97� 4 95� 3 95� 3
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be detected at even later time points (e.g., at ~60min after the end of
ccPAS, based on Buch et al., 2011) – although future studies are needed
to directly test this prediction.

Our study adds to previous physiological studies by showing that
PMv-to-M1 ccPAS can improve motor performance in a functionally
specific manner. Indeed, PMv-to-M1 ccPAS, but not the two control
ccPAS protocols, improved motor functions tapping into PMv-to-M1
connectivity (i.e., 9-HTP performance), but no similarly selective ef-
fects were detected in the control visuomotor cRT task. In that task, we
observed a linear increase in performance over time in all groups, irre-
spective of the ccPAS manipulation they underwent. Improvements were
also detected in the Pre session relative to Baseline, clearly indicating a
practice effect due to task repetition. Critically, these improvements were
similar across the three groups – i.e., they were also found in the Ctrlsham
group – suggesting they were not due to active ccPAS but merely re-
flected a practice effect.

It is worth noticing that improved behavioral performance was found
in two previous studies following ccPAS over bilateral M1 (Koganemaru
et al., 2009; Rizzo et al., 2009). These studies showed directional- and
time-specific effects of ccPAS at a physiological level: for example,
Koganemaru et al. (2009) administered right-to-left M1 ccPAS at an
optimal ISI and found increased motor excitability in the left M1; no
similar changes were observed following ccPAS protocols with subopti-
mal ISIs or when reversing the order of the ccPAS pulses (i.e., after
left-to-right M1 ccPAS). Interestingly, in a separate behavioral experi-
ment, better 9-HPT performance was observed after right-to-left M1
ccPAS. Similar findings were reported by Rizzo et al. (2009) using a
left-to-right ccPAS protocol. However, in this latter study, improved
motor performance was detected using a simple RT task. Although these
previous studies did not use a sham ccPAS protocol to evaluate possible
practice effects, the reported behavioral improvements on both the
9-HPT (Koganemaru et al., 2009) and the simple RT task (Rizzo et al.,
2009) suggest that functional effects of M1-to-M1 ccPAS are more
generic than those induced by PMv-to-M1. Similar generic improvements
in hand function have been reported using brain stimulation protocols
that increase motor excitability through excitatory stimulation of M1 (or
inhibitory stimulation of its contralateral homolog; e.g., Avenanti et al.
2012b; Ayache et al., 2012; Di Lazzaro et al., 2013). Thus, behavioral
improvements reported in previous studies might reflect a general role of
bilateral M1 in controlling hand movements, whereas the PMv-to-M1
pathway appears more specifically involved in controlling
object-oriented hand actions.

Thus, to date, at least three studies have detected motor improve-
ments following ccPAS (present study; Koganemaru et al., 2009; Rizzo
et al., 2009; see also Rizzo et al., 2011). It should be noted that in all these
studies improvements were achieved by administering ccPAS over
frontal motor areas (i.e., PMv-M1 or M1-M1) that directly control hand
movements. On the other hand, a previous study by Chao et al. (2015)
found that ccPAS over the posterior parietal cortex (specifically over
electrode P3, which roughly corresponds to the left caudal intraparietal
area, CIP) and the left M1 increasedmotor excitability, but failed to affect
performance on a task that, similarly to the 9-HPT, is based on grasping
and manipulating small objects (i.e., the Purdue pegboard test). These
null findings are not surprising, as visually guided, object-oriented hand
actions are not underpinned by direct CIP-to-M1 connections, but, rather,
by a dorsolateral parieto-premotor-motor circuit connecting a more
anterior parietal region, i.e., the anterior intraparietal area (AIP), to PMv,
and then PMv to M1 (Prabhu et al., 2009; Davare et al., 2010, 2011;
Rizzolatti et al., 2014; Borra et al., 2017; Gerbella et al., 2017). Thus,
future studies are needed to understand the extent to which ccPAS
strengthening of directional connections between posterior and anterior
nodes of the dorsolateral stream can affect network functioning.

A growing literature shows that the effect of brain stimulation is
highly variable across individuals (Ridding and Ziemann, 2010; Jones
et al., 2016; Palmer et al., 2016; Avenanti et al., 2018; Valchev et al.,
2016, 2017; Paracampo et al., 2018). Our data show that the behavioral
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effects of PMv-to-M1 ccPAS are highly variable at Post-0 and become
more consistent at Post-30, with all 18 participants in the ExpPMv→M1
group showing a reduction in 9-HPT execution time. However, the effects
were also variable at Post-30, ranging from a gain of ~1% to ~17%
relative to baseline performance. As expected, the variability of this
behavioral effect was partially accounted for by inter-individual differ-
ences in rMT and MEP1mV. These parameters depend on the excitability
of corticomotor neurons activated by the TMS pulse, as well as the
excitability of synaptic connections at both cortical and spinal levels,
providing reliable global measures of motor excitability (Paulus et al.,
2008; Rossini et al., 2015). Our finding that individuals with more
excitable motor systems display larger behavioral improvements
following ccPAS confirm and expand previous work showing that
inter-individual differences in MEP1mV and/or rMT predict the magni-
tude of LTP effects in the motor system (Müller-Dahlhaus et al., 2008)
and TMS-induced behavioral effects (Kaminski et al., 2011). A number of
factors contribute to inter-individual differences in motor excitability (as
indexed by rMT) including distance between the coil and the stimulated
cortex, and cortical thickness and fiber coherence in the white matter
beneath premotor and motor cortices (Kozel et al., 2000; McConnell
et al., 2001; Kl€oppel et al., 2008; List et al., 2013). As microstructural
properties of the corticospinal system contribute to the magnitude of
LTP-like effects on M1 corticospinal neurons (e.g., List et al., 2013),
similarly, individual differences in the microstructural properties of
cortico-cortical pathways between PMv and M1 might represent a
particularly relevant factor in determining individual sensitivity to
PMv-to-M1 ccPAS, and may contribute to the observed relationship be-
tween behavioral improvements and motor excitability. Understanding
the physiological and neural bases of TMS-induced variability is an
important avenue for research, and future ccPAS studies could provide
new insights by combining behavioral and neurophysiological, neuro-
imaging and/or genetic assessments (Cheeran et al., 2008, 2009; Ridding
and Ziemann, 2010; Groppa et al., 2012; List et al., 2013).

A few limitations should be considered. First, PMv-to-M1 connections
are modulated during object-oriented grasping (e.g. Davare et al., 2008),
but also during response inhibition or action reprogramming (e.g., Buch
et al., 2010; Neubert et al., 2010; Picazio et al., 2014; Bestmann and
Duque, 2016). We focused on a motor task tapping into the ability to
grasp and manipulate objects, and did not systematically evaluate the
impact of PMv-to-M1 ccPAS on different domains of motor control.
Moreover, while our data indicate functional specificity, performance in
the control task tended to improve across sessions (independently of the
ccPAS manipulation). Thus, future work could further test functional
specificity by using experimental and control tasks with comparable
learning rates over time. Lastly, although we assessed MEPs during the
ccPAS protocols in a subsample of participants, we did not further assess
the impact of ccPAS at a neural level. The effects of brain stimulation are
known to spread along interconnected brain areas (Siebner et al., 2009a,
2009b; Dayan et al., 2013; Bortoletto et al., 2015; Valchev et al., 2015;
Zanon et al., 2018). Although the behavioral effects of our PMv-to-M1
ccPAS protocol were directionally specific, it is likely that plastic ef-
fects were not limited to PMv-to-M1 hierarchical connections and may
have extended to other components of the dorsolateral stream (e.g. as in
Johnen et al., 2015) and/or nearby ventral and dorsal fronto-parietal
areas involved in attention and higher-levels aspects of motor control
(Vossel et al., 2014; Borra et al., 2017; Gerbella et al., 2017; Ptak et al.,
2017). Thus, further research will be necessary to clarify how different
components of these networks reconfigure following PMv-to-M1 ccPAS.

5. Conclusions

In conclusion, our study demonstrates that ccPAS aimed at
strengthening the synaptic efficacy of PMv-to-M1 connections selectively
enhances motor functions tapping into PMv-M1 networks. Plastic
enhancement critically depended on the repeated pairing of pre- and
post-synaptic nodes of the PMv-to-M1 pathway – meeting the
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physiological constraint of the premotor-motor hierarchy – and showed a
time course consistent with Hebbian effects. Moreover, the effect was
functionally specific. These findings have important theoretical and
methodological implications: they suggest that ccPAS might be a useful
tool for targeting specific cortico-cortical pathways and they demonstrate
a causal effect of directional connectivity on behavior (Romei et al.,
2016a, 2016b; Chiappini et al., 2018). Moreover, our findings may have
implications for designing novel therapeutic strategies based on asso-
ciative brain stimulation of cortico-cortical pathways for the recovery of
abilities that have been lost due to brain injury or neurodegenerative
disease. Therefore, future studies should carefully assess the clinical and
applied potentialities of ccPAS.

Acknowledgments

This work was supported by grants from the Ministero della Salute,
Italy [Bando Ricerca Finalizzata Giovani Ricercatori 2010, grant number
GR-2010-2319335], Fondazione del Monte di Bologna e Ravenna, Italy
[Ricerca 2017, grant number 339bis/2017] and Bial Foundation,
Portugal [Boursaries 2016-18, grant number 298/16] awarded to A.A.
We thank Brianna Beck for proofreading the manuscript. Author contri-
butions: A.A. came up with the study concept; A.A. and F.F. designed the
experiments; F.F., and E.C. performed the experiments; F.F., E.C., and
A.A. analyzed the data; F.F., E.C., and A.A. wrote the manuscript.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.neuroimage.2018.09.002.

References

Albert, N.B., Robertson, E.M., Miall, R.C., 2009. The resting human brain and motor
learning. Curr. Biol. 19, 1023–1027. https://doi.org/10.1016/j.cub.2009.04.028.

Antonov, I., Antonova, I., Kandel, E.R., Hawkins, R.D., 2003. Activity-dependent
presynaptic facilitation and Hebbian LTP are both required and interact during
classical conditioning in Aplysia. Neuron 37, 135–147. https://doi.org/10.1016/
S0896-6273(02)01129-7.

Arai, N., Lu, M.-K., Ugawa, Y., Ziemann, U., 2012. Effective connectivity between human
supplementary motor area and primary motor cortex: a paired-coil TMS study. Exp.
Brain Res. 220, 79–87. https://doi.org/10.1007/s00221-012-3117-5.

Arai, N., Muller-Dahlhaus, F., Murakami, T., Bliem, B., Lu, M.-K., Ugawa, Y., Ziemann, U.,
2011. State-dependent and timing-dependent bidirectional associative plasticity in
the human SMA-M1 network. J. Neurosci. 31, 15376–15383. https://doi.org/10.
1523/JNEUROSCI.2271-11.2011.

Avenanti, A., Annella, L., Candidi, M., Urgesi, C., Aglioti, S.M., 2013. Compensatory
plasticity in the action observation network: virtual lesions of STS enhance
anticipatory simulation of seen actions. Cerebr. Cortex 23, 570–580. https://doi.org/
10.1093/cercor/bhs040.

Avenanti, A., Annela, L., Serino, A., 2012a. Suppression of premotor cortex disrupts motor
coding of peripersonal space. Neuroimage 63, 281–288. https://doi.org/10.1016/j.
neuroimage.2012.06.063.

Avenanti, A., Bolognini, N., Maravita, A., Aglioti, S.M., 2007. Somatic and motor
components of action simulation. Curr. Biol. 17, 2129–2135. https://doi.org/10.
1016/j.cub.2007.11.045.

Avenanti, A., Coccia, M., Ladavas, E., Provinciali, L., Ceravolo, M.G., 2012b. Low-
frequency rTMS promotes use-dependent motor plasticity in chronic stroke: a
randomized trial. Neurology 78, 256–264. https://doi.org/10.1212/WNL.
0b013e3182436558.

Avenanti, A., Paracampo, R., Annella, L., Tidoni, E., Aglioti, S.M., 2018. Boosting and
decreasing action prediction abilities through excitatory and inhibitory tDCS of inferior
frontal cortex. Cerebr. Cortex 28, 1282–1296. https://doi.org/10.1093/cercor/bhx041.

Ayache, S.S., Farhat, W.H., Zouari, H.G., Hosseini, H., Mylius, V., Lefaucheur, J.P., 2012.
Stroke rehabilitation using noninvasive cortical stimulation: motor deficit. Expert
Rev. Neurother. 12, 949–972. https://doi.org/10.1586/ERN.12.83.

B€aumer, T., Schippling, S., Kroeger, J., Zittel, S., Koch, G., Thomalla, G., Rothwell, J.C.,
Siebner, H.R., Orth, M., Münchau, A., 2009. Inhibitory and facilitatory connectivity
from ventral premotor to primary motor cortex in healthy humans at rest–a bifocal
TMS study. Clin. Neurophysiol. 120, 1724–1731. https://doi.org/10.1016/j.clinph.
2009.07.035.

Bestmann, S., Duque, J., 2016. Transcranial magnetic stimulation: decomposing the
processes underlying action preparation. Neuroscientist 22, 392–405. https://doi.
org/10.1177/1073858415592594.

Bi, G., Poo, M., 2001. Synaptic modification by correlated activity: Hebb's postulate
revisited. Annu. Rev. Neurosci. 24, 139–166. https://doi.org/10.1146/annurev.
neuro.24.1.139.
856
Binkofski, F., Buccino, G., Posse, S., Seitz, R.J., Rizzolatti, G., Freund, H.J., 1999. A fronto-
parietal circuit for object manipulation in man: evidence from an fMRI-study. Eur. J.
Neurosci. 11, 3276–3286. https://doi.org/10.1046/j.1460-9568.1999.00753.x.

Borra, E., Gerbella, M., Rozzi, S., Luppino, G., 2017. The macaque lateral grasping
network: a neural substrate for generating purposeful hand actions. Neurosci.
Biobehav. Rev. 75, 65–90. https://doi.org/10.1016/j.neubiorev.2017.01.017.

Bortoletto, M., Veniero, D., Thut, G., Miniussi, C., 2015. The contribution of TMS-EEG
coregistration in the exploration of the human cortical connectome. Neurosci.
Biobehav. Rev. 49, 114–124. https://doi.org/10.1016/j.neubiorev.2014.12.014.

Buch, E.R., Johnen, V.M., Nelissen, N., O'Shea, J., Rushworth, M.F.S., 2011. Noninvasive
associative plasticity induction in a corticocortical pathway of the human brain.
J. Neurosci. 31, 17669–17679. https://doi.org/10.1523/JNEUROSCI.1513-11.2011.

Buch, E.R., Mars, R.B., Boorman, E.D., Rushworth, M.F.S., 2010. A network centered on
ventral premotor cortex exerts both facilitatory and inhibitory control over primary
motor cortex during action reprogramming. J. Neurosci. 30, 1395–01. https://doi.
org/10.1523/JNEUROSCI.4882-09.2010.

Caporale, N., Dan, Y., 2008. Spike timing–dependent plasticity: a hebbian learning rule.
Annu. Rev. Neurosci. 31, 25–46. https://doi.org/10.1146/annurev.neuro.31.060407.
125639.

Carducci, F., Brusco, R., 2012. Accuracy of an individualized MR-based head model for
navigated brain stimulation. Psychiatr. Res. Neuroimaging 203, 105–108. https://
doi.org/10.1016/j.pscychresns.2011.12.013.

Castiello, U., 2005. The neuroscience of grasping. Nat. Rev. Neurosci. 6, 726–736.
https://doi.org/10.1038/nrn1744.

Casula, E.P., Pellicciari, M.C., Picazio, S., Caltagirone, C., Koch, G., 2016. Spike-timing-
dependent plasticity in the human dorso-lateral prefrontal cortex. Neuroimage 143,
204–213. https://doi.org/10.1016/j.neuroimage.2016.08.060.

Cattaneo, L., Barchiesi, G., 2011. Transcranial magnetic mapping of the short-latency
modulations of corticospinal activity from the ipsilateral hemisphere during rest.
Front. Neural Circ. 5, 14. https://doi.org/10.3389/fncir.2011.00014.

Cavina-Pratesi, C., Goodale, M.A., Culham, J.C., 2007. fMRI reveals a dissociation
between grasping and perceiving the size of real 3D objects. PLoS One 2, e424.
https://doi.org/10.1371/journal.pone.0000424.

Cavina-Pratesi, C., Monaco, S., Fattori, P., Galletti, C., McAdam, T.D., Quinlan, D.J.,
Goodale, M.A., Culham, J.C., 2010. Functional magnetic resonance imaging reveals
the neural substrates of arm transport and grip formation in reach-to-grasp actions in
humans. J. Neurosci. 30, 10306–10323. https://doi.org/10.1523/JNEUROSCI.2023-
10.2010.

Chao, C.C., Karabanov, A.N., Paine, R., Carolina De Campos, A., Kukke, S.N., Wu, T.,
Wang, H., Hallett, M., 2015. Induction of motor associative plasticity in the posterior
parietal cortex-primary motor network. Cerebr. Cortex 25, 365–373. https://doi.org/
10.1093/cercor/bht230.

Cheeran, B., Talelli, P., Mori, F., Koch, G., Suppa, A., Edwards, M., Houlden, H., Bhatia, K.,
Greenwood, R., Rothwell, J.C., 2008. A common polymorphism in the brain-derived
neurotrophic factor gene (BDNF) modulates human cortical plasticity and the
response to rTMS. J. Physiol. 586, 5717–5725. https://_10.1113/jphysiol.2008.
159905.

Cheeran, B.J., Ritter, C., Rothwell, J.C., Siebner, H.R., 2009. Mapping genetic influences
on the corticospinal motor system in humans. Neuroscience 164, 156–163. https://
doi.org/10.1016/j.neuroscience.2009.01.054.

Chiappini, E., Silvanto, J., Hibbard, P.B., Avenanti, A., Romei, V., 2018. Strengthening
functionally specific neural pathways with transcranial brain stimulation. Curr. Biol.
28, R735–R736. https://doi.org/10.1016/j.cub.2018.05.083.

Cohen, J., 1992. A power primer. Psychol. Bull. 112, 155–159.
Dafotakis, M., Sparing, R., Eickhoff, S.B., Fink, G.R., Nowak, D.A., 2008. On the role of the

ventral premotor cortex and anterior intraparietal area for predictive and reactive
scaling of grip force. Brain Res. 1228, 73–80. https://doi.org/10.1016/j.brainres.
2008.06.027.

Davare, M., Andres, M., Cosnard, G., Thonnard, J.L., Olivier, E., 2006. Dissociating the
role of ventral and dorsal premotor cortex in precision grasping. J. Neurosci. 26,
2260–2268. https://doi.org/10.1523/JNEUROSCI.3386-05.2006.

Davare, M., Kraskov, A., Rothwell, J.C., Lemon, R.N., 2011. Interactions between areas of
the cortical grasping network. Curr. Opin. Neurobiol. 21, 565–570. https://doi.org/
10.1016/j.conb.2011.05.021.

Davare, M., Lemon, R., Olivier, E., 2008. Selective modulation of interactions between
ventral premotor cortex and primary motor cortex during precision grasping in
humans. J. Physiol. 586, 2735–2742. https://doi.org/10.1113/jphysiol.2008.
152603.

Davare, M., Montague, K., Olivier, E., Rothwell, J.C., Lemon, R.N., 2009. Ventral
premotor to primary motor cortical interactions during object-driven grasp in
humans. Cortex 45, 1050–1057. https://doi.org/10.1016/j.cortex.2009.02.011.

Davare, M., Rothwell, J.C., Lemon, R.N., 2010. Causal connectivity between the human
anterior intraparietal area and premotor cortex during grasp. Curr. Biol. 20, 176–181.
https://doi.org/10.1016/j.cub.2009.11.063.

Dayan, E., Cohen, L.G., 2011. Neuroplasticity subserving motor skill learning. Neuron 72,
443–454. https://doi.org/10.1016/j.neuron.2011.10.008.

Dayan, E., Censor, N., Buch, E.R., Sandrini, M., Cohen, L.G., 2013. Noninvasive brain
stimulation: from physiology to network dynamics and back. Nat. Neurosci. 16,
838–844. https://doi.org/10.1038/nn.3422.

Dienes, Z., 2011. Bayesian versus orthodox statistics: which side are you on? Perspect.
Psychol. Sci. 6, 274–290. https://doi.org/10.1177/1745691611406920.

