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In the macaque monkey, area V6A, located in the medial posterior parietal cortex, contains cells that encode the spatial posi-
tion of a reaching target. It has been suggested that during reach planning this information is sent to the frontal cortex along
a parieto-frontal pathway that connects V6A–premotor cortex–M1. A similar parieto-frontal network may also exist in the
human brain, and we aimed here to study the timing of this functional connection during planning of a reaching movement
toward different spatial positions. We probed the functional connectivity between human area V6A (hV6A) and the primary
motor cortex (M1) using dual-site, paired-pulse transcranial magnetic stimulation with a short (4ms) and a longer (10ms)
interstimulus interval while healthy participants (18 men and 18 women) planned a visually-guided or a memory-guided
reaching movement toward positions located at different depths and directions. We found that, when the stimulation over
hV6A is sent 4ms before the stimulation over M1, hV6A inhibits motor-evoked potentials during planning of either right-
ward or leftward reaching movements. No modulations were found when the stimulation over hV6A was sent 10ms before
the stimulation over M1, suggesting that only short medial parieto-frontal routes are active during reach planning. Moreover,
the short route of hV6A–premotor cortex–M1 is active during reach planning irrespectively of the nature (visual or memory)
of the reaching target. These results agree with previous neuroimaging studies and provide the first demonstration of the
flow of inhibitory signals between hV6A and M1.
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Significance Statement

All our dexterous movements depend on the correct functioning of the network of brain areas. Knowing the functional timing
of these networks is useful to gain a deeper understanding of how the brain works to enable accurate arm movements. In this
article, we probed the parieto-frontal network and demonstrated that it takes 4ms for the medial posterior parietal cortex to
send inhibitory signals to the frontal cortex during reach planning. This fast flow of information seems not to be dependent
on the availability of visual information regarding the reaching target. This study opens the way for future studies to test how
this timing could be impaired in different neurological disorders.

Introduction
The medial posterior parietal cortex (mPPC) is a key node of the
parieto-frontal networks that transform visuospatial information
about a target to be reached into motor plans (Mountcastle et al.,

1975; Snyder et al., 2000; Koch et al., 2008; Vesia et al., 2013;
Fattori et al., 2017; Diomedi et al., 2021; Breveglieri et al., 2021a).
In the macaque, mPPC hosts area V6A (Galletti et al., 1999),
which contains, among others, reach-related cells (Fattori et al.,
2005, 2017; Hadjidimitrakis et al., 2014; Bosco et al., 2016;
Diomedi et al., 2020). V6A has also been identified in humans
[human V6A (hV6A); Pitzalis et al., 2015], and its role in reach-
ing has been demonstrated by neuroimaging (Astafiev et al.,
2003; Connolly et al., 2003; Beurze et al., 2009; Cavina-Pratesi et
al., 2010; Tosoni et al., 2015) and transcranial magnetic stimula-
tion (TMS) studies (Vesia et al., 2010; Ciavarro et al., 2013;
Breveglieri et al., 2021a).

In both species, the connections between V6A and primary
motor cortex (M1) are indirect through the dorsal premotor
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cortex (PMd) and, specifically, the parts of PMd and M1
involved contain a representation of the arm (Galletti et al., 2004;
Gamberini et al., 2009; Passarelli et al., 2011, 2018; Tosoni et al.,
2015). These pieces of evidence suggest that the functionality of
this network underlies dexterous arm movements. Recently, two
studies have demonstrated the timing of the connections between
hV6A and M1 at rest (Vesia et al., 2013; Breveglieri et al., 2021b)
using dual-site, paired-pulse TMS. In this protocol (Koch et al.,
2007), a conditioning stimulus (CS) is administered over a target
(e.g., parietal) area to activate direct or indirect pathways from the
target site to M1. The CS is followed by a test stimulus (TS)
administered over M1 to induce motor-evoked potentials (MEPs)
in contralateral muscles (Koch et al., 2007; Rothwell, 2011; Fiori et
al., 2016, 2017; Chiappini et al., 2020).

In our article (Breveglieri et al., 2021b), we demonstrated that
hV6A sends inhibitory signals to M1 at interstimulus intervals
(ISIs) of 12 or 15ms, whereas shorter ISIs were not effective
(Breveglieri et al., 2021b; but see also Vesia et al., 2013). This sug-
gests that the exchange of information at rest between hV6A and
the frontal cortex occurred not through a direct hV6A–M1 con-
nection, but through a longer circuit that likely involved the lat-
eral parietal cortex, ventral premotor cortex (PMv), and PMd.

A question arises in terms of whether the same timing of the
parieto-frontal circuits can be found during action planning.
Interestingly, corticospinal excitability was increased by a pulse
over the lateral parietal cortex while preparing an immediate (i.e.,
without delay) contralateral reach (Koch et al., 2008) at ISIs of
4 ms (TMS over right PPC) or 6ms (TMS over left PPC). Moving
toward more medial sites, Vesia et al. (2013) similarly showed that
a CS over superior parieto-occipital cortex SPOC area (also
including area hV6A; see below) 4ms before the TS in M1 facili-
tated the corticospinal excitability during reach or grasp planning
but only when arm transport was required. These latter studies
suggested that short routes from SPOC toM1 are functionally spe-
cific to arm transport.

It is of note that reaching cells of monkey V6A are spatially
tuned during reach planning and execution (Fattori et al., 2005;
Hadjidimitrakis et al., 2014; Bosco et al., 2016). These data have
been confirmed in fMRI studies in humans (Cavina-Pratesi et al.,
2010). Moreover, in a recent TMS study from our laboratory, we
found that reaching accuracy is impaired in a spatial-dependent
manner when interfering with single-pulse TMS over hV6A
(Breveglieri et al., 2021a). Thus, it can be hypothesized that the
signals sent by hV6A during reach planning could bring spatial
information to M1. If this were the case, the modulation of the
corticospinal excitability by hV6A would be spatial dependent.
To test this hypothesis, we tested here the functional connectivity
of hV6A–M1 during the planning of reaching movements
directed toward targets located at different depths and directions
with dual-site, paired-pulse TMS.

Materials and Methods
Participants
Thirty-six healthy volunteers, subdivided into a group of 18 participants
in experiment 1 (10 men; mean age, 24.44 6 3.91 years) and another 18
in experiment 2 (8 men; mean age, 23.89 6 3.20 years), participated in
this study. The number of participants was determined based on a power
analysis that indicated that a sample size of 36 participants is an appro-
priate sample size to achieve statistical power (1 – b ) of 0.8 (two-tailed
a = 0.05; effect size f = 0.20; Breveglieri et al., 2021a), analysis performed
using G*Power software (Faul et al., 2007).

All participants were right handed according to the standard handed-
ness inventory (Oldfield, 1971) and had normal or corrected-to-normal
vision. None of the participants had neurologic, psychiatric, or other

medical problems or any contraindication to TMS (Rossi et al., 2009;
Rossini et al., 2015). Participants provided written informed consent.
The procedures were approved by the Bioethical Committee at the
University of Bologna (Protocol 57635) and were in accordance with the
ethical standards of the Declaration of Helsinki (2013). No discomfort or
adverse effects during TMS were reported or noticed.

Localization of brain sites
Before each experimental session, the positions for the coils were identi-
fied on each participant’s scalp. The optimal scalp position for coil place-
ment over the left M1 was sought on the participant’s head while they
were wearing a bathing cap and was defined as the point where stimula-
tion evoked the largest MEPs from the contralateral first dorsal interos-
seous (FDI) muscle of the right hand. To find the position in the left
hemisphere that corresponds to the coordinates of area hV6A, we used
frameless stereotaxic neuronavigation before each experimental session
using the SofTaxic Navigator system (E.M.S.), similarly to previous stud-
ies (Breveglieri et al., 2021a, b). In the first stage, skull landmarks
(nasion, inion, and two preauricular points) and 65 points providing a
uniform representation of the scalp were digitized by means of a Polaris
Vicra Optical Tracking System (Northern Digital). Coordinates in
Talairach space were automatically estimated by the SofTaxic Navigator
from an MRI-constructed stereotaxic template. This procedure has been
proven to ensure a good localization accuracy, showing an error of ;5
mm compared with methods based on individual MRIs (Carducci and
Brusco, 2012).

The Talairach coordinates used for hV6A were x = �10, y = �78, and
z=40 (Talairach and Tournoux, 1988). These coordinates are the same as
those used in previous TMS studies on hV6A (Ciavarro et al., 2013;
Breveglieri et al., 2021a, b) and are similar to those used for studying the
SPOC (Vesia et al., 2010, 2017), a region that has also been investigated in
imaging studies (Cavina-Pratesi et al., 2010; Gallivan et al., 2011; Tosoni et
al., 2015), and that likely includes hV6A (Pitzalis et al., 2013). The neuro-
navigation system was then used to estimate the projections of scalp sites
on the brain surface. The mean coordinates 6 SD corresponded to the
hV6A (experiment 1: x = �12.36 2.9, y = �80.86 2.8, z = 38.16 2.8;
experiment 2: x =�11.86 3.2, y =�79.86 2.9, z = 39.06 2.7).

Transcranial magnetic stimulation protocol
A dual-site, paired-pulse transcranial magnetic stimulation paradigm
with two coils was used to test the connectivity between the left PPC
(hV6A) and the ipsilateral (left) M1. TMS pulses were administered via
two branding-iron 50 mm butterfly coils, each of which was connected to
a DuoMAG MP-Dual TMS System Monophasic Transcranial Stimulator
(DEYMED). To set TMS intensity, the resting motor threshold (rMT) was
estimated for all participants in a preliminary phase of the experiment
using standard procedures. MEPs induced by stimulation of the left motor
cortex were recorded from the right FDI muscle by means of a two-chan-
nel DuoMAG MEP amplifier. Electromyography (EMG) signals were fil-
tered with a finite impulse response filter and digitized at a sampling rate
of 5 kHz. Pairs of disposable pregelled Ag–AgCl surface electrodes were
placed in a belly tendon montage with a ground electrode on the midpoint
of the palmar surface of the wrist. The optimal scalp position for inducing
MEPs from the right FDI muscle was first localized, and the rMT was
determined from that position. The rMT was defined as the minimal in-
tensity of stimulator output that produced MEPs with an amplitude of at
least 50mV in the FDI muscle with a probability of 50% (Rossini et al.,
2015). The mean rMT across participants was 45 6 4% (experiment 1)
and 45 6 6% (experiment 2), in line with other studies (Cardellicchio et
al., 2020).

TMS was administered as TS over M1, with a preceding CS over
hV6A with two ISIs (4 and 10ms). With the aim of obtaining a stable
EMG signal, in the “at rest” blocks, participants were asked to keep both
hands relaxed throughout the entire testing block. In the reach planning
blocks, the participants were asked to keep their arms and hands relaxed
until they heard the TMS sound, which represented the Go signal, cueing
execution of the reaching movement.

The intensity of the TS was adjusted to elicit an MEP of 1mV peak
to peak in the relaxed right FDI muscle (Koch et al., 2007), and this
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corresponded with 120% (experiment 1) and 122% (experiment 2) of the
rMT across participants. The intensity of the CS stimulus was set at 90%
rMT (Koch et al., 2007; Vesia et al., 2013, 2017; Fiori et al., 2016, 2017;
Breveglieri et al., 2021b). Both coils were held tangentially to the skull,
with the M1 coil at 45° and the hV6A coil at 90° from the mid-sagittal
line to induce a posterior–anterior-directed current in the underlying
cortical tissue (Vesia et al., 2013, 2017; Breveglieri et al., 2021a, b).

Electromyographic recordings
During each stimulation session, EMG was used to monitor muscle ac-
tivity from FDI, abductor digiti minimi (ADM), extensor carpi radialis
(ECR), and flexor carpi radialis (FCR) muscles (Borgomaneri et al.,
2017). Surface electromyograms were recorded by means of a Digitimer
D440-4 system (Digitimer), amplified to 1000�, bandpass filtered between
30Hz and 1kHz with a sample rate of 1 kHz recorded using a Micro1401
data acquisition interface controlled by Signal software (version 7;
Cambridge Electronic Design) and sorted on a computer for offline
analysis.

Experimental design: apparatus and behavioral task
We sought to investigate the connectivity between the left PPC (hV6A)
and the ipsilateral M1 during reach planning in two different experiments.
In the first one (experiment 1), participants were asked to plan and per-
form memory-guided reaching movements (hereafter called “memory-
guided task”); in the second one (experiment 2), participants were asked to
plan and perform visually-guided reaching movements (hereafter called
“visually-guided” task). Both tasks were pointing tasks where participants
performed reaching movements with the tip of the index finger.

The apparatus consisted of a 19 inch touchscreen (IntelliTouch
1939L, Elo) laid horizontally on a desk located at waist level, so as to
present targets in different directions but also at different distances
(depth) in relation to the body. The screen displayed the targets of reach-
ing movements. Participants performed the task with their right hand.
In all trials, the reaching movement began with the participant’s right
hand on a marked position adjacent to the touchscreen, in front of the
participant’s chest. A participant sat on a comfortable chair in a dark-
ened room, and their head was kept stable using a head/chin rest to mini-
mize head movements. The stimuli were green (fixation point; diameter,
0.3 cm) and red (reaching target; diameter, 0.6 cm) dots (Fig. 1) and had a
luminance of ;17 cd/m2. The visible display size of the touchscreen was
37.5� 30 cm. The display had a resolution of 1152� 864 pixels and a
frame rate of 60Hz.

The targets were positioned as shown in Figure 1A. The targets could
appear in four possible locations arranged in a rhombus with a diagonal
of 20 cm, with a central target, the fixation point (Fig. 1A, cross), located
39 cm away from the participants’ chest along the midline: left, far, near,
right (Fig. 1A). All targets were located within a comfortable reaching
distance for all participants tested. In all trials, the position of the fixation
point was not coincident with the position of the reaching target, so that
all the reaching movements were peripheral. We tested peripheral reach-
ing because this is the eye–hand configuration that appears to be the
most effective for hV6A (Breveglieri et al., 2021a) and because this con-
figuration is typically used in TMS studies on reaching in the parietal
cortex (Vesia et al., 2006, 2008, 2010).

The sequence of visually-guided and memory-guided reaching was
similar for the two tasks (Fig. 1B) and consisted of an intertrial period
(Intertrial, 6 s), followed by the presentation of the fixation point on the
touchscreen (Fig. 1B, eye). Then, the participant had to stare at the fixa-
tion point (Fixation) for a period of 1.3–1.5 s while remaining relaxed
with their hand pronated on the table. After this period, the reaching tar-
get appeared (Cue) and stayed on for the remaining trial duration
(Visually-guided task) or turned off after 150ms (Memory-guided task),
and this indicated to the participants the position to be subsequently
reached while maintaining fixation on the fixation target. After 0.3 s
from the target onset (Cue/Delay, Visually-guided task) or after 0.3 s
from the target offset (Delay, Memory-guided task), the TMS was deliv-
ered, and its “click” sound was the go signal (TMS/Go) for the partici-
pant to reach the target. The participants had to maintain fixation on the
fixation point throughout the trial. After touching the visualized or

memorized target position (Movement offset), the fixation point
switched off and a new intertrial period started. In the Visually-guided
task, the target itself disappeared when touched. Participants were asked
to move their hand in a ballistic manner (without pauses or interrup-
tions), at a fast but comfortable speed, and as accurately as possible. The
starting position of the reaching hand was constant across the different
stimulation conditions and experiments.

Stimulations were divided into six blocks for each experiment. The
first and last blocks consisted of stimulation at rest, and comprised 60 tri-
als, 20 with a TS alone and 40 with a TS coupled with a preceding CS, 20
with an ISI of 4 and 20 with an ISI of 10 (duration of each block, 6min).
The remaining four blocks (duration, 9min) consisted of stimulation dur-
ing reach planning and comprised 60 trials each (20 TS and 20 CS-TS for
each ISI). In each reaching block, the target position was randomized
across participants. The order of the ISIs was compensated. A 3 min break
was allowed between blocks.

For stimuli presentation and data analysis, we used MATLAB
(MathWorks) with the Psychophysics toolbox extension (Brainard, 1997).

Data acquisition and statistical analysis
MEPs. The mean peak-to-peak MEP amplitude was computed for

the 4ms ISI (p-pulse4), the 10ms ISI (p-pulse10), and the single-pulse
(s-pulse) condition. To verify that the initial pre-TMS background was
similar, we checked for any trace showing EMG activity 100ms before
the TMS pulses and, in each condition and experiment, for any MEPs
with amplitudes deviating from the mean by .2.5 SDs. No MEPs were
discarded based on this analysis.

To investigate whether the MEPs evoked by stimulation over M1
were spatially tuned, mean MEP amplitudes of s-pulse reaching trials in
each experiment were submitted to a two-way ANOVA with Task as a
between-participants factor (Visually-guided and Memory-guided tasks),
and Position (left, far, near, right) and Muscle (FDI, ADM, ECR, FCR) as
within-participants factors.

Furthermore, to quantify the paired-pulse effect (PPE) of hV6A on
M1, the ratio of MEP amplitudes between single pulse and paired pulse
for each individual and stimulus-onset asynchrony was indexed through
z scores in each muscle, task, and position by calculating the PPE index
(Buch et al., 2010), computed as the difference of the mean paired-pulse
TMS minus the single-pulse TMS MEP magnitudes, divided by the
pooled SD. The PPE is a standard measure of causal influence of one
cortical area over another (Civardi et al., 2001; Koch et al., 2006b;
O’Shea et al., 2007; Mars et al., 2009; Buch et al., 2010; Van Campen et
al., 2013). PPE gives a value of zero in the case of no effect of hV6A pulse
on the MEP amplitude and also on the excitability of the corticospinal
pathway. Positive PPE values indicate that the hV6A pulse increased the
excitability of the motor cortex (excitation); negative PPE values indicate
that the hV6A pulse decreased the excitability of the motor cortex (inhi-
bition). The PPE values were then submitted to an ANOVA with Task
(Visually-guided and Memory-guided tasks) as a between-participants
factor, and Position (left, far, near, right), Muscle (FDI, ADM, ECR,
FCR), and ISI (4ms, 10ms) as within-participants factors. To identify the
positions of reach planning in which the hV6A pulse was effective in condi-
tioning corticospinal excitability, we tested the PPE in each position of each
task, and each muscle, against zero (one-sample Student’s t test, p, 0.05) as
performed in the study by Van Campen et al. (2013). In the case of multiple
positions in which CS was effective, we compared the PPE of these positions
with a one-way ANOVAwith Position as the factor (p, 0.05).

Kinematics. The kinematics of reaching movements were recorded
using a motion-tracking system (VICON motion capture system: six
Vero 2.2 cameras, 2.2 megapixels, 2048� 1088 pixel resolution) by sam-
pling the position of two markers at a frequency of 100Hz; markers
were attached to the wrist (on the radial styloid process) and to the tip of
the right index finger. Movement onset was determined as the moment
when the velocity of the markers exceeded 30 mm/s, whereas offset was
defined as the moment in which velocity fell, and remained, below this
threshold. The population trajectories of movements in each stimulation
condition for each task are shown in Figure 1C.

All the ANOVAs were repeated-measures tests, and all post hoc tests
were performed with the Bonferroni correction.
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Results
Single-pulse TMS
Seminal works by Evarts (1968) and Georgopoulos et al. (1982)
in the monkey, more recently confirmed in the human brain
(Truccolo et al., 2008), showed that neurons in area M1 display
different discharge rates, depending on the spatial position of the

target (a phenomenon called “spatial tuning”), when planning
and executing reaching movements. Here, in tasks in which par-
ticipants planned visualized or memorized movements toward
different spatial positions, we wanted to investigate whether
MEPs (an index of corticospinal excitability) evoked by the TS in
M1 are spatially tuned, as would be expected according to the

TIME SEQUENCE OF THE  REACHING TASK
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Figure 1. Experimental setup. A, Lateral (left) and top (middle) views of the target arrangements in the experimental task. The participants performed reaching movements with their right
hand toward one of the targets (black dots) located at different depths and directions while fixating a fixation point (cross). Reaching movements were performed from the initial hand position
[home button (HB)]. Right, Schematic representation of the ISI tested in the experiments. B, Time sequence of the task in experiments 1 (left) and 2 (right), where only one target position is
shown for conciseness. In experiment 1, reaching was performed toward a memorized target position. In experiment 2, reaching was performed toward the visualized target position. The eye
represents the fixation point, the filled black circle the reaching target. TMS was delivered after 300 ms of planning and represented the Go signal for reaching movements. C, Population trajec-
tories of the index finger during trials of experiments 1 (left) and 2 (right). Green lines, averaged trajectory in the s-pulse conditions; red lines, averaged trajectory in the p-pulse condition with
ISI = 4 ms; blue lines, averaged trajectory in the p-pulse condition with ISI = 10 ms; gray lines, x and y variabilities (SEM, standard error of the mean) along the movement.
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discharge of M1 neurons. Thus, we performed an ANOVA with
the between-subject factor Task (Visually-guided vs Memory-
guided) and with the within-subject factors Muscle (FDI vs ADM vs
ECR vs FCR) and Position (right, left, far, near) with s-pulse MEPs
as the dependent variable. This analysis revealed muscle-specific
spatial tuning of MEP amplitude regardless of the Task, with sig-
nificant interaction of Muscle with Position [F(9,9) = 4.03, p, 0.001,
partial h 2 = 0.11; Fig. 2, individual participant’s data seen in Fig.
5A]. In particular, MEPs recorded from FDI muscle (Fig. 2, red
lines) were significantly lower when planning to reach toward the
near than toward the far (p, 0.001) and the left (p=0.004) posi-
tions. The other comparisons were not significant (p. 0.05).
MEPs recorded from ADM, ECR, and FCR were not spatially
tuned (all p. 0.29).

Paired-pulse effects
To investigate the effect that delivery of the CS over hV6A
exerted on corticospinal excitability during motor planning,
we calculated PPE, a measure of the ratio of MEP amplitudes
between s-pulse and p-pulse. The calculation of PPE was con-
ducted for each task, ISI, muscle, and position (see Materials
and Methods), and we submitted them to an ANOVA with
Task as the between-participants factor, and Muscle, ISI, and
Position as within-participants factors.

We observed different effects of hV6A on corticospinal excit-
ability according to the Muscle, to the Position, and to the ISI,
but not to the Task. Specifically, PPE was affected by the main
effect of Muscle (F(3,3) = 9.64; Mauchly’s sphericity test,
p, 0.001; Huynh-Feldt adjusted, p, 0.001; partial h 2 = 0.22;
Fig. 3A), driven by a stronger inhibition caused by CS over
hV6A on the corticospinal excitability of FDI muscle than
that of the other muscles (all p, 0.002), which in turn were
not significantly different from each other (all p = 1.00).
PPE was also influenced by the main effect of Position
(F(3,3) = 3.01; Mauchly’s sphericity test, p, 0.01; Huynh-
Feldt adjusted, p, 0.04; partial h 2 = 0.08), driven by the
stronger inhibition during reach planning toward left posi-
tions (p = 0.049) than near positions (Fig. 3B). Moreover,
PPE was also affected by the main effect of ISI (F(1,1) = 5.56,
p = 0.02, partial h 2 = 0.14) with lower PPE values for an ISI
of 4 ms than for 10 ms (Fig. 3C). Neither effect of Task was
significant (all F, 0.1.65, all p. 0.10, all partial h 2 , 0.05),
nor were any other interaction effects.

To obtain a clearer view of the effects of hV6A on corticospi-
nal excitability during reach planning, we evaluated the differen-
ces in PPE against zero (the null hypothesis of no effect of hV6A
on M1) at each ISI, Muscle, and Position by pooling together the
PPE of the two tasks, given the absence of task effect on the PPE
mentioned above. The CS over hV6A inhibited corticospinal
excitability, as demonstrated by the significantly negative PPE
values: inhibitions were significant only with 4ms ISIs in all
muscles but with a position-specific trend (Fig. 4, individual par-
ticipant’s data, Fig. 5B). Significant inhibitions of MEPs of flexor
muscles (Fig. 4A, FDI, D, FCR) were found only when planning
to reach toward left positions (FDI: t(35) = �4.30, p, 0.001;
FCR: t(35) = �2.56, p= 0.01) and right positions (FDI: t(35) =
�4.43, p, 0.001; FCR: t(35) = �2.56, p= 0.02), which in turn
were not statistically different (FDI: F(1,35) = 0.66, partial h 2 =
0.02, p=0.42; FCR: F(1,35) = 0.05, partial h 2 = 0.001, p=0.83).

The same trend was observed in the other muscles (Fig. 4B,
ADM, Fig. 4C, ECR) when planning a movement toward left
positions (ADM: t(35) = �2.24, p= 0.03; ECR: t(35) = �2.52,

p= 0.02) and right positions (ADM: t(35) = �2.41, p= 0.02; ECR:
t(35) = �2.50, p= 0.02). In ADM, we found an additional signifi-
cant inhibition (t(35) = �2.27, p=0.03) during planning of far
reaches. Inhibitions were not statistically different across positions
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(ADM: F(1,35) = 0.66, partial h 2 = 0.02, p=0.52, ECR: F(1,35) =
0.04, partial h 2 = 0.001, p = 0.84).

Reaction times were affected neither by the ISI (all F, 1.81,
all p. 0.17, all partial h 2 , 0.05) nor by the Position (F(3,105) =
2.37, p= 0.07, partial h 2 = 0.06). Thus, our TMS-induced effects
on MEPs could not be accounted for by differences in reaction
time.

In summary, during motor planning toward a visual or a
memorized target, hV6A inhibited corticospinal excitability
in all the muscles tested in a position-dependent manner when
the CS was delivered 4ms before the TS in M1. No effects were
observed when the ISI was 10ms. Corticospinal excitability during
reach planning toward near positions, which showed the lowest
MEP amplitude (Fig. 2), was never conditioned by hV6A, while
left and right reach planning were the most affected in all the
tested muscles.

MEP amplitude at rest
To investigate whether the execution of reaching affected corti-
cospinal excitability at rest, we compared MEP amplitudes
recorded at rest before and after reaching. No statistical differen-
ces were observed in any of the muscles (all t , �1.33, all p .
0.19). Moreover, no effects of tested ISIs (4 and 10ms) were
found (all p. 0.35, all F, 1.08, all h 2 , 0.03) in the resting
blocks, in line with our recent work (Breveglieri et al., 2021b). A
significant effect of Muscle was also found here (F(3,105) =

19.36, partial h 2 = 0.37, p, 0.001),
with a significantly higher MEP amplitude
of FDI muscle than that recorded for other
muscles (all p, 0.001).

Discussion
Correct functioning of the parieto-frontal
circuits allows our spatial interactions with
the environment to take place. We demon-
strated here that corticospinal excitability is
inhibited by hV6A during preparation of
rightward and leftward reaching move-
ments, as revealed by the significant suppres-
sion of MEPs and negative PPE values when
CS was applied 4ms before TS over the ipsi-
lateral M1. This delivery of reach-related in-
formation from hV6A to M1 is compatible
with monkey studies showing reach-related
cells in monkey V6A (Fattori et al., 2005;
Bosco et al., 2010; Hadjidimitrakis et al.,
2014; Diomedi et al., 2021), as well as with
fMRI activation in humans (Connolly et
al., 2003; Prado et al., 2005; Fernandez-Ruiz
et al., 2007; Filimon et al., 2009; Bernier and
Grafton, 2010; Cavina-Pratesi et al., 2010)
and with TMS studies (Koch et al., 2008;
Vesia et al., 2013, 2017).

Spatial tuning of s-pulse MEPs
In the current study, the assessment of
reach-related corticospinal excitability and
parieto-frontal interactions was performed
considering four muscles that are somehow
involved in reaching, such as two finger
muscles, FDI and ADM, and two extensor
and flexor muscles of the wrist, ECR and
FCR. In our study, participants were reach-
ing toward targets located in different spatial

positions, a design that enabled us to assess the spatial tuning of
MEPs. When we delivered a single TS in area M1, MEPs recorded
from FDI muscle were spatially tuned, whereas the MEPs recorded
from the other muscles were not. The spatial tuning observed in
FDI muscle is consistent with monkey studies (Evarts, 1968;
Georgopoulos et al., 1982) showing that M1 cell discharges are spa-
tially tuned. More recently, this result was confirmed in a single-cell
study involving tetraplegic patients (Truccolo et al., 2008) who
imagined reaches toward different positions. In this latter study, M1
neurons were tuned to the intended movement kinematics.

Only one of the recorded muscles (FDI) resulted as spatially
tuned. The absence of spatial tuning of MEPs recorded from
ADM, ECR, and FCR muscles could be explained considering
that FDI muscle is an essential muscle for our pointing tasks,
because the pointing was performed by the index finger, so this
muscle is more sensitive than the others to pointing movements
directed toward different spatial positions. The other muscles are
less essential than FDI, being ADM specific for the little finger,
and the ECR and FCR being specific for the wrist; thus, they are
less involved in spatial aspects of pointing than the index finger.

Functional interactions hV6A–M1
An element of novelty of the current study is that we tested four
different spatial positions here, located at different depths and
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directions, whereas previous studies did not,
because they focused on other aspects such as
the comparison between reaching and grasp-
ing (Vesia et al., 2013) or compared different
grasping actions (Vesia et al., 2017). We found
a common frame of modulation of parieto-
frontal interactions in the fingers and wrist
muscles, since for all of these muscles excitabil-
ity was reduced when planning leftward or
rightward reaching. This supports the idea that
the activation of the wrist and finger muscles
involved in reach-to-point appear to involve
common motor cortical circuits, in keeping
with an fMRI study that shows an extensive
overlap of wrist-related and finger-related acti-
vations (Sanes et al., 1995).

Interestingly, the feature of parieto-
frontal interactions was independent of
the task; that is, their functioning did not
depend on the nature of motor planning.
This means that the parieto-frontal inter-
actions did not depend on the presence of
visual information about the reaching target,
so this flow of information may reflect reach
goal representation instead of specific visuo-
motor transformations. This is in keeping
with the multiple features of reach-related
cells of monkey V6A, which are modulated
both in the light and in the dark (Bosco et al.,
2010), and during reach planning to a visual-
ized target (Fattori et al., 2005; Hadjidimitrakis
et al., 2014; Diomedi et al., 2021) or a memo-
rized target (Bosco et al., 2016). This is also in
line with the similarity of the deficits observed
in memory-guided compared with visually-
guided reaching tasks following muscimol
injections in a region located near the V6A in
the monkey (Hwang et al., 2012).

Our results establish a causal transfer of
directional, inhibitory information between
regions of the parieto-frontal networks. This
inhibition has been reported, specifically,
when the CS over hV6A preceded the TS over
M1 by 4ms. This timing is the same as that
which was effective in SPOC–M1 functional
interactions during the planning of arm
transport (Vesia et al., 2013) and is close to
the timing that has been shown to be effec-
tive in lateral left PPC–M1 interactions
(Koch et al., 2008) during reach planning.
However, our results differ from those of
Vesia et al. (2013) and Koch et al. (2008), because here we
find inhibition of corticospinal excitability, whereas other
studies found facilitatory interactions (Koch et al., 2008;
Vesia et al., 2013).

This inhibition exerted by hV6A on M1 during reach
planning, which is strongly compatible with the inhibitory-
like neural signals conveyed by the premotor cortex to M1
(Civardi et al., 2001; Davare et al., 2008), might beneficially
minimize the inertial consequences of the initial action on
any alternative movement (Buch et al., 2010) that might be
planned in parallel, and thus in competition (Cisek and
Kalaska, 2010). Neurophysiological studies in humans have

shown suppression of selected movement representations
during response preparation (Hasbroucq et al., 1997, 1999;
Davranche et al., 2007; Van Elswijk et al., 2007), named
“impulse-control” (Duque and Ivry, 2009; Duque et al.,
2010), which is presumably needed to prevent actions from
being emitted prematurely. This effect is especially pro-
nounced when the task requires the withholding of a
selected action until the onset of an imperative signal
(Boulinguez et al., 2008), such as when our participants
withheld the planned action while waiting for the Go cue.
This phenomenon may explain the difference between the
excitations found in other studies (Koch et al., 2008; Vesia
et al., 2013) and the inhibitions found here. Indeed, in the
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experiment by Koch et al. (2008) the cue appearance was
coincident with the Go signal, so the information about the
spatial location to be reached was not withheld by the par-
ticipants, which is different from our task. Furthermore, in
the task of Vesia et al. (2013), the spatial location of the tar-
get was constant, so the cue was spatially uninformative, in
contrast with the current study. These methodological dif-
ferences may explain why we found inhibitory influences
instead of excitatory ones (Koch et al., 2008; Vesia et al., 2013).
Given that V6A in humans and monkeys is indirectly connected
to M1 via the PMd (Gamberini et al., 2009; Tosoni et al., 2015),
which is directly connected to M1, we suggest that the hV6A sends
short-latency signals to the PMd, which sends inhibitory signals to
M1 (Civardi et al., 2001), helping to control the execution of a
selected response. Moreover, as PMd is also directly connected to
the spinal cord (Dum and Strick, 1991), area V6A may play a role
not only via M1, but also through PMd, directly on the spinal cord
circuitry controlling motoneurons.

Short timing of interaction between V6A and M1
In this study, the effects of a CS over hV6A on the TS over M1
was specifically observed when ISI was 4ms and not when ISI
was 10ms. This short timing of activation of the medial parieto-
frontal networks during reach planning was different from
the long-lasting effective timing (12–15 ms) that we recently
observed at rest (Breveglieri et al., 2021b). This difference
could be explained considering that the routes from the
medial PPC to the frontal cortex are indirect and manifold.
A shorter route includes the connections hV6A–PMd–M1,
whereas a longer route involves hV6A–lateral PPC–PMv–M1
(Gamberini et al., 2009; Tosoni et al., 2015). The activation
of these pathways may be dependent on the cognitive state,
with the shorter route being exploited during reach planning
and the longer route being used when at rest (Breveglieri et
al., 2021b), a phenomenon also observed in other studies
(Koch et al., 2006a, 2008; O’Shea et al., 2007; Davare et al.,
2008; Mars et al., 2009; Buch et al., 2010, 2011; Neubert et al.,
2010).

While it was reported that the modulation of parieto-frontal
interactions is specific for the planning of contralateral reaching
(Koch et al., 2008), here we show a bilateral modulation. This
discrepancy could be ascribed to the difference in the stimulation
sites between our study and that by Koch et al. (2008), our site
being more medial than that used in the study by Koch et al.
(2008). Indeed, it was suggested that medial PPC sites encode
reach goals (Vesia et al., 2010, 2013), while more anterior-lateral
sites reach vectors (Koch et al., 2008).

Conclusions
In conclusion, the short-latency inhibitory interactions between
hV6A and M1 found here represent the functional support of the
anatomic connections probed in humans with resting-state fMRI
(Tosoni et al., 2015) and monkey hodological data (Gamberini et
al., 2009), and claim for the functional homology between monkey
and human mPPC.
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