
Cortico-cortical paired associative stimulation highlights asymmetrical 

communication between rostral premotor cortices and primary motor cortex 

 

Naomi Bevacqua1,2, Sonia Turrini1, Francesca Fiori1,3, Chiara Saracini4, Boris Lucero4, 

Matteo Candidi2, Alessio Avenanti1,4  

 

1 Centro studi e ricerche in Neuroscienze Cognitive, Dipartimento di Psicologia “Renzo Canestrari”, Campus 

di Cesena, Alma Mater Studiorum Università di Bologna, 47521 Cesena, Italy; 

2 Dipartimento di Psicologia, Sapienza Università di Roma, 00185 Rome, Italy; 

3 Neurophysiology and Neuroengineering of Human-Technology Interaction Unit (NeXT Lab), Università 

Campus Bio-Medico di Roma, 00128 Rome, Italy; 

4 Centro de Investigación en Neuropsicología y Neurosciencias Cognitivas (CINPSI Neurocog), Universidad 

Católica Del Maule, 3460000 Talca, Chile. 

 

Supplementary Methods 

Participants  

We tested 60 young adult volunteers (mean age: 23.2 y, standard deviation: 2.2, range: 19-

29; 19 males and 41 females), divided into four groups (N = 15 each) in which we administered 

different cortico-cortical paired associative stimulation (ccPAS) protocols: ccPASPMv-M1 (22.20 y ± 

2.11; 4 male and 11 female), ccPASM1-PMv (22.27 y ± 1.53; 5 male and 10 female), ccPASSMA-M1 

(24.00 y ± 2.24; 5 male and 10 female) and ccPASM1-SMA (24.40 y ± 2.13; 5 male and 10 female). All 

participants were right-handed according to the Edinburgh Handedness Inventory 1, had normal or 

corrected-to-normal eyesight, were unaware of the goal of the experiment, and had no 

contraindications to TMS 2. All experimental procedures were carried out in accordance with the 

1964 Helsinki Declaration and its amendments3 and were approved by the University of Bologna's 

Department of Psychology "Renzo Canestrari" Ethical Committee and the Bioethics Committee. 

There were no adverse responses or TMS-related discomfort reported by subjects or observed by 

experimenters. Behavioral data collected in this study are part of a larger study in which 

participants performed an imitation task. The results of the imitation tasks will be reported 

elsewhere. 

Choice reaction time (cRT) task 

Before (Pre), immediately after (T0) and 30 minutes after the end of the ccPAS protocols 

participants performed a cRT task. They were seated approximately at 80 cm from the screen, with 

the right index and middle finger pressing two keys labelled as “1” and “2”, respectively. Each trial 

began with an irrelevant visual stimulus (a resting hand) presented for 1628 ms. After 500 ms from 



the irrelevant stimulus onset, the imperative stimulus (numbers “1” or “2”) appeared for 68 ms on 

the center of the screen. Participants were instructed to lift the index finger when presented with 

number “1”, and lift the middle finger when presented with number “2”. They were instructed to lift 

the appropriate finger as soon as they saw the imperative stimulus, and subsequently replace the 

finger on the same key. An inter-trial fixation cross was displayed for a random interval (2-3 s). We 

collected 40-trials for each block.  

ccPAS protocol and electrophysiological recording 

All ccPAS protocols employed the same stimulation parameters. The ccPAS protocol 

consisted of 90 pairs of pulses (~15 min) administered over a premotor area (either ventral 

premotor cortex, PMv, or supplementary motor area, SMA) and the primary motor cortex (M1) at a 

rate of 0.1 Hz4–11. The coil position to target the left M1 was identified functionally, as the hotspot to 

induce MEPs of maximal amplitude in the relaxed right FDI.  

The left M1 coil was positioned tangentially to the scalp and at a 45-degree angle to the 

midline, resulting in a posterior-anterior current flow, optimal for M1 stimulation12. In line with 

previous dual coil and ccPAS investigations4-8, the left PMv coil was positioned tangentially to the 

scalp, causing a current flow in the brain directing toward the M1 coil. The SMA coil was positioned 

to induce a current pointing toward the M1 site13. 

In each experimental group, we varied the relative order of stimulation of each area that 

compose the ccPAS protocol. In the ccPASPMv-M1 group, PMv stimulation always preceded that over 

M1: on each pair the first pulse was delivered over PMv and the second pulse delivered over M1; 

in the ccPASM1-PMv group, the order was reversed. In the ccPASSMA-M1 group, SMA stimulation 

always preceded that over M1; in the ccPASM1-SMA group, the order was reversed. In all groups, in 

each TMS pair the second pulse was delivered 8 ms after the first pulse, matching the 

interstimulus interval (ISI) found to recruit short-latency connections between both PMv and SMA, 

and the M15,14–16.  