Di Lazzaro, V., Oliviero, A., Pilato, F., Saturno, E., Dileone, M., Mazzone, P., Insola, A.,
Tonali, P.A., Rothwell, J.C., 2004. The physiological basis of transcranial motor
cortex stimulation in conscious humans. Clin. Neurophysiol. 115, 255–266. https://
doi.org/10.1016/j.clinph.2003.10.009.

https://doi.org/10.1016/j.neuroimage.2018.09.002
https://doi.org/10.1016/j.neuroimage.2018.09.002
https://doi.org/10.1016/j.cub.2009.04.028
https://doi.org/10.1016/S0896-6273(02)01129-7
https://doi.org/10.1016/S0896-6273(02)01129-7
https://doi.org/10.1007/s00221-012-3117-5
https://doi.org/10.1523/JNEUROSCI.2271-11.2011
https://doi.org/10.1523/JNEUROSCI.2271-11.2011
https://doi.org/10.1093/cercor/bhs040
https://doi.org/10.1093/cercor/bhs040
https://doi.org/10.1016/j.neuroimage.2012.06.063
https://doi.org/10.1016/j.neuroimage.2012.06.063
https://doi.org/10.1016/j.cub.2007.11.045
https://doi.org/10.1016/j.cub.2007.11.045
https://doi.org/10.1212/WNL.0b013e3182436558
https://doi.org/10.1212/WNL.0b013e3182436558
https://doi.org/10.1093/cercor/bhx041
https://doi.org/10.1586/ERN.12.83
https://doi.org/10.1016/j.clinph.2009.07.035
https://doi.org/10.1016/j.clinph.2009.07.035
https://doi.org/10.1177/1073858415592594
https://doi.org/10.1177/1073858415592594
https://doi.org/10.1146/annurev.neuro.24.1.139
https://doi.org/10.1146/annurev.neuro.24.1.139
https://doi.org/10.1046/j.1460-9568.1999.00753.x
https://doi.org/10.1016/j.neubiorev.2017.01.017
https://doi.org/10.1016/j.neubiorev.2014.12.014
https://doi.org/10.1523/JNEUROSCI.1513-11.2011
https://doi.org/10.1523/JNEUROSCI.4882-09.2010
https://doi.org/10.1523/JNEUROSCI.4882-09.2010
https://doi.org/10.1146/annurev.neuro.31.060407.125639
https://doi.org/10.1146/annurev.neuro.31.060407.125639
https://doi.org/10.1016/j.pscychresns.2011.12.013
https://doi.org/10.1016/j.pscychresns.2011.12.013
https://doi.org/10.1038/nrn1744
https://doi.org/10.1016/j.neuroimage.2016.08.060
https://doi.org/10.3389/fncir.2011.00014
https://doi.org/10.1371/journal.pone.0000424
https://doi.org/10.1523/JNEUROSCI.2023-10.2010
https://doi.org/10.1523/JNEUROSCI.2023-10.2010
https://doi.org/10.1093/cercor/bht230
https://doi.org/10.1093/cercor/bht230
https://_10.1113/jphysiol.2008.159905
https://_10.1113/jphysiol.2008.159905
https://doi.org/10.1016/j.neuroscience.2009.01.054
https://doi.org/10.1016/j.neuroscience.2009.01.054
https://doi.org/10.1016/j.cub.2018.05.083
http://refhub.elsevier.com/S1053-8119(18)30776-6/sref30
http://refhub.elsevier.com/S1053-8119(18)30776-6/sref30
https://doi.org/10.1016/j.brainres.2008.06.027
https://doi.org/10.1016/j.brainres.2008.06.027
https://doi.org/10.1523/JNEUROSCI.3386-05.2006
https://doi.org/10.1016/j.conb.2011.05.021
https://doi.org/10.1016/j.conb.2011.05.021
https://doi.org/10.1113/jphysiol.2008.152603
https://doi.org/10.1113/jphysiol.2008.152603
https://doi.org/10.1016/j.cortex.2009.02.011
https://doi.org/10.1016/j.cub.2009.11.063
https://doi.org/10.1016/j.neuron.2011.10.008
https://doi.org/10.1038/nn.3422
https://doi.org/10.1177/1745691611406920
https://doi.org/10.1016/j.clinph.2003.10.009
https://doi.org/10.1016/j.clinph.2003.10.009


F. Fiori et al. NeuroImage 183 (2018) 847–858
Di Lazzaro, V., Rothwell, J.C., Talelli, P., Capone, F., Ranieri, F., Wallace, A.C.,
Musumeci, G., Dileone, M., 2013. Inhibitory theta burst stimulation of affected
hemisphere in chronic stroke: a proof of principle, sham-controlled study. Neurosci.
Lett. 553, 148–152. https://doi.org/10.1016/j.neulet.2013.08.013.

Dum, R., Strick, P., 1991. The origin of corticospinal projections from the premotor areas
in the frontal lobe. J. Neurosci. 11, 667–689. https://doi.org/S0022510X0200268X.

Ehrsson, H., Fagergren, A., Jonsson, T., Westling, G., Johansson, R., Forssberg, H., 2000.
Cortical activity in precision- versus power-grip tasks: an fMRI study.
J. Neurophysiol. 83, 528–536. https://doi.org/10.1152/jn.2000.83.1.528.

Fagg, A.H., Arbib, M.A., 1998. Modeling parietal-premotor interactions in primate control
of grasping. Neural Network. 11, 1277–1303. https://doi.org/10.1016/S0893-
6080(98)00047-1.

Fiori, F., Chiappini, E., Soriano, M., Paracampo, R., Romei, V., Borgomaneri, S.,
Avenanti, A., 2016. Long-latency modulation of motor cortex excitability by
ipsilateral posterior inferior frontal gyrus and pre-supplementary motor area. Sci.
Rep. 6, 38396. https://doi.org/10.1038/srep38396.

Fiori, F., Chiappini, E., Candidi, M., Romei, V., Borgomaneri, S., Avenanti, A., 2017. Long-
latency interhemispheric interactions between motor-related areas and the primary
motor cortex: a dual site TMS study. Sci. Rep. 7, 14936. https://doi.org/10.1038/
s41598-017-13708-2.

Fogassi, L., Gallese, V., Buccino, G., Craighero, L., Fadiga, L., Rizzolatti, G., 2001. Cortical
mechanism for the visual guidance of hand grasping movements in the monkey: a
reversible inactivation study. Brain 124, 571–586. https://doi.org/10.1093/brain/
124.3.571.

Gerbella, M., Rozzi, S., Rizzolatti, G., 2017. The extended object-grasping network. Exp.
Brain Res. 235, 2903–2916. https://doi.org/10.1007/s00221-017-5007-3.

Grice, K.O., Vogel, K.A., Le, V., Mitchell, A., Muniz, S., Vollmer, M.A., 2003. Adult norms
for a commercially available nine hole peg test for finger dexterity. Am. J. Occup.
Ther. 57, 570–573. https://doi.org/10.5014/ajot.57.5.570.

Grol, M.J., Majdandzic, J., Stephan, K.E., Verhagen, L., Dijkerman, H.C., Bekkering, H.,
Verstraten, F.A., Toni, I., 2007. Parieto-frontal connectivity during visually guided
grasping. J. Neurosci. 27, 11877–11887. https://doi.org/10.1523/JNEUROSCI.
3923-07.2007.

Groppa, S., Werner-Petroll, N., Münchau, A., Deuschl, G., Ruschworth, M.F., Siebner, H.R.,
2012. A novel dual-site transcranial magnetic stimulation paradigm to probe fast
facilitatory inputs from ipsilateral dorsal premotor cortex to primary motor cortex.
Neuroimage 62, 500–509. https://doi.org/10.1016/j.neuroimage.2012.05.023.

Hamzei, F., Lappchen, C.H., Glauche, V., Mader, I., Rijntjes, M., Weiller, C., 2012.
Functional plasticity induced by mirror training: the mirror as the element
connecting both hands to one hemisphere. Neurorehabilitation Neural Repair 26,
484–496. https://doi.org/10.1177/1545968311427917.

He, S.Q., Dum, R.P., Strick, P.L., 1993. Topographic organization of corticospinal
projections from the frontal lobe: motor areas on the lateral surface of the
hemisphere. J. Neurosci. 13, 952–980. https://doi.org/10.1523/JNEUROSCI.13-03-
00952.1993.

Hebb, D., 1949. The Organization of Behavior. Wiley.
Horn, U., Roschka, S., Eyme, K., Walz, A.D., Platz, T., Lotze, M., 2016. Increased ventral

premotor cortex recruitment after arm training in an fMRI study with subacute stroke
patients. Behav. Brain Res. 308, 152–159. https://doi.org/10.1016/j.bbr.2016.04.
040.

Huang, Y.-Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, J.C., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45, 201–206. https://doi.org/10.
1016/j.neuron.2004.12.033.

Jackson, A., Mavoori, J., Fetz, E.E., 2006. Long-term motor cortex plasticity induced by an
electronic neural implant. Nature 444, 56–60. https://doi.org/10.1038/
nature05226.

Jacquet, P.O., Avenanti, A., 2015. Perturbing the action observation network during
perception and categorization of actions' goals and grips: state-dependency and
virtual lesion TMS effects. Cerebr. Cortex 25, 598–608. https://doi.org/10.1093/
cercor/bht242.

Jarosz, A.F., Wiley, J., 2014. What are the odds? a practical guide to computing and
reporting bayes factors? Journal of Problem Solving 7, 2. https://doi.org/10.7771/
1932-6246.1167.

JASP Team, 2017. JASP (Version 0.8.4) [Computer software].
Jeannerod, M., Arbib, M.A., Rizzolatti, G., Sakata, H., 1995. Grasping objets: the cortical

mechanisms of visuomotor transformation. Trends Neurosci. 18, 314–320. https://
doi.org/10.1016/0166-2236(95)93921-J.

Johnen, V.M., Neubert, F.X., Buch, E.R., Verhagen, L.M., O'Reilly, J., Mars, R.B.,
Rushworth, M.F.S., 2015. Causal manipulation of functional connectivity in a specific
neural pathway during behaviour and at rest. eLife 4, e04585. https://doi.org/10.
7554/eLife.04585.

Jones, C.B., Lulic, T., Bailey, A.Z., Mackenzie, T.N., Mi, Y.Q., Tommerdahl, M.,
Nelson, A.J., 2016. Metaplasticity in human primary somatosensory cortex: effects on
physiology and tactile perception. J. Neurophysiol. 115, 2681–2691. https://doi.org/
10.1152/jn.00630.2015.

Kaminski, J.A., Korb, F.M., Villringer, A., Ott, D.V., 2011. Transcranial magnetic
stimulation intensities in cognitive paradigms. PLoS One 6, e24836. https://doi.org/
10.1371/journal.pone.0024836.

Kammer, T., Beck, S., Thielscher, A., Laubis-Herrmann, U., Topka, H., 2001. Motor
thresholds in humans: a transcranial magnetic stimulation study comparing different
pulse waveforms, current directions and stimulator types. Clin. Neurophysiol. 112,
250–258. https://doi.org/10.1016/S1388-2457(00)00513-7.

Kl€oppel, S., B€aumer, T., Kroeger, J., Koch, M.A., Büchel, C., Münchau, A., Siebner, H.R.,
2008. The cortical motor threshold reflects microstructural properties of cerebral
white matter. Neuroimage 40, 1782–1791. https://doi.org/10.1016/j.neuroimage.
2008.01.019.
857
Kobayashi, M., Hutchinson, S., Theoret, H., Schlaug, G., Pascual-Leone, A., 2004.
Repetitive TMS of the motor cortex improves ipsilateral sequential simple finger
movements. Neurology 62, 91–98. https://doi.org/10.1212/WNL.62.1.91.

Koch, G., Ponzo, V., Di Lorenzo, F., Caltagirone, C., Veniero, D., 2013. Hebbian and anti-
hebbian spike-timing-dependent plasticity of human cortico-cortical connections.
J. Neurosci. 33, 9725–9733. https://doi.org/10.1523/JNEUROSCI.4988-12.2013.

Koch, G., Rossi, S., Prosperetti, C., Codec�a, C., Monteleone, F., Petrosini, L., Bernardi, G.,
Centonze, D., 2008. Improvement of hand dexterity following motor cortex rTMS in
multiple sclerosis patients with cerebellar impairment. Mult. Scler. 14, 995–998.
https://doi.org/10.1177/1352458508088710.

Koganemaru, S., Mima, T., Nakatsuka, M., Ueki, Y., Fukuyama, H., Domen, K., 2009.
Human motor associative plasticity induced by paired bihemispheric stimulation.
J. Physiol. 587, 4629–4644. https://doi.org/10.1113/jphysiol.2009.174342.

Kozel, F.A., Nahas, Z., Debrux, C., Molloy, M., Lorberbaum, J.P., Bohning, D., Risch, S.C.,
George, M.S., 2000. How coil–cortex distance relates to age, motor threshold, and
antidepressant response to repetitive transcranial magnetic stimulation.
J. Neuropsychiatry 12, 376–384. https://doi.org/10.1176/jnp.12.3.376.

Kr�oliczak, G., Cavina-Pratesi, C., Goodman, D.A., Culham, J.C., 2007. What does the brain
do when you fake it? An fMRI study of pantomimed and real grasping.
J. Neurophysiol. 97, 2410–2422. https://doi.org/10.1152/jn.00778.2006.

Kuhtz-Buschbeck, J.P., Ehrsson, H.H., Forssberg, H., 2001. Human brain activity in the
control of fine static precision grip forces: an fMRI study. Eur. J. Neurosci. 14,
382–390. https://doi.org/10.1046/j.0953-816x.2001.01639.x.

Lang, C.E., Schieber, M.H., 2004. Reduced muscle selectivity during individuated finger
movements in humans after damage to the motor cortex or corticospinal tract.
J. Neurophysiol. 91, 1722–1733. https://doi.org/10.1152/jn.00805.2003.

List, J., Kübke, J.C., Lindenberg, R., Külzow, N., Kerti, L., Witte, V., Fl€oel, A., 2013.
Relationship between excitability, plasticity and thickness of the motor cortex in
older adults. Neuroimage 83, 809–816. https://doi.org/10.1016/j.neuroimage.2013.
07.033.

Lu, M.K., Tsai, C.H., Ziemann, U., 2012. Cerebellum to motor cortex paired associative
stimulation induces bidirectional STDP-like plasticity in human motor cortex. Front.
Hum. Neurosci. 6, 260. https://doi.org/10.3389/fnhum.2012.00260.

Mansur, C.G., Fregni, F., Boggio, P.S., Riberto, M., Gallucci-Neto, J., Santos, C.M.,
Wagner, T., Ferreira, M.J., Lima, M.C., Rigonatti, S.P., Marcolin, M.A.,
Freedman, S.D., Nitsche, M.A., Pascual-Leone, A., 2005. A sham stimulation-
controlled trial of rTMS of the unaffected hemisphere in stroke patients. Neurology
64, 1802–1804. https://doi.org/10.1212/01.WNL.0000161839.38079.92.

Markram, H., Gerstner, W., Sj€ostr€om, P.J., 2011. A history of spike-timing-dependent
plasticity. Front. Synaptic Neurosci. 3, 4. https://doi.org/10.3389/fnsyn.2011.
00004.

Markram, H., Lubke, J., Frotscher, M., Sakmann, B., 1997. Regulation of synaptic efficacy
by coincidence of postsynaptic APs and EPSPs. Science 275, 213–215. https://doi.
org/10.1126/science.275.5297.213.

Mathiowetz, V., Weber, K., Kashman, N., Volland, G., 1985. Adult norms for the nine hole
peg test of finger dexterity. Occup. Ther. J. Res. 5, 24–33. https://doi.org/10.1177/
153944928500500102.

Mayka, M.A., Corcos, D.M., Leurgans, S.E., Vaillancourt, D.E., 2006. Three-dimensional
locations and boundaries of motor and premotor cortices as defined by functional
brain imaging: a meta-analysis. Neuroimage 31, 1453–1474. https://doi.org/10.
1016/j.neuroimage.2006.02.004.

McConnell, K.A., Nahas, Z., Shastri, A., Lorberbaum, J.P., Kozel, F.A., Bohning, D.E.,
George, M.S., 2001. The transcranial magnetic stimulation motor threshold depends
on the distance from coil to underlying cortex: a replication in healthy adults
comparing two methods of assessing the distance to cortex. Biol. Psychiatr. 49,
454–459. https://doi.org/10.1016/S0006-3223(00)01039-8.

Muir, R.B., Lemon, R.N., 1983. Corticospinal neurons with a special role in precision grip.
Brain Res. 261, 312–316. https://doi.org/10.1016/0006-8993(83)90635-2.

Müller-Dahlhaus, J.F.M., Orekhov, Y., Liu, Y., Ziemann, U., 2008. Interindividual
variability and age-dependency of motor cortical plasticity induced by paired
associative stimulation. Exp. Brain Res. 187, 467–475. https://doi.org/10.1007/
s00221-008-1319-7.

Murata, A., Fadiga, L., Fogassi, L., Gallese, V., Raos, V., Rizzolatti, G., 1997. Object
representation in the ventral premotor cortex (area F5) of the monkey. Journal of
Neurphysiology 78, 2226–2230. https://doi.org/10.1152/jn.1997.78.4.2226.

Nelles, G., Jentzen, W., Jueptner, M., Müller, S., Diener, H.C., 2001. Arm training induced
brain plasticity in stroke studied with serial positron emission tomography.
Neuroimage 13, 1146–1154. https://doi.org/10.1006/nimg.2001.0757.

Neubert, F.X., Mars, R.B., Buch, E.R., Olivier, E., Rushworth, M.F., 2010. Cortical and
subcortical interactions during action reprogramming and their related white matter
pathways. Proc. Natl. Acad. Sci. U.S.A. 107, 13240–13245. https://doi.org/10.1073/
pnas.1000674107.

Oldfield, R., 1971. The assessment and analysis of handedness. Neuropsychologia 9,
97–113. https://doi.org/10.1016/0028-3932(71)90067-4.

Palmer, C.E., Bunday, K.L., Davare, M., Kilner, J.M., 2016. A causal role for primary
motor cortex in perception of observed actions. J. Cognit. Neurosci. 28, 2021–2029.
https://doi.org/10.1162/jocn_a_01015.

Paracampo, R., Tidoni, E., Borgomaneri, S., di Pellegrino, G., Avenanti, A., 2017.
Sensorimotor network crucial for inferring amusement from smiles. Cerebr. Cortex
27, 5116–5129. https://doi.org/10.1093/cercor/bhw294.

Paracampo, R., Pirruccio, M., Costa, M., Borgomaneri, S., Avenanti, A., 2018. Visual,
sensorimotor and cognitive routes to understanding others' enjoyment: an individual
differences rTMS approach to empathic accuracy. Neuropsychologia 116, 86–98.
https://doi.org/10.1016/j.neuropsychologia.2018.01.043.

Paulus, W., Classen, J., Cohen, L.G., Large, C.H., Di Lazzaro, V., Nitsche, M., Pascual-
Leone, A., Rosenow, F., Rothwell, J.C., Ziemann, U., 2008. State of the art:

https://doi.org/10.1016/j.neulet.2013.08.013
https://doi.org/S0022510X0200268X
https://doi.org/10.1152/jn.2000.83.1.528
https://doi.org/10.1016/S0893-6080(98)00047-1
https://doi.org/10.1016/S0893-6080(98)00047-1
https://doi.org/10.1038/srep38396
https://doi.org/10.1038/s41598-017-13708-2
https://doi.org/10.1038/s41598-017-13708-2
https://doi.org/10.1093/brain/124.3.571
https://doi.org/10.1093/brain/124.3.571
https://doi.org/10.1007/s00221-017-5007-3
https://doi.org/10.5014/ajot.57.5.570
https://doi.org/10.1523/JNEUROSCI.3923-07.2007
https://doi.org/10.1523/JNEUROSCI.3923-07.2007
https://doi.org/10.1016/j.neuroimage.2012.05.023
https://doi.org/10.1177/1545968311427917
https://doi.org/10.1523/JNEUROSCI.13-03-00952.1993
https://doi.org/10.1523/JNEUROSCI.13-03-00952.1993
http://refhub.elsevier.com/S1053-8119(18)30776-6/sref54
https://doi.org/10.1016/j.bbr.2016.04.040
https://doi.org/10.1016/j.bbr.2016.04.040
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1038/nature05226
https://doi.org/10.1038/nature05226
https://doi.org/10.1093/cercor/bht242
https://doi.org/10.1093/cercor/bht242
https://doi.org/10.7771/1932-6246.1167
https://doi.org/10.7771/1932-6246.1167
http://refhub.elsevier.com/S1053-8119(18)30776-6/sref123
https://doi.org/10.1016/0166-2236(95)93921-J
https://doi.org/10.1016/0166-2236(95)93921-J
https://doi.org/10.7554/eLife.04585
https://doi.org/10.7554/eLife.04585
https://doi.org/10.1152/jn.00630.2015
https://doi.org/10.1152/jn.00630.2015
https://doi.org/10.1371/journal.pone.0024836
https://doi.org/10.1371/journal.pone.0024836
https://doi.org/10.1016/S1388-2457(00)00513-7
https://doi.org/10.1016/j.neuroimage.2008.01.019
https://doi.org/10.1016/j.neuroimage.2008.01.019
https://doi.org/10.1212/WNL.62.1.91
https://doi.org/10.1523/JNEUROSCI.4988-12.2013
https://doi.org/10.1177/1352458508088710
https://doi.org/10.1113/jphysiol.2009.174342
https://doi.org/10.1176/jnp.12.3.376
https://doi.org/10.1152/jn.00778.2006
https://doi.org/10.1046/j.0953-816x.2001.01639.x
https://doi.org/10.1152/jn.00805.2003
https://doi.org/10.1016/j.neuroimage.2013.07.033
https://doi.org/10.1016/j.neuroimage.2013.07.033
https://doi.org/10.3389/fnhum.2012.00260
https://doi.org/10.1212/01.WNL.0000161839.38079.92
https://doi.org/10.3389/fnsyn.2011.00004
https://doi.org/10.3389/fnsyn.2011.00004
https://doi.org/10.1126/science.275.5297.213
https://doi.org/10.1126/science.275.5297.213
https://doi.org/10.1177/153944928500500102
https://doi.org/10.1177/153944928500500102
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1016/S0006-3223(00)01039-8
https://doi.org/10.1016/0006-8993(83)90635-2
https://doi.org/10.1007/s00221-008-1319-7
https://doi.org/10.1007/s00221-008-1319-7
https://doi.org/10.1152/jn.1997.78.4.2226
https://doi.org/10.1006/nimg.2001.0757
https://doi.org/10.1073/pnas.1000674107
https://doi.org/10.1073/pnas.1000674107
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1162/jocn_a_01015
https://doi.org/10.1093/cercor/bhw294
https://doi.org/10.1016/j.neuropsychologia.2018.01.043


F. Fiori et al. NeuroImage 183 (2018) 847–858
pharmacologic effects on cortical excitability measures tested by transcranial
magnetic stimulation. Brain Stimulation 1, 151–163. https://doi.org/10.1016/j.brs.
2008.06.002.

Philip, B.A., Frey, S.H., 2016. Increased functional connectivity between cortical hand
areas and praxis network associated with training-related improvements in non-
dominant hand precision drawing. Neuropsychologia 87, 157–168. https://doi.org/
10.1016/j.neuropsychologia.2016.05.016.

Picazio, S., Veniero, D., Ponzo, V., Caltagirone, C., Gross, J., Thut, G., Koch, G., 2014.
Prefrontal control over motor cortex cycles at beta frequency during movement
inhibition. Curr. Biol. 24, 2940–2945. https://doi.org/10.1016/j.cub.2014.10.043.

Prabhu, G., Shimazu, H., Cerri, G., Brochier, T., Spinks, R.L., Maier, M.A., Lemon, R.N.,
2009. Modulation of primary motor cortex outputs from ventral premotor cortex
during visually guided grasp in the macaque monkey. J. Physiol. 587, 1057–1069.
https://doi.org/10.1113/jphysiol.2008.165571.

Ptak, R., Schnider, A., Fellrath, J., 2017. The dorsal frontoparietal network: a core system
for emulated action. Trends Cognit. Sci. 21, 589–599. https://doi.org/10.1016/j.tics.
2017.05.002.

Raftery, A., 1995. Bayesian model selection in social research. Socio. Meth. 25, 111–196.
https://doi.org/10.2307/271063.

Raos, V., Umilt�a, M.A., Murata, A., Fogassi, L., Gallese, V., 2006. Functional properties of
grasping-related neurons in the ventral premotor area F5 of the macaque monkey.
J. Neurophysiol. 95, 709–729. https://doi.org/10.1152/jn.00463.2005.

Ridding, M.C., Ziemann, U., 2010. Determinants of the induction of cortical plasticity by
non-invasive brain stimulation in healthy subjects. J. Physiol. 588, 2291–2304.
https://doi.org/10.1113/jphysiol.2010.190314.

Rizzo, V., Bove, M., Naro, A., Tacchino, A., Mastroeni, C., Avanzino, L., Crupi, D.,
Morgante, F., Siebner, H.R., Quartarone, A., 2011. Associative cortico-cortical
plasticity may affect ipsilateral finger opposition movements. Behav. Brain Res. 216,
433–439. https://doi.org/10.1016/j.bbr.2010.08.037.

Rizzo, V., Siebner, H.S., Morgante, F., Mastroeni, C., Girlanda, P., Quartarone, A., 2009.
Paired associative stimulation of left and right human motor cortex shapes
interhemispheric motor inhibition based on a hebbian mechanism. Cerebr. Cortex 19,
907–915. https://doi.org/10.1093/cercor/bhn144.

Rizzolatti, G., Cattaneo, L., Fabbri-Destro, M., Rozzi, S., 2014. Cortical mechanisms
underlying the organization of goal-directed actions and mirror neuron-based action
understanding. Physiol. Rev. 94, 655–706. https://doi.org/10.1152/physrev.00009.
2013.

Romei, V., Chiappini, E., Hibbard, P.B., Avenanti, A., 2016a. Empowering reentrant
projections from V5 to V1 boosts sensitivity to motion. Curr. Biol. 26, 2155–2160.
https://doi.org/10.1016/j.cub.2016.06.009.

Romei, V., Thut, G., Silvanto, J., 2016b. Information-based approaches of noninvasive
transcranial brain stimulation. Trends Neurosci. 39, 782–795. https://doi.org/10.
1016/j.tins.2016.09.001.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., 2009. Safety, ethical
considerations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clin. Neurophysiol. 120, 2008–39.
https://doi.org/10.1016/j.clinph.2009.08.016.

Rossini, P.M., Burke, D., Chen, R., Cohen, L.G., Daskalakis, Z., Di Iorio, Di Lazzaro, V.,
Ferreri, F., Fitzgerald, P.B., George, M.S., Hallett, M., Lefaucheur, J.P., Langguth, B.,
Matsumoto, H., Miniussi, C., Nitsche, M.A., Pascual-Leone, A., Paulus, W., Rossi, S.,
Rothwell, J.C., Siebner, H.R., Ugawa, Y., Walsh, V., Ziemann, U., 2015. Non-invasive
electrical and magnetic stimulation of the brain, spinal cord, roots and peripheral
nerves: basic principles and procedures for routine clinical and research application.
An updated report from an I.F.C.N. Committee. Clin. Neurophysiol. 126, 1071–1107.
https://doi.org/10.1016/j.clinph.2015.02.001.

Stefan, K., Kunesch, E., Cohen, L.G., Benecke, R., Classen, J., 2000. Induction of plasticity
in the human motor cortex by paired associative stimulation. Brain 123, 572–584.
https://doi.org/10.1093/brain/123.3.572.

Siebner, H.R., Hartwigsen, G., Kassuba, T., Rothwell, J.C., 2009b. How does transcranial
magnetic stimulation modify neuronal activity in the brain? Implications for studies
of cognition. Cortex 45, 1035–1042. https://doi.org/10.1016/j.cortex.2009.02.007.
858
Siebner, H.R., Bergmann, T.O., Bestmann, S., Massimini, M., Johansen-Berg, H.,
Mochizuki, H., Bohning, D.E., Boorman, E.D., Groppa, S., Miniussi, C., Pascual-
Leone, A., Huber, R., Taylor, P.C., Ilmoniemi, R.J., De Gennaro, L., Strafella, A.P.,
K€ahk€onen, S., Kl€oppel, S., Frisoni, G.B., George, M.S., Hallett, M., Brandt, S.A.,
Rushworth, M.F., Ziemann, U., Rothwell, J.C., Ward, N., Cohen, L.G., Baudewig, J.,
Paus, T., Ugawa, Y., Rossini, P.M., 2009a. Consensus paper: combining transcranial
stimulation with neuroimaging. Brain Stimulation 2, 58–80. https://doi.org/10.
1016/j.brs.2008.11.002.

Sun, F.T., Miller, L.M., Rao, A.A., D'Esposito, M., 2007. Functional connectivity of cortical
networks involved in bimanual motor sequence learning. Cerebr. Cortex 17,
1227–1234. https://doi.org/10.1093/cercor/bhl033.

Taubert, M., Lohmann, G., Margulies, D.S., Villringer, A., Ragert, P., 2011. Long-term
effects of motor training on resting-state networks and underlying brain structure.
Neuroimage 57, 1492–1498. https://doi.org/10.1016/j.neuroimage.2011.05.078.

Tidoni, E., Borgomaneri, S., di Pellegrino, G., Avenanti, A., 2013. Action simulation plays
a critical role in deceptive action recognition. J. Neurosci. 33, 611–623. https://doi.
org/10.1523/JNEUROSCI.2228-11.2013.

Tunik, E., Rice, N.J., Hamilton, A., Grafton, S.T., 2007. Beyond grasping: representation of
action in human anterior intraparietal sulcus. Neuroimage 36, 77–86. https://doi.
org/10.1016/j.neuroimage.2007.03.026.

Valchev, N., �Cur�ci�c-Blake, B., Renken, R.J., Avenanti, A., Keysers, C., Gazzola, V.,
Maurits, N.M., 2015. cTBS delivered to the left somatosensory cortex changes its
functional connectivity during rest. Neuroimage 114, 386–387. https://doi.org/10.
1016/j.neuroimage.2015.04.017.

Valchev, N., Gazzola, V., Avenanti, A., Keysers, C., 2016. Primary somatosensory
contribution to action observation brain activity-combining fMRI and cTBS. Soc.
Cognit. Affect Neurosci. 11, 1205–1217. https://doi.org/10.1093/scan/nsw029.

Valchev, N., Tidoni, E., Hamilton, A.F.C., Gazzola, V., Avenanti, A., 2017. Primary
somatosensory cortex necessary for the perception of weight from other people's
action: a continuous theta-burst TMS experiment. Neuroimage 152, 195–206.
https://doi.org/10.1016/j.neuroimage.2017.02.075.

Vesia, M., Barnett-Cowan, M., Elahi, B., Jegatheeswaran, G., Isayama, R., Neva, J.L.,
Davare, M., Staines, W.R., Culham, J.C., Chen, R., 2017. Human dorsomedial parieto-
motor circuit specifies grasp during the planning of goal-directed hand actions.
Cortex 92, 175–186. https://doi.org/10.1016/j.cortex.2017.04.007.

Veniero, D., Ponzo, V., Koch, G., 2013. Paired associative stimulation enforces the
communication between interconnected areas. J. Neurosci. 33, 13773–13783.
https://doi.org/10.1523/JNEUROSCI.1777-13.2013.

Vossel, S., Geng, J.J., Fink, G.R., 2014. Dorsal and ventral attention systems: distinct
neural circuits but collaborative roles. Neuroscientist 20, 150–159. https://doi.org/
10.1177/1073858413494269.

Wagenmakers, E.J., Love, J., Marsman, M., Jamil, T., Ly, A., Verhagen, J., Selker, R.,
Gronau, Q.F., Dropmann, D., Boutin, B., Meerhoff, F., Knight, P., Raj, A., van
Kesteren, E.J., van Doorn, J., �Smíra, M., Epskamp, S., Etz, A., Matzke, D., de Jong, T.,
van den Bergh, D., Sarafoglou, A., Steingroever, H., Derks, K., Rouder, J.N.,
Morey, R.D., 2018. Bayesian inference for psychology. Part II: Example applications
with JASP. Psychonomic Bull. Rev. 25, 58–76. https://doi.org/10.3758/s13423-017-
1323-7.

Wiestler, T., Diedrichsen, J., 2013. Skill learning strengthens cortical representations of
motor sequences. eLife 2 e00801. https://doi.org/10.7554/eLife.00801.

Zanon M, Borgomaneri S, Avenanti A. Action-related dynamic changes in inferior frontal
cortex effective connectivity: a TMS/EEG coregistration study. Cortex, .Available
online 27 August 2018 https://doi.org/10.1016/j.cortex.2018.08.004.

Ziemann, U., Paulus, W., Nitsche, M.A., Pascual-Leone, A., Byblow, W.D., Berardelli, A.,
Siebner, H.R., Classen, J., Cohen, L.G., Rothwell, J.C., 2008. Consensus: motor cortex
plasticity protocols. Brain Stimulation 1, 164–182. https://doi.org/10.1016/j.brs.
2008.06.006.

https://doi.org/10.1016/j.brs.2008.06.002
https://doi.org/10.1016/j.brs.2008.06.002
https://doi.org/10.1016/j.neuropsychologia.2016.05.016
https://doi.org/10.1016/j.neuropsychologia.2016.05.016
https://doi.org/10.1016/j.cub.2014.10.043
https://doi.org/10.1113/jphysiol.2008.165571
https://doi.org/10.1016/j.tics.2017.05.002
https://doi.org/10.1016/j.tics.2017.05.002
https://doi.org/10.2307/271063
https://doi.org/10.1152/jn.00463.2005
https://doi.org/10.1113/jphysiol.2010.190314
https://doi.org/10.1016/j.bbr.2010.08.037
https://doi.org/10.1093/cercor/bhn144
https://doi.org/10.1152/physrev.00009.2013
https://doi.org/10.1152/physrev.00009.2013
https://doi.org/10.1016/j.cub.2016.06.009
https://doi.org/10.1016/j.tins.2016.09.001
https://doi.org/10.1016/j.tins.2016.09.001
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1093/brain/123.3.572
https://doi.org/10.1016/j.cortex.2009.02.007
https://doi.org/10.1016/j.brs.2008.11.002
https://doi.org/10.1016/j.brs.2008.11.002
https://doi.org/10.1093/cercor/bhl033
https://doi.org/10.1016/j.neuroimage.2011.05.078
https://doi.org/10.1523/JNEUROSCI.2228-11.2013
https://doi.org/10.1523/JNEUROSCI.2228-11.2013
https://doi.org/10.1016/j.neuroimage.2007.03.026
https://doi.org/10.1016/j.neuroimage.2007.03.026
https://doi.org/10.1016/j.neuroimage.2015.04.017
https://doi.org/10.1016/j.neuroimage.2015.04.017
https://doi.org/10.1093/scan/nsw029
https://doi.org/10.1016/j.neuroimage.2017.02.075
https://doi.org/10.1016/j.cortex.2017.04.007
https://doi.org/10.1523/JNEUROSCI.1777-13.2013
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1177/1073858413494269
https://doi.org/10.3758/s13423-017-1323-7
https://doi.org/10.3758/s13423-017-1323-7
https://doi.org/10.7554/eLife.00801
https://doi.org/10.1016/j.cortex.2018.08.004
https://doi.org/10.1016/j.brs.2008.06.006
https://doi.org/10.1016/j.brs.2008.06.006

	Enhanced action performance following TMS manipulation of associative plasticity in ventral premotor-motor pathway
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. General experimental design and procedures
	2.3. ccPAS protocol
	2.4. Neuronavigation
	2.5. Visuomotor tasks
	2.6. Data analysis

	3. Results
	3.1. Preliminary comparisons and physiological assessment
	3.2. Experimental task (9-HPT)
	3.3. Variability in the behavioral effect of ccPAS and its relation to motor excitability
	3.4. Control task (cRT)

	4. Discussion
	5. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


