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The primary motor cortex (M1) is highly influenced by premotor/motor areas both within and across
hemispheres. Dual site transcranial magnetic stimulation (dsTMS) has revealed interhemispheric
interactions mainly at early latencies. Here, we used dsTMS to systematically investigate long-latency
causal interactions between right-hemisphere motor areas and the left M1 (lM1). We stimulated
lM1 using a suprathreshold test stimulus (TS) to elicit motor-evoked potentials (MEPs) in the right
hand. Either a suprathreshold or a subthreshold conditioning stimulus (CS) was applied over the right
M1 (rM1), the right ventral premotor cortex (rPMv), the right dorsal premotor cortex (rPMd) or the
supplementary motor area (SMA) prior to the TS at various CS-TS inter-stimulus intervals (ISIs: 40–150
ms). The CS strongly affected lM1 excitability depending on ISI, CS site and intensity. Inhibitory effects
were observed independently of CS intensity when conditioning PMv, rM1 and SMA at a 40-ms ISI,
with larger effects after PMv conditioning. Inhibition was observed with suprathreshold PMv and rM1
conditioning at a 150-ms ISI, while site-specific, intensity-dependent facilitation was detected at an
80-ms ISI. Thus, long-latency interhemispheric interactions, likely reflecting indirect cortico-cortical/
cortico-subcortical pathways, cannot be reduced to nonspecific activation across motor structures.
Instead, they reflect intensity-dependent, connection- and time-specific mechanisms.
Motor network functioning is based on neural interactions between different premotor and motor areas. The
frontal lobe contains multiple premotor areas that are involved in action planning and execution and in a number
of motor and cognitive processes including motor imagery1–3, action perception4,5 and language production and
comprehension6,7. Premotor areas are known to act in concert with the primary motor cortex (M1) during motor
behavior and, interestingly, part of this interplay occurs via interhemispheric interactions8–10. Neuroimaging
studies have revealed high functional coupling between activity in premotor regions and the contralateral M1
even when people are at rest11–13. However, these studies rely on a correlational approach characterized by low
temporal resolution14,15. Neurophysiological techniques appear better suited for disclosing the time-course of
premotor-M1 causal interactions. Yet, how premotor and motor areas in one hemisphere causally interact with
the contralateral M1 is still poorly understood.
Evidence of premotor-motor interhemispheric interactions can be gathered using the dual-site transcranial
magnetic stimulation (dsTMS) protocol16–22. In the dsTMS paradigm, a suprathreshold test stimulus (TS) administered to M1 is preceded by a conditioning stimulus (CS) administered to an interconnected brain region (e.g.,
in the contralateral hemisphere) at a selected inter-stimulus interval (ISI). The CS activates hypothetical pathways (employing direct/indirect connections) from the conditioning site to M1 and modulates the amplitude of
motor-evoked potentials (MEPs) elicited by the TS. Depending on CS intensity, location, and the ISI between the
CS and the TS, both facilitatory and inhibitory influences on M1 activity can be detected23, thus providing causal
physiological evidence for the directionality and timing of cortico-cortical interactions.
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Seminal dsTMS studies have reported that M1 stimulation in one hemisphere inhibits the excitability of the
contralateral M116,17,19,20. This effect takes place via transcallosal pathways and is referred to as interhemispheric
inhibition. A large body of studies reported short-latency interhemispheric interactions (ISIs < 15 ms) between
the left and right M116,17,19,20,24–26. However, longer-latency interactions between the two M1 areas have also been
documented19,21,22. Those interactions are altered in neurological conditions affecting motor control27,28, suggesting that motor network functioning might hinge on the optimal tuning between short- and long-latency
interhemispheric interactions.
More recently, dsTMS has been employed to investigate connectivity between non-homologous areas, i.e.,
between premotor areas in one hemisphere and the contralateral M1. Studies have documented that M1 excitability can be affected not only by conditioning the contralateral M1 but also by a CS administered over the
contralateral dorsal premotor cortex (PMd)8,29–31 or the ventral premotor cortex (PMv)32–34. Moreover, studies
have tested the influence of a CS over the supplementary motor area (SMA) on M1 excitability33,35–37 (it should be
noted that in this case the CS likely affects SMA bilaterally, and thus the modulatory effects on M1 may also reflect
the influence of the ipsilateral SMA).
Importantly, all these studies have focused on short ISIs only (typically < 20 ms), while investigations of
long-lasting interactions have been mainly limited to homologous M1 areas only. Studies of long-latency interactions between premotor areas and the contralateral M1 are scarce. To the best of our knowledge, only two studies
have investigated such interactions. Ni et al.22 tested the influence of right M1 (rM1) and right PMd (rPMd)
conditioning on the excitability of the left M1 (lM1). Mochizuki et al.21 investigated the influence of a CS administered over right motor-related areas (rM1 and a dorso-lateral premotor site at the border between rPMd and
the right PMv, rPMv) on the excitability of lM1. These studies have documented longer-latency premotor-motor
interhemispheric interactions, supporting the notion that motor network functioning might rely on interactions
at different time-scales. However, they did not clarify the issue of anatomical specificity, i.e., whether different
sectors of premotor cortex (i.e., from ventral to medial areas) exert different effects on contralateral M1 excitability. Notably, these studies reported very similar modulatory effects when testing interhemispheric interactions
between non-homologous areas (i.e., when a CS was administered over rPMd and a TS over lM1) and when
testing motor-motor interhemispheric interactions (i.e., a CS over rM1 and a TS over lM1). This raises the possible concern that, at long ISIs, causal interactions from premotor/motor sites to contralateral M1 may reflect a
nonspecific spreading of activation across motor structures. Indeed, long-latency interactions likely reflect complex and indirect pathways19,33. However, the apparently nonspecific interhemispheric effects reported in the two
previous studies of Mochizuki et al.21 and Ni et al.22 could be partly due to the high suprathreshold CS intensities
used. Indeed, in those studies, lower (i.e., subthreshold) CS intensities were only used at a single long-latency ISI
of 50 ms22, but not at later ISIs.
In a third, recent study by Fiori et al.18, our group also tested long-latency interactions between a rostral
medial premotor site and lM1. Although we found site-specific effects of medial premotor subthreshold and
suprathreshold conditioning over M1, our study did not focus on interhemispheric interactions, and thus did not
include rM1 as a control CS site.
Therefore, an important and yet unanswered question is to what extent distinct ventral, dorsal and medial
sectors of the premotor cortex in one hemisphere exert site-specific modulatory effects over the contralateral M1
resulting in a long-latency influence that is distinct from the influence exerted by M1 over its contralateral homologue. Disclosing site-specific premotor-motor interactions requires a systematic investigation of the effect of the
CS location, but also CS intensity, as different TMS intensities can recruit partially distinct neural populations18,38.
All these issues are addressed in the present study, which investigated how CS intensity and CS location within
different premotor and motor areas in one hemisphere impacted the excitability of the contralateral M1 at long ISIs.
To this aim, we used a dsTMS protocol while recording MEPs at rest. To compare our data with those of Ni et al.22,
Mochizuki et al.21 and Fiori et al.18, we focused on the influence that a CS over right hemispheric motor areas
exerts over the contralateral M1. Therefore, the TS was administered over lM1, and MEPs were recorded from
the right hand. The TS was either administered alone (single pulse TMS) or preceded by a CS over one of four
sites: rM1, rPMv, rPMd and the SMA (for technical reasons, the SMA was stimulated bilaterally, as in previous
research33,35–37). To explore long-latency interactions, the ISI between the CS and the TS was varied between six
time intervals (40, 60, 80, 100, 120 and 150 ms). Furthermore, to test the effect of CS intensity, we administered
either a subthreshold CS (i.e., 90% of the resting motor threshold, rMT) or a suprathreshold CS (i.e., 110% of
rMT). This experimental design allowed us to track the time course and the CS-intensity dependence of interhemispheric premotor-motor interactions. Our study shows that different sectors of the premotor cortex exert
site-specific modulatory influences over the contralateral M1. Moreover, our study highlights, for the first time,
the strong modulatory influence exerted by rPMv over lM1. Our findings suggest that long-latency PMv-M1
interhemispheric interactions may be a novel, powerful target for modulating motor network functioning in both
healthy and damaged brains39,40.

Methods

Participants. Fifteen right-handed healthy participants (6 males; mean age ± S.D.: 25.2 ± 2.3 years) took part

in this study. All participants gave their informed written consent before being tested. The experimental procedures were approved by the University of Bologna Bioethics committee and were in accordance with the 1964
Declaration of Helsinki. The methods carried out in this study are in accordance with approved guidelines. No
adverse reactions to TMS were noticed during stimulation or reported by participants41.

Procedure. Participants underwent 8 blocks of stimulation, following a 4 (CS site: rPMv, rPMd, SMA or
rM1) × 2 (CS intensity: 90% and 110% of the rMT) blocked factorial design. Additionally, in each block, the TS
was either administered alone (single pulse TMS: spTMS) or coupled with a preceding CS (dsTMS) delivered at
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one of 6 ISIs (40, 60, 80, 100, 120 or 150 ms). The order of the blocks and the TMS conditions (spTMS/dsTMS at
various ISIs) within each block were randomized. Each block consisted of 152 trials (120 dsTMS trials, 20 at each
ISI, and 32 spTMS trials) with a fixed inter-trial interval of 6 s. The block was split into 2 parts (with a short break
in between) and lasted about 18 minutes. A 5 min break was allowed between blocks. Due to the overall duration
of the experiment, testing was divided into two sessions conducted on two different days (4 blocks per day),
separated by 7 ± 3 days. Participants sat on a comfortable chair. They were asked to shut their eyes and keep both
hands relaxed while testing, with the aim of obtaining a stable electromyographic (EMG) signal and minimizing
any visual distractions.

Electromyography and TMS. Silver/silver chloride electrodes were placed in a belly-tendon montage on
the right first dorsal interosseous (FDI) muscle. EMG signals from the FDI were recorded by means of a Biopac
MP-35 (Biopac, USA) electromyograph, using a band-pass filter of 30–500 Hz and a sampling rate of 5000 Hz.
TMS pulses were administered via two 50-mm butterfly-shaped coils, each of which was connected to a Magstim
200 monophasic transcranial stimulator (Magstim, UK).
The TS was administered over lM1 with the intersection of the coil placed tangentially to the scalp, at a ~45°
angle away from the midline, inducing a posterior-to-anterior current direction42,43. The lM1 was identified as the
optimal scalp position for inducing the largest MEPs in the right FDI. The TS intensity was set in order to induce
MEPs of ~1 mV amplitude. The corresponding mean stimulator output ± S.D. was 53.4% ± 11.5 on day 1 and
52.6% ± 13.0 on day 2 (P = 0.49). The CS was administered over rM1 (corresponding to the hotspot for evoking
the largest MEPs in the left FDI), and over rPMv, rPMd and SMA, all of which were localized using established
methods (see next paragraph). The CS intensity was either subthreshold or suprathreshold, corresponding to 90%
and 110% of the rMT, respectively. The rMT was defined as the lowest stimulator intensity able to evoke a MEP
larger than 50 µV with 50% probability. The mean rMT ± S.D. across participants was 40.3% ± 6.5 on day 1 and
41.4% ± 8.0 on day 2.
Stimulation sites.

To localize the stimulation sites, we used established functional, craniometric and stereotaxic procedures. Each target site was identified on the scalp based on the most established procedure (e.g.,
functional methods for M1), and then the position of the coil was verified using a neuronavigation system18. Both
the lM1 and the rM1 scalp sites were localized using functional procedures, i.e., by identifying the FDI motor
hotspot. The rPMd scalp site was determined by placing the coil 2.5 cm anterior and 1 cm medial relative to rM1
as in previous research22,31,44. For this stimulation site, the TMS coil was rotated away from the sagittal midline
by ~ 90°, inducing a lateral-to-medial current21,22. When stimulating the SMA, the coil was positioned 4 cm anterior to the Cz position in the 10–20 system35,45–47, and the handle of the coil was pointed forward to induce an
anterior-to-posterior current35,46.
The rPMv scalp site was identified using a neuronavigation system18,48–50. We used the SofTaxic Navigator system (EMS; Electro Medical Systems, Bologna, Italy), as in previous studies18,51–55. This system automatically estimates Talairach coordinates from a magnetic resonance imaging (MRI)-constructed stereotaxic template. Based
on the MRI template, we estimated the scalp position corresponding to rPMv (on the anterior ventral aspect
of the precentral gyrus, at the border with the posterior part of the inferior frontal gyrus) using the Talairach
coordinates x = 52, y = 7, z = 24. The center of the coil was positioned over this location with the handle pointing
anteriorly, inducing a posterior-to-anterior current49,56–58.
The neuronavigation system was also used to estimate the coordinates of the target locations (lM1, rM1, rPMv,
rPMd and SMA) projected onto the cortical surface of the MRI template (see Fig. 1). For each participant, skull
landmarks (nasion, inion and 2 preauricular points) and about 80–100 points providing a model of the scalp
were digitized through a Polaris Vicra digitizer (Northern Digital). An estimated MRI was created for each participant using a 3D warping algorithm that fits a high-resolution MRI template to the acquired landmarks and
scalp model. This estimation has been proven to ensure a spatial accuracy of ~5 mm, a level of precision closer to
that obtained using individual MRIs than can be achieved using other localization methods59. The mean ± S.E.M.
estimated Talairach coordinates were: lM1: x = −39.3 ± 1.0, y = −19.0 ± 1.6, z = 58.6 ± 0.9; rM1: x = 37.6 ± 1.2,
y = −18.5 ± 1.8, z = 58.6 ± 1.1; rPMv: x = 54.3 ± 0.9, y = 7.3 ± 0.5, z = 23.4 ± 0.4; rPMd: x = 25.8 ± 2.0,
y = 1.0 ± 2.2, z = 62.9 ± 1.6; and SMA: x = 0.6 ± 0.2, y = 4.9 ± 1.8, z = 63.8 ± 1.6. These estimated coordinates are
consistent with the boundaries of human M1, PMv, PMd and SMA regions as defined by a meta-analysis of
neuroimaging studies60. They are also consistent with previous TMS studies that used individual’s MRI data to
localize these areas for stimulation9,31,42,45–47,61–64.

Data analysis. Neurophysiological data were analyzed offline. Due to a technical issue, data from one female
participant were lost, so the final sample consisted of fourteen individuals. EMG activity was visually inspected,
and trials showing muscle activity 100 ms before the TMS artifact were removed from the analysis (~4%). In each
block, the mean peak-to-peak MEP amplitude was calculated for dsTMS and spTMS conditions. In each condition, MEPs with an amplitude ≥ 2 S.D. from the mean were excluded from the analysis (~3% of trials).
A repeated measures ANOVA with the factors CS site (4 levels: rPMv, rPMd, rM1 and SMA) and CS intensity
(2 levels: 90% and 110% rMT) was first conducted on raw MEP amplitudes induced by spTMS (TS alone). Neither
of the main effects was significant, nor was the interaction (all P > 0.26), demonstrating that MEPs induced by
spTMS were comparable across the eight blocks. Then, MEPs elicited by spTMS were used to normalize the
MEP amplitudes induced by dsTMS: in each block (i.e., for each combination of CS site and CS intensity), an
index of dsTMS modulation was computed for each ISI by subtracting MEPs elicited by spTMS within the same
block from MEPs elicited by dsTMS (dsTMS MEP – spTMS MEP). Normalized dsTMS modulation indices were
submitted to a repeated measures ANOVA with the factors CS site (4 levels: rPMv, rPMd, rM1 and SMA), CS
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Figure 1. (a) Brain stimulation sites. Coordinates in Talairach space corresponding to the projection of
the stimulated scalp sites onto the brain surface were estimated through a neuronavigation system and
reconstructed on a standard template using MRIcron software (v 1.40, ww.mricro.com). (b) Schematic
representation of the experimental blocks. For each experimental block, brain stimulation sites, CS intensity and
number of trials are reported.

intensity (2 levels: 90% and 110% of rMT) and ISI (6 levels: 40, 60, 80, 100, 120 and 150 ms). Partial η2 (ηp2) was
computed as a measure of effect size for significant main effects and interactions. By convention, ηp2 effect sizes of
~0.01, ~0.06, and ~0.14 are considered small, medium, and large, respectively65.
The ANOVA showed a significant three-way interaction (see Results section) which was further explored with
six separate CS site x CS intensity ANOVAs, one for each ISI. In these further ANOVAs, we directly tested the
critical question of whether rPMv, rPMd or SMA exert site-specific modulatory influences over lM1 that differ
from the modulatory influence exerted by rM1. We used post-hoc pairwise comparisons (Duncan’s tests) to analyze significant effects involving the factor CS site. Additionally, to better interpret the pattern of results shown
in the ANOVAs, we used one-sample t-tests to test whether dsTMS modulation indices (dsTMS MEP – spTMS
MEP) differed significantly from zero (i.e., whether MEPs in the dsTMS conditions were different from the corresponding spTMS condition).

Results

The CS site x CS intensity x ISI ANOVA on dsTMS MEP indices (i.e., dsTMS MEP – spTMS MEP) showed a main
effect of CS site (F3,39 = 4.58, P = 0.008; ηp2 = 0.26), a main effect of ISI (F5,65 = 7.92, P = 0.00001; ηp2 = 0.38), a CS
site x ISI interaction (F15,195 = 1.90, P = 0.025; ηp2 = 0.13) and a three-way CS site x CS intensity x ISI interaction
(F15,195 = 1.89, P = 0.026; ηp2 = 0.13). The three-way interaction indicates that the combined influence of CS intensity and ISI on MEP amplitudes varied as a function of the CS site, thus providing initial support to the hypothesis
of site-specific effects. To further explore the three-way interaction and test site-specific modulatory influences of
premotor/motor conditioning on lM1 excitability, separate CS site x CS intensity ANOVAs were performed, one
for each ISI (Fig. 2; see also Supplementary Fig. S1).

40-ms ISI. The CS site x CS intensity ANOVA performed on the dsTMS modulation index collected at a
40-ms ISI showed a main effect of CS site (F3,39 = 7.26, P = 0.001; ηp2 = 0.36; Fig. 2a). Post-hoc comparisons suggested that this main effect was accounted for by the more negative dsTMS modulation index values obtained
with rPMv conditioning (mean MEP contrast ± S.E.M. = −0.29 mV ± 0.08) relative to rPMd (−0.01 mV ± 0.02;
P = 0.001), rM1 (−0.13 mV ± 0.05; P = 0.012) and SMA conditioning (−0.11 mV ± 0.04; P = 0.009). This
result reflects greater inhibition of MEPs due to rPMv conditioning, compared to the other conditioning sites.
Moreover, the dsTMS modulation indices were comparable in the rM1 and SMA conditions (P = 0.81), and more
negative in those conditions than in the rPMd condition (rM1: P = 0.065; SMA: P = 0.086). The ANOVA did not
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Figure 2. Changes in lM1 excitability induced by conditioning of right motor areas. The CS site (rPMv, rPMd,
rM1 and SMA) x CS intensity (90% and 110% of rMT) interaction is shown separately for each ISI (40, 60, 80, 100,
120, 150 ms) in panels (a–f). On the y-axis of each panel, the amplitude of MEPs induced by dsTMS is represented
relative to MEPs induced by spTMS (dsTMS – spTMS) to normalize the data. Error bars denote S.E.M. Hash
marks and asterisks indicate marginally significant and significant comparisons, respectively (see text).

show a main effect of CS intensity or an interaction between the two factors (F < 1.70, P > 0.21), suggesting that
the site-specific modulations at a 40-ms ISI were not affected by CS intensity.
One-sample t-tests were performed to further explore the main effect of CS site. These analyses showed that
the dsTMS modulation index (across the two CS intensities) was significantly less than zero (i.e., dsTMS MEPs
were inhibited relative to spTMS MEPs) in the rPMv, rM1 and SMA conditions (all P < 0.027), but not in the
rPMd condition (P = 0.78). Thus, conditioning the rPMv, rM1 and SMA with dsTMS elicited motor inhibition
relative to (unconditioned) spTMS MEPs.

60-ms ISI. At this ISI, no significant effects were detected (Fig. 2b). The CS site x CS intensity ANOVA showed

no significant main effect of CS site (F3,39 = 2.47, P = 0.076; ηp2 = 0.16) and no main effect of, or interaction with,
CS intensity (F < 0.56, P > 0.65).

80-ms ISI. This ANOVA showed a significant CS site x CS intensity interaction (F3,39 = 3.20, P = 0.034; ηp2 = 0.20;
Fig. 2c), but no significant main effects (all F < 0.97, all P > 0.54). The interaction was due to the different influences
exerted by subthreshold and suprathreshold CS intensities across CS sites. Post-hoc analyses showed that when the
CS was administered over rM1, more positive dsTMS modulation index values were obtained with a suprathreshold
CS compared to a subthreshold CS (0.18 mV ± 0.07 vs. −0.06 mV ± 0.05; P = 0.031). An opposite pattern of rPMv,
rPMd and SMA conditioning was appreciable by visual inspection (i.e., more positive dsTMS modulation indices for
a subthreshold CS than for a suprathreshold CS), but the relevant post-hoc tests did not reach statistical significance
(all P > 0.15). The CS site x CS intensity interaction was also due to larger (more positive) dsTMS modulation indices with suprathreshold rM1 conditioning than with suprathreshold rPMv conditioning (P = 0.042). Also, a larger
dsTMS modulation index was found with subthreshold conditioning when the CS was delivered to the SMA than
when it was administered over rM1 (P = 0.051). No other comparisons were significant (all P > 0.49).
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One-sample t-tests were used to further explore the significant interaction. These tests showed that dsTMS
modulation indices were significantly greater than zero (i.e., dsTMS MEPs were facilitated relative to spTMS
MEPs) when using a suprathreshold CS over rM1 (P = 0.025), and a subthreshold CS over rPMd (P = 0.019) and
the SMA (P = 0.056). Facilitation with a subthreshold CS over the SMA was marginally significant (P = 0.056),
and facilitation with a subthreshold CS over rPMv did not reach significance (P = 0.21). No other conditions
showed dsTMS modulation indices different from zero (all P > 0.22).

100- and 120-ms ISIs.

At these ISIs, no significant effects were detected (Fig. 2d,e). The CS site x CS intensity ANOVAs showed no significant main effects of CS site at 100 ms (F3,39 = 2.31, P = 0.092; ηp2 = 0.15) or 120
ms (F3,39 = 2.45, P = 0.08; ηp2 = 0.16) and no main effects of, or interactions with, CS intensity (all F < 1.10, all
P > 0.36).

150-ms ISI. The ANOVA showed a main effect of CS site (F3,39 = 3.46, P = 0.026; ηp2 = 0.21), but no
main effect of CS intensity (F < 0.01, P = 0.96). It also showed a significant CS site x CS intensity interaction
(F3,39 = 3.63, P = 0.021; ηp2 = 0.22; Fig. 2f). Post-hoc analyses showed more negative dsTMS modulation indices
when suprathreshold conditioning was administered over rPMv (−0.21 mV ± 0.09) and rM1 (−0.20 mV ± 0.07)
relative to rPMd (0.08 mV ± 0.05; all P < 0.01) and SMA (0.10 mV ± 0.07; all P < 0.006), which in turn did not
differ from one another (P = 0.8). Suprathreshold conditioning of rPMv and rM1 induced comparable dsTMS
modulation indices (P = 0.84). One-sample t-tests indicated that rPMv and rM1 dsTMS modulation indices were
significantly different from zero (i.e., dsTMS MEPs were inhibited relative to spTMS MEPs; all P < 0.037). No
other conditions showed dsTMS modulation indices different from zero (all P > 0.16).
Post-hoc analyses also showed that the comparison between suprathreshold and subthreshold CS intensities
was significant when the CS was administered over the SMA (P = 0.028), but not when the CS was administered
over rPMv, rM1 or rPMd (all P > 0.19). When the CS was administered over the SMA, dsTMS modulation indices
were negative for a subthreshold CS and positive for a suprathreshold CS. However, those dsTMS modulation
indices did not significantly differ from zero, as shown by one-sample t-tests (all P > 0.16).

Discussion

Motor network functioning might depend on the optimal tuning of neural interactions between different
nodes of the network. These interplays include interhemispheric interactions between homologous17,19,66 and
non-homologous areas30,34. The functional interactions between these interconnected regions of the motor network likely occur at different time scales, and can be optimally explored using causal methods with high temporal
resolution like the dsTMS protocol.
As reported in the introduction, the only two previous dsTMS studies demonstrating the existence of
long-latency premotor-motor interhemispheric interactions in healthy humans21,22 showed that the effects of
stimulating non-homologous areas (i.e., PMd-M1) were very similar to the effects of stimulating homologous
areas (i.e., M1-M1), thus leaving unresolved the issue of the anatomical specificity of long-latency interhemispheric interactions in the human motor system. We hypothesized that the apparent lack of specificity reported
in previous studies might stem from the limited number of conditions being tested. Thus, in the present study, we
provided a systematic investigation of long-latency interactions (ISIs from 40 to 150 ms) between primary and
non-primary motor areas of the right hemisphere (rM1, rPMv, rPMd and bilateral SMA) and lM1. We investigated the effects of ISI, CS site and CS intensity (subthreshold vs. suprathreshold intensity) on lM1 excitability,
while participants were at rest.
Our study highlights three key time points (i.e., 40-, 80- and 150-ms ISIs) at which site-specific MEP modulations occurred. The first inhibitory modulation of lM1 was detected when the CS was administered over rPMv,
rM1 and the SMA at a 40-ms ISI. The 80-ms ISI revealed an intensity-dependent excitatory influence of rM1
conditioning, while the 150-ms ISI highlighted intensity-dependent inhibitory influences of rPMv and rM1.
In keeping with previous studies testing long-latency cortico-cortical interactions18,21,22, most of the interactions detected across the CS sites and ISIs were inhibitory. Monkey studies indicate that interhemispheric interactions occur mainly through transcallosal pathways connecting homologous areas in the two hemispheres67,68.
Transcallosal connections are constituted by excitatory fibers originating from a target (motor) area in one
hemisphere (i.e., where the CS is administered) and synapsing over interneurons in the contralateral homologue. Excitatory signals conveyed by transcallosal connections activate local circuits in the homologous area
that are mainly characterized by GABAergic neurons69, consequently resulting in a net reduction of motor output. However, in view of the long ISIs we explored in this study, it is also very likely that complex and indirect
cortico-subcortical pathways might have been involved in the observed interhemispheric inhibitions (at ISIs of
40 and 150 ms), as well as interhemispheric facilitations (at an ISI of 80 ms). Yet, our study clearly demonstrates
that MEP modulations are site- and intensity-specific, even at long ISIs.
A major point of novelty of our study is the investigation of long-latency interhemispheric PMv-M1 interactions. Indeed, previous studies testing long-latency interhemispheric interactions mainly focused on M1-M1 or
PMd-M1. In a previous study, Mochizuki et al.21 conditioned a dorsolateral premotor site (2 cm anterior to M1),
and thus might have influenced the most dorsal aspects of PMv, whereas here we centered the CS over an anterior
sector of the PMv proper. Conditioning rPMv resulted in a strong modulatory influence over lM1 in the explored
time window. This modulatory influence was particularly conspicuous in the first critical ISI (40 ms). This ISI was
characterized by a strong inhibitory influence of rPMv conditioning on lM1 excitability. Inhibition was greater
when the CS was administered over rPMv relative to the other CS sites. A reduction in lM1 excitability was also
detected with rM1 and SMA conditioning, replicating previous findings of a peak in interhemispheric inhibition
when a CS was administered at a 40-ms ISI over similar sites18,19,22. Varying CS intensity produced no substantial
differences in lM1 excitability when the CS was administered to rPMv, rM1 or the SMA. Additionally, no lM1
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modulation was elicited by either subthreshold or suprathreshold conditioning of rPMd. The lack of lM1 modulation when the CS was administered over rPMd is in keeping with previous data18, and rules out the possibility that
lM1 suppression with rPMv, rM1 or SMA conditioning might be due to nonspecific factors such as the coil click70.
In summary, data collected across the four CS sites with a 40-ms ISI provide strong support for our hypothesis of
site-specific interhemispheric interactions between motor-related areas, and suggest these interactions are relatively insensitive to the intensity of the CS. Yet, it should be acknowledged that we only tested two CS intensities,
both near to rMT. Thus, future studies might use lower (< 90% rMT) or higher (>110% rMT) CS intensities in
order to further test intensity-dependent modulations at this ISI.
The marked modulatory influence elicited by PMv conditioning appears in line with studies using different
TMS protocols and reporting strong effects of premotor conditioning on M1. Studies have shown that administering low-frequency repetitive TMS (rTMS) over ventral and lateral premotor sites can lead to stronger modulation of M1 than administering rTMS over M1 itself4,58,71,72, and can affect a more widespread fronto-parietal
network73. In the dsTMS study of Fiori et al.18, conditioning the posterior inferior frontal cortex –at the border
with the PMv– led to stronger (ipsilateral) M1 modulations than conditioning a medial premotor site (pre-SMA)
did, and this stronger modulation was observed at several long-latency ISIs. Picazio et al.34 used dsTMS to test
short-latency premotor-motor interactions. The authors reported that conditioning a right inferior frontal site –
partially overlapping with our PMv site –exerted a stronger modulatory influence over lM1 than conditioning a
control site (i.e., the pre-SMA). Taken together, these findings suggest that PMv sites can exert strong modulatory
influences over M1. Our findings build upon previous evidence by showing that rPMv conditioning inhibits the
contralateral M1 at 40 ms after the CS, and this inhibition is even larger than that induced by conditioning the
homologous M1.
In monkeys, direct (heterotopic) connections between premotor cortices and the contralateral M1 have been
demonstrated67,68, although they are believed to play a minor role in motor functioning, with most neural interactions occurring between homologous areas. Thus, the effects exerted by rPMv stimulation over lM1 could be
mainly ascribed to the recruitment of indirect pathways linking the two areas. Because of the stronger effects of
rPMv relative to rM1 conditioning at the 40-ms ISI, the rPMv-lPMv-lM1 pathway appears more plausible than
the rPMv-rM1-lM1 pathway, although, in view of the long ISI, even more indirect cortico-subcortical pathways
could be hypothesized33.
An effect of rPMv conditioning was also observed at the longest ISI of 150 ms, although in this case the modulation was not specific to rPMv. In keeping with the study of Mochizuki et al.21 (that conditioned M1 and a premotor site more dorsal and posterior than our PMv site), we found that suprathreshold CS intensities administered
over rPMv or rM1 led to reductions in contralateral lM1 excitability. Our data expand on previous evidence by
showing that the inhibitory effects were specific to suprathreshold conditioning of rPMv and rM1, as they were
not found with rPMd or SMA conditioning, or with subthreshold CS intensities. Thus, our study suggests that
the second long-latency peak of inhibition found at a 150-ms ISI might reflect site-specific interactions involving
homologous (rM1-lM1) as well as non-homologous areas (rPMv-lM1). Our data allow us to firmly rule out the
possibility that interhemispheric inhibition at an ISI of 150 ms reflects nonspecific spreading of activation to any
premotor site. Yet, future studies will need to test the possibility that spreading activation across rM1 and rPMv
specifically accounts for the suppression of lM1 excitability at this ISI.
In addition to inhibitory interhemispheric interactions, we also found some evidence of facilitatory interhemispheric interactions. Motor facilitations were selectively detected at an ISI of 80 ms. Greater dsTMS MEP modulation indices were obtained with rM1 conditioning when using a suprathreshold CS relative to a subthreshold CS.
Suprathreshold rM1 conditioning also increased lM1 excitability relative to spTMS. An opposite pattern of modulation across the other premotor CS sites was detectable by visual inspection (i.e., larger dsTMS MEPs induced
by subthreshold relative to suprathreshold CS). Yet, subthreshold conditioning of rPMd and SMA significantly
increased lM1 excitability relative to spTMS.
Previous studies have already documented short-latency M1 facilitation when the CS was administered over
the contralateral M1, rPMd or the SMA. These effects were detected with both subthreshold and suprathreshold
CS intensities, although not always in a consistent way17,20,29,35. The mechanism underlying such short-latency
interhemispheric interactions is likely different from that underlying our long-latency modulations. However,
it is interesting to note that these previous investigations concluded that premotor-M1 interactions and M1-M1
interactions were mediated by different populations of neurons in M1, suggesting site-specific mechanisms.
Our data appear to be in keeping with previous evidence that rPMd conditioning requires subthreshold intensities to produce interhemispheric facilitation in the contralateral M129,37, and suggest that this rule may apply to
long-latency interactions at an ISI of about 80 ms. On the other hand, different rules might apply to short- and
long-latency interactions involving rM1 and SMA. At an 80-ms ISI, our data are not consistent with evidence
that subthreshold rM1 conditioning29 and suprathreshold, but not subthreshold, SMA conditioning35 induce
short-latency M1 facilitation. Yet, in those studies, the intensity of subthreshold conditioning (60–90% of active
motor threshold) was much lower than that used in the present study, and the intensity of suprathreshold conditioning (140% of active motor threshold) was higher.
The selectivity of MEP facilitation for suprathreshold rM1 conditioning likely reflects site-specific and
intensity-dependent interactions between the two homologous M1 areas. A possible alternative interpretation is that
suprathreshold conditioning of rM1 may have caused a spreading of the magnetic stimulation to nearby premotor
CS sites (e.g., rPMd or SMA), resulting in attenuated activation of those sites, similar to that caused by subthreshold
CS intensities over the same sites. However, the M1-M1 facilitatory effect with suprathreshold conditioning was
more consistent than the premotor-M1 facilitatory effects with subthreshold conditioning, thus speaking in favor of
site-specific interactions between the two M1 areas. Nevertheless, future studies will have to clarify whether the same
circuit mediates the effects observed with rM1 and premotor conditioning at an ISI of 80 ms.
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A potential limitation of our study is the use of only two levels of CS intensity. The investigation of an
input-output curve with additional CS intensities (i.e., lower subthreshold and higher suprathreshold intensities)
may further highlight intensity-dependent interhemispheric interactions at specific ISIs. Moreover, based on the
previous studies of Ni et al.22 and Mochizuki et al.21, we focused on right-to-left interhemispheric interactions
in right-handed participants only. In this regard, future studies might test whether asymmetrical interactions
occur at late ISIs, similar to those reported with short ISIs8,30,74. Yet, the selected CS intensities and the focus on
right-to-left cortico-cortical interactions were sufficient to support our hypothesis that long-latency interhemispheric interactions cannot be reduced to a nonspecific spreading of activation across motor structures.
In conclusion, our study documents site- and intensity-dependent inhibitory and facilitatory modulations of
lM1 excitability by stimulation of contralateral premotor and motor regions in the right hemisphere. Our data
highlight prominent and distinct modulatory roles of rPMv, rM1 and SMA over lM1 across the explored ISIs of
40–150 ms. Although the reported modulations at 40-, 80- and 150-ms ISIs likely reflect not only the recruitment
of direct pathways but also large indirect cortico-cortical and cortico-subcortical pathways15,19,33,75, our study
clarifies that long-latency interhemispheric interactions do not reflect a nonspecific spreading of activation across
motor structures21,22. Rather, they reflect intensity-dependent, site- and time-specific mechanisms.
The investigation of long-latency interhemispheric interactions is important for understanding the rules governing motor network functioning at rest, and can lay the groundwork for further exploration during motor and/
or cognitive tasks that involve premotor-to-motor connectivity61,76–78 or connections between other sectors of
the motor system79–81. Tracking the specific time course of interhemispheric interactions between homologous
and non-homologous brain areas in the healthy population can provide novel insights into clinical conditions
associated with altered connectivity patterns. Our study does not clarify which pathways mediate these neurophysiological interactions. Nevertheless, our findings point to specific time intervals at which motor and premotor areas can affect contralateral M1 output. Studies of the exact time scales of these interactions are of potential
interest, as they might be crucial for manipulating the functionality of these motor connections. For example, one
might apply novel TMS protocols such as the cortico-cortical paired associative stimulation (cc-PAS), which can
modify the functional connectivity between interconnected nodes63,82–84. Future applications of these kinds of
non-invasive neurostimulation protocols are promising for clinical profiles characterized by altered connectivity
across functional networks39,66.

References

1. Cattaneo, L., Caruana, F., Jezzini, A. & Rizzolatti, G. Representation of goal and movements without overt motor behavior in the
human motor cortex: a transcranial magnetic stimulation study. J. Neurosci. 29, 11134–11138 (2009).
2. Fourkas, A. D., Bonavolontà, V., Avenanti, A. & Aglioti, S. M. Kinesthetic imagery and tool-specific modulation of corticospinal
representations in expert tennis players. Cereb. Cortex 18, 2382–2390 (2008).
3. Jeannerod, M. Neural simulation of action: A unifying mechanism for motor cognition. Neuroimage 14, S103–S109 (2001).
4. Avenanti, A., Candidi, M. & Urgesi, C. Vicarious motor activation during action perception: beyond correlational evidence. Front.
Hum. Neurosci. 7, 344 (2013).
5. Rizzolatti, G., Cattaneo, L., Fabbri-Destro, M. & Rozzi, S. Cortical mechanisms underlying the organization of goal-directed actions
and mirror neuron-based action understanding. Physiol. Rev. 94, 655–706 (2014).
6. Bracco, L. et al. Mild cognitive impairment: loss of linguistic task-induced changes in motor cortex excitability. Neurology 72,
928–934 (2009).
7. de Vega, M. et al. Action sentences activate sensory motor regions in the brain independently of their status of reality. J. Cogn.
Neurosci. 26, 1363–1376 (2014).
8. Koch, G. et al. Time course of functional connectivity between dorsal premotor and contralateral motor cortex during movement
selection. J. Neurosci. 26, 7452–7459 (2006).
9. Arai, N. et al. State-dependent and timing-dependent bidirectional associative plasticity in the human SMAM1 network. J. Neurosci.
31, 15376–15383 (2011).
10. Fujiyama, H. et al. Performing two different actions simultaneously: The critical role of interhemispheric interactions during the
preparation of bimanual movement. Cortex. 77, 141–154 (2016).
11. Biswal, B., Yetkin, F. Z., Haughton, V. M. & Hyde, J. S. Functional connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn. Reson. Med. 34, 537–541 (1995).
12. De Luca, M., Beckmann, C. F., De Stefano, N., Matthews, P. M. & Smith, S. M. fMRI resting state networks define distinct modes of
long-distance interactions in the human brain. Neuroimage 29, 1359–1367 (2006).
13. Fox, M. D. & Raichle, M. E. Spontaneous fluctuations in brain activity observed with functional magnetic resonance imaging. Nat.
Rev. Neurosci. 8, 700–711 (2007).
14. Valchev, N. et al. cTBS delivered to the left somatosensory cortex changes its functional connectivity during rest. Neuroimage 114,
386–397 (2015).
15. Bortoletto, M., Veniero, D., Thut, G. & Miniussi, C. The contribution of TMS-EEG coregistration in the exploration of the human
cortical connectome. Neurosci. Biobehav. Rev. 49, 114–124 (2015).
16. Di Lazzaro, V. et al. Direct demonstration of interhemispheric inhibition of the human motor cortex produced by transcranial
magnetic stimulation. Exp. Brain Res. 124, 520–524 (1999).
17. Ferbert, A. et al. Interhemispheric inhibition of human motor cortex. J. Physiol 453, 525–546 (1992).
18. Fiori, F. et al. Long-latency modulation of motor cortex excitability by ipsilateral posterior inferior frontal gyrus and presupplementary motor area. Sci. Rep. 6, 38396 (2016).
19. Gerloff, C. et al. Inhibitory influence of the ipsilateral motor cortex on responses to stimulation of the human cortex and pyramidal
tract. J. Physiol 510, 249–259 (1998).
20. Hanajima, R. et al. Interhemispheric facilitation of the hand motor area in humans. J. Physiol 531, 849–59 (2001).
21. Mochizuki, H. et al. Effects of motor cortical stimulation on the excitability of contralateral motor and sensory cortices. Exp. Brain
Res. 158, 519–526 (2004).
22. Ni, Z. et al. Two phases of interhemispheric inhibition between motor related cortical areas and the primary motor cortex in human.
Cereb. Cortex 19, 1654–1665 (2009).
23. Rothwell, J. C. Using transcranial magnetic stimulation methods to probe connectivity between motor areas of the brain. Hum. Mov.
Sci. 30, 906–915 (2011).
24. Reis, J. et al. Contribution of transcranial magnetic stimulation to the understanding of cortical mechanisms involved in motor
control. J. Physiol 586, 325–351 (2008).

Scientific Reports | 7: 14936 | DOI:10.1038/s41598-017-13708-2

8

www.nature.com/scientificreports/
25. De Gennaro, L. et al. Reproducibility of callosal effects of transcranial magnetic stimulation (TMS) with interhemispheric paired
pulses. Neurosci. Res. 46, 219–227 (2003).
26. Romei, V. et al. Interhemispheric transfer deficit in alexithymia: A transcranial magnetic stimulation study. Psychother. Psychosom.
77, 175–181 (2008).
27. Li, J. Y. et al. Interhemispheric and ipsilateral connections in Parkinson’s disease: Relation to mirror movements. Mov. Disord. 22,
813–821 (2007).
28. Sattler, V., Dickler, M., Michaud, M., Meunier, S. & Simonetta-Moreau, M. Does abnormal interhemispheric inhibition play a role in
mirror dystonia? Mov. Disord. 29, 787–796 (2014).
29. Bäumer, T. et al. Magnetic stimulation of human premotor or motor cortex produces interhemispheric facilitation through distinct
pathways. J. Physiol 572, 857–868 (2006).
30. Boorman, E. D., O’Shea, J., Sebastian, C., Rushworth, M. F. S. & Johansen-Berg, H. Individual differences in white-matter
microstructure reflect variation in functional connectivity during choice. Curr. Biol. 17, 1426–1431 (2007).
31. Mochizuki, H., Huang, Y. Z. & Rothwell, J. C. Interhemispheric interaction between human dorsal premotor and contralateral
primary motor cortex. J. Physiol 561, 331–338 (2004).
32. Buch, E. R., Mars, R. B., Boorman, E. D. & Rushworth, M. F. S. A network centered on ventral premotor cortex exerts both
facilitatory and inhibitory control over primary motor cortex during action reprogramming. J. Neurosci. 30, 1395–1401 (2010).
33. Neubert, F.-X., Mars, R. B., Buch, E. R., Olivier, E. & Rushworth, M. F. S. Cortical and subcortical interactions during action
reprogramming and their related white matter pathways. Proc. Natl. Acad. Sci. 107, 13240–45 (2010).
34. Picazio, S. et al. Prefrontal control over motor cortex cycles at beta frequency during movement inhibition. Curr. Biol. 24, 2940–5
(2014).
35. Arai, N., Lu, M. K., Ugawa, Y. & Ziemann, U. Effective connectivity between human supplementary motor area and primary motor
cortex: a paired-coil TMS study. Exp. Brain Res. 220, 79–87 (2012).
36. Mars, R. B. et al. Short-latency influence of medial frontal cortex on primary motor cortex during action selection under conflict. J.
Neurosci. 29, 6926–6931 (2009).
37. Civardi, C., Cantello, R., Asselman, P. & Rothwell, J. C. Transcranial magnetic stimulation can be used to test connections to primary
motor areas from frontal and medial cortex in humans. Neuroimage 14, 1444–1453 (2001).
38. Serino, A., Annella, L. & Avenanti, A. Motor properties of peripersonal space in humans. PLoS One 4, e6582 (2009).
39. Johansen-Berg, H. et al. The role of ipsilateral premotor cortex in hand movement after stroke. Proc. Natl. Acad. Sci. USA 99,
14518–14523 (2002).
40. Weiller, C., Chollet, F., Friston, K. J., Wise, R. J. & Frackowiak, R. S. Functional reorganization of the brain in recovery from
striatocapsular infarction in man. Ann. Neurol. 31, 463–72 (1992).
41. Rossini, P. M. et al. 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 (2015).
42. Di Lazzaro, V. et al. The physiological basis of transcranial motor cortex stimulation in conscious humans. Clin. Neurophysiol. 115,
255–266 (2004).
43. Kammer, T., Beck, S., Thielscher, A., Laubis-Herrmann, U. & Topka, H. Motor thresholds in humans: A transcranial magnetic
stimulation study comparing different pulse waveforms, current directions and stimulator types. Clin. Neurophysiol. 112, 250–258
(2001).
44. Bestmann, S. et al. Dorsal premotor cortex exerts state-dependent causal influences on activity in contralateral primary motor and
dorsal premotor cortex. Cereb. Cortex 18, 1281–1291 (2008).
45. Matsunaga, K. et al. Increased corticospinal excitability after 5 Hz rTMS over the human supplementary motor area. J. Physiol 562,
295–306 (2005).
46. Verwey, W. B., Lammens, R. & van Honk, J. On the role of the SMA in the discrete sequence production task: a TMS study.
Transcranial Magnetic Stimulation. Neuropsychologia 40, 1268–1276 (2002).
47. Lu, M. K., Arai, N., Tsai, C. H. & Ziemann, U. Movement related cortical potentials of cued versus self-initiated movements: Double
dissociated modulation by dorsal premotor cortex versus supplementary motor area rTMS. Hum. Brain Mapp. 33, 824–839 (2012).
48. Davare, M., Andres, M., Cosnard, G., Thonnard, J. L. & Olivier, E. Dissociating the role of ventral and dorsal premotor cortex in
precision grasping. J. Neurosci. 26, 2260–8 (2006).
49. Davare, M., Montague, K., Olivier, E., Rothwell, J. C. & Lemon, R. N. Ventral premotor to primary motor cortical interactions during
object-driven grasp in humans. Cortex 45, 1050–1057 (2009).
50. Cattaneo, L. Tuning of ventral premotor cortex neurons to distinct observed grasp types: A TMS-priming study. Exp. Brain Res. 207,
165–172 (2010).
51. Avenanti, A., Paracampo, R., Annella, L., Tidoni, E. & Aglioti, S. M. Boosting and decreasing action prediction abilities through
excitatory and inhibitory tDCS of inferior frontal cortex. Cereb. Cortex 1–15, https://doi.org/10.1093/cercor/bhx041 (2017).
52. Bertini, C., Leo, F., Avenanti, A. & Làdavas, E. Independent mechanisms for ventriloquism and multisensory integration as revealed
by theta-burst stimulation. Eur. J. Neurosci 31, 1791–9 (2010).
53. Tidoni, E., Borgomaneri, S., di Pellegrino, G. & Avenanti, A. Action simulation plays a critical role in deceptive action recognition.
J. Neurosci. 33, 611–23 (2013).
54. Paracampo, R., Tidoni, E., Borgomaneri, S., di Pellegrino, G. & Avenanti, A. Sensorimotor network crucial for inferring amusement
from smiles. Cereb. Cortex 1–14, https://doi.org/10.1093/cercor/bhw294 (2016).
55. Valchev, N. et al. Primary somatosensory cortex necessary for the perception of weight from other people’s action: A continuous
theta-burst TMS experiment. Neuroimage 152, 195–206 (2017).
56. Avenanti, A., Annela, L. & Serino, A. Suppression of premotor cortex disrupts motor coding of peripersonal space. Neuroimage 63,
281–8 (2012).
57. Jacquet, P. O. & Avenanti, A. Perturbing the action observation network during perception and categorization of actions’ goals and
grips: State-dependency and virtual lesion TMS effects. Cereb. Cortex 25, 598–608 (2015).
58. Avenanti, A., Bolognini, N., Maravita, A. & Aglioti, S. M. Somatic and motor components of action simulation. Curr. Biol. 17,
2129–2135 (2007).
59. Carducci, F. & Brusco, R. Accuracy of an individualized MR-based head model for navigated brain stimulation. Psychiatry Res. 203,
105–108 (2012).
60. Mayka, M. A., Corcos, D. M., Leurgans, S. E. & Vaillancourt, D. E. Three-dimensional locations and boundaries of motor and
premotor cortices as defined by functional brain imaging: A meta-analysis. Neuroimage 31, 1453–1474 (2006).
61. Catmur, C., Mars, R. B., Rushworth, M. F. & Heyes, C. Making mirrors: premotor cortex stimulation enhances mirror and countermirror motor facilitation. J. Cogn. Neurosci. 23, 2352–2362 (2011).
62. O’Shea, J., Johansen-Berg, H., Trief, D., Göbel, S. & Rushworth, M. F. S. Functionally specific reorganization in human premotor
cortex. Neuron 54, 479–490 (2007).
63. Buch, E. R., Johnen, V. M., Nelissen, N., O’Shea, J. & Rushworth, M. F. S. Noninvasive associative plasticity induction in a
corticocortical pathway of the human brain. J. Neurosci. 31, 17669–17679 (2011).
64. Randhawa, B. K., Farley, B. G. & Boyd, L. A. Repetitive transcranial magnetic stimulation improves handwriting in parkinson’s
disease. Parkinsons. Dis. 2013 (2013).

Scientific Reports | 7: 14936 | DOI:10.1038/s41598-017-13708-2

9

www.nature.com/scientificreports/
65. Cohen, J. A power primer. Psychol. Bull. 112, 155–159 (1992).
66. Avenanti, A., Coccia, M., Ladavas, E., Provinciali, L. & Ceravolo, M. G. Low-frequency rTMS promtes usedependent motor plasticity
in chronic stroke. A randomized trial. Neurology 78, 256–264 (2012).
67. Marconi, B., Genovesio, A., Giannetti, S., Caminiti, R. & Molinari, M. Callosal connections of dorso-lateral premotor cortex. Eur. J.
Neurosci. 18, 775–88 (2003).
68. Boussaoud, D., Tanné-Gariépy, J., Wannier, T. & Rouiller, E. M. Callosal connections of dorsal versus ventral premotor areas in the
macaque monkey: a multiple retrograde tracing study. BMC Neurosci. 6, 67 (2005).
69. Somogyi, P., Tamás, G., Lujan, R. & Buhl, E. H. Salient features of synaptic organisation in the cerebral cortex. Brain Res. Rev. 26,
113–135 (1998).
70. Furubayashi, T. et al. The human hand motor area is transiently suppressed by an unexpected auditory stimulus. Clin. Neurophysiol.
111, 178–183 (2000).
71. Gerschlager, W., Siebner, H. R. & Rothwell, J. C. Decreased corticospinal excitability after subthreshold 1 Hz rTMS over lateral
premotor cortex. Neurology 57, 449–455 (2001).
72. Münchau, A., Bloem, B. R., Irlbacher, K., Trimble, M. R. & Rothwell, J. C. Functional connectivity of human premotor and motor
cortex explored with repetitive transcranial magnetic stimulation. J. Neurosci. 22, 554–561 (2002).
73. Chouinard, Pa, Van Der Werf, Y. D., Leonard, G. & Paus, T. Modulating neural networks with transcranial magnetic stimulation
applied over the dorsal premotor and primary motor cortices. J. Neurophysiol. 90, 1071–1083 (2003).
74. Rizzo, V. et al. Paired associative stimulation of left and right human motor cortex shapes interhemispheric motor inhibition based
on a hebbian mechanism. Cereb. Cortex 19, 907–915 (2009).
75. Massimini, M., Ferrarelli, F., Huber, R. & Esser, S. K. Breakdown of cortical effective connectivity during sleep. Science 309,
2228–2233 (2005).
76. Borgomaneri, S., Gazzola, V. & Avenanti, A. Transcranial magnetic stimulation reveals two functionally distinct stages of motor
cortex involvement during perception of emotional body language. Brain Struct. Funct. 220, 2765–2781 (2015).
77. Borgomaneri, S., Vitale, F., Gazzola, V. & Avenanti, A. Seeing fearful body language rapidly freezes the observer’s motor cortex.
Cortex 65, 232–245 (2015).
78. Fourkas, A. D., Avenanti, A., Urgesi, C. & Aglioti, S. M. Corticospinal facilitation during first and third person imagery. Exp. Brain
Res. 168, 143–151 (2006).
79. Plow, E. B. et al. The compensatory dynamic of inter-hemispheric interactions in visuospatial attention revealed using rTMS and
fMRI. Front. Hum. Neurosci. 8, 226 (2014).
80. Koch, G. et al. TMS activation of interhemispheric pathways between the posterior parietal cortex and the contralateral motor
cortex. J. Physiol. 587, 4281–4292 (2009).
81. Koch, G. et al. Focal stimulation of the posterior parietal cortex increases the excitability of the ipsilateral motor cortex. J. Neurosci.
27, 6815–6822 (2007).
82. Johnen, V. M. et al. Causal manipulation of functional connectivity in a specific neural pathway during behaviour and at rest. Elife
4, e04585 (2015).
83. Romei, V., Chiappini, E., Hibbard, P. & Avenanti, A. Empowering reentrant projections from V5 to V1 boosts sensitivity to motion.
Curr. Biol. 26, 2155–2160 (2016).
84. Veniero, D., Ponzo, V. & Koch, G. Paired associative stimulation enforces the communication between interconnected areas. J.
Neurosci. 33, 13773–13783 (2013).

Acknowledgements

This work was supported by grants from the Ministero della Salute [Bando Ricerca Finalizzata Giovani Ricercatori
2010, grant number GR-2010–2319335] awarded to A.A. and V.R.; grants from Cogito Foundation [Research
project 2013, grant number R-117/13; and Research project 2014, grant number 14–139-R], Ministero Istruzione,
Università e Ricerca [Futuro in Ricerca 2012, grant number RBFR12F0BD] awarded to A.A.; and grants from
BIAL Foundation [Boursaries 2016-18, grant number 298/16] awarded to A.A. and S.B. We thank Brianna Beck
for proofreading the manuscript.

Author Contributions

A.A. came up with the study concept; A.A., M.C., V.R. and S.B. designed the experiments; F.F., E.C., S.B.
performed the experiments; F.F., E.C., S.B. and A.A. analyzed the data; F.F., E.C., M.C., V.R., S.B. and A.A. wrote
the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13708-2.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

Scientific Reports | 7: 14936 | DOI:10.1038/s41598-017-13708-2

10