The intensity of the pulse on PMv or SMA was set at 90% of the individual’s resting motor 

threshold (rMT), defined as the minimum stimulator output intensity necessary to induce MEPs ~50 

μV in 5 out of 10 consecutive trials17 in the relaxed first dorsal interosseous (FDI). The intensity of 

the pulse on M1 was adjusted to evoke MEPs with an amplitude of ~1 mV4,5,9,10,18. Pulses delivered 

during the ccPAS were triggered remotely using a custom MATLAB script (MathWorks, Natick, 

USA).  

Since M1 stimulation during ccPAS was set at a suprathreshold intensity, we were able to 

record a MEP elicited by each of the 90 paired stimulations, thus allowing us to monitor online 

changes in corticospinal excitability6–8. MEPs were recorded from the right FDI by means of 

surface Ag/AgCl electrodes placed in a belly-tendon montage. A Biopac MP-35 (Biopac, USA) 



electromyograph was used to acquire EMG signals (band-pass filter: 30–500 Hz; sampling rate: 20 

kHz). 

Neuronavigation  

The left PMv and the SMA locations were identified using the SofTaxic Navigator System 

(Electro Medical System, Bologna, IT). Firstly, skull landmarks (nasion, inion, and two preauricular 

points) and 80 points providing a uniform representation of the scalp were digitized in all 

participants using a Polaris Vicra digitizer (Northern Digital). A 3D warping process fitting a high-

resolution MRI template to the participant's scalp model and craniometric points generated an 

individual estimated magnetic resonance image (MRI) for each participant. To locate the left PMv 

we adopted Talairach coordinates determined by averaging previously reported coordinates19–23 

and used in our prior ccPAS studies4–8: x = –52; y = 10; z = 24. To identify SMA we adopted 

Talairach coordinates based on the metanalysis by Mayka et al.24: x = –2; y = -7; z = 55.  

The Talairach coordinates corresponding to the projections of the left PMv, SMA and left M1 

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

MRI-constructed stereotaxic template, mean and standard deviation of the four groups are 

reported in Table S1 and the hot-spot of the subjects are depicted in Figure 1b in the main text. 
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ccPAS PMv-M1 
Mean -30.29 -21.47 60.34 -54.59 9.54 23.70 

SD 6.65 5.91 3.28 1.48 0.72 1.63 

ccPAS M1-PMv 
Mean -28.49 -18.48 60.92 -54.04 9.90 24.52 

SD 4.84 6.01 4.48 1.19 1.05 1.10 

  M1 SMA 

  x y z x y z 

ccPAS SMA-M1 
Mean -32.97 -20.57 59.87 -2.97 -7.04 62.68 

SD 5.10 4.46 4.82 1.36 1.04 2.44 

ccPAS M1-SMA 
Mean -31.07 -19.87 59.09 -3.92 -6.30 64.44 

SD 5.34 5.28 4.86 1.46 1.74 2.58 

Table S1 – Talairach coordinates of the stimulated sites across the four groups. 

 

Data analysis  

Using a MATLAB script, MEPs were collected by extracting peak-to-peak EMG amplitude 

(in mV) in a time window of 60 ms, beginning 15 ms after the second TMS pulse. We excluded the 

MEPs recorded in trials showing a muscular preactivation defined as trials with an EMG activity 



deviating more than 2SD from the participant’s rectified mean in a time window of 100 ms before 

the TMS pulse eliciting the MEP. MEPs were averaged after being divided into 6 epochs of 15 trials 

each. Mean MEPs were analyzed with a GLM with within-subjects factor Epoch (6 levels) and 

between-subject factors Area (2 levels: PMv and SMA) and Direction (2 levels: Forward and 

Reverse). Post-hoc analysis was carried out using the Duncan’s post-hoc test (see main text and 

Figure 1c). 

As an index of behavioral performance, the Inverse Efficacy was computed as the ratio 

between mean reaction times and accuracy for each participant. This index was then submitted to 

a GLM within-subjects factor Session (3 levels) and between-subject factors Area (2 levels: PMv 

and SMA) and Direction (2 levels: Forward and Reverse). Results are reported in main text. 

To explore the relationship between behavioral improvement and the modulation of 

corticospinal excitability observed during ccPAS (see main text Fig.1c) a GLM was ran with 

behavioral improvement following ccPAS (IE at T0 – IE at pre) as dependent variable and the full 

factorial combination of the categorical variable Area and Direction and the continuous variable 

MEP size modulation (MEP amplitude at last Epoch – MEP amplitude at first Epoch) as predictors. 

The results are reported in main text. 

 

Supplementary Results  

Relationship between physiological and behavioral correlates of ccPAS 

The GLM revealed a Direction*MEP interaction (F1,52 = 4.27; p = 0.044; ηp
2 = 0.76) in the 

context of a non-fully significant model (F7,52 = 1.31; p = 0.26; ηp
2 = 0.15; adjR2 = 0.036). Thus, a 

second model was ran narrowing the predictors to Direction (forward, reverse) and MEP 

modulation (last-first Epoch), and resulting in a significant model (F3,56 = 2.99; p = 0.038; ηp
2 = 0.14; 

adjR2 = 0.092) driven by the Direction*MEP interaction (F1,56 = 6.39; p = 0.014; ηp
2 = 0.10). 

Specifically, the extent of physiological modulation significantly predicted behavior in the forward (β 

= 58.65; p = 0.004; ηp
2 = 0.14; see main text Fig.1b), but not in the reverse ccPAS groups (β = 

2.91; p = 0.77; ηp
2 = 0.002). These results indicate that greater ccPAS-induced MEP facilitations 

predicted reduced performance gains in the cRT task, exclusively for the two forward groups. Thus, 

increasing PMv or SMA input to M1 led to reduced behavioral improvement following forward 

ccPAS. 

 

References 

1. Oldfield, R. C. The assessment and analysis of handedness: The Edinburgh inventory. 

Neuropsychologia 9, 97–113 (1971). 



2. Rossi, S. et al. Safety and recommendations for TMS use in healthy subjects and patient 

populations, with updates on training, ethical and regulatory issues: Expert Guidelines. Clinical 

Neurophysiology 132, 269–306 (2021). 

3. World Medical Association. World Medical Association Declaration of Helsinki: Ethical 

Principles for Medical Research Involving Human Subjects. JAMA 310, 2191–2194 (2013). 

4. Fiori, F., Chiappini, E. & Avenanti, A. Enhanced action performance following TMS 

manipulation of associative plasticity in ventral premotor-motor pathway. NeuroImage 183, 

847–858 (2018). 

5. Turrini, S. et al. Cortico-cortical paired associative stimulation (ccPAS) over premotor-motor 

areas affects local circuitries in the human motor cortex via Hebbian plasticity. NeuroImage 

120027 (2023) doi:10.1016/j.neuroimage.2023.120027. 

6. Turrini, S. et al. Gradual enhancement of corticomotor excitability during cortico-cortical paired 

associative stimulation. Sci Rep 12, 14670 (2022). 

7. Turrini, S. et al. Transcranial cortico-cortical paired associative stimulation (ccPAS) over ventral 

premotor-motor pathways enhances action performance and corticomotor excitability in young 

adults more than in elderly adults. Front. Aging Neurosci. 15, (2023). 

8. Turrini, S. et al. Neurophysiological Markers of Premotor–Motor Network Plasticity Predict 

Motor Performance in Young and Older Adults. Biomedicines 11, 1464 (2023). 

9. Johnen, V. M. et al. Causal manipulation of functional connectivity in a specific neural pathway 

during behaviour and at rest. Elife 4, e04585 (2015). 

10. Chiappini, E. et al. Driving associative plasticity in premotor-motor connections through a novel 

paired associative stimulation based on long-latency cortico-cortical interactions. Brain 

Stimulation 13, 1461–1463 (2020). 

11. Sel, A. et al. Increasing and decreasing interregional brain coupling increases and decreases 

oscillatory activity in the human brain. Proceedings of the National Academy of Sciences 118, 

1–9 (2021). 



12. 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. Clinical Neurophysiology 112, 250–258 (2001). 

13. Fiori, F. et al. Long-latency modulation of motor cortex excitability by ipsilateral posterior 

inferior frontal gyrus and pre-supplementary motor area. Sci Rep 6, 38396 (2016). 

14. Rurak, B. K., Rodrigues, J. P., Power, B. D., Drummond, P. D. & Vallence, A. M. Test Re-test 

Reliability of Dual-site TMS Measures of SMA-M1 Connectivity Differs Across Inter-stimulus 

Intervals in Younger and Older Adults. Neuroscience 472, 11–24 (2021). 

15. Neige, C. et al. Probing the influence of SMA and vmPFC on the motor system with dual-site 

transcranial magnetic stimulation. 2022.01.18.476729 Preprint at 

https://doi.org/10.1101/2022.01.18.476729 (2022). 

16. Davare, M., Lemon, R. & Olivier, E. Selective modulation of interactions between ventral 

premotor cortex and primary motor cortex during precision grasping in humans. J Physiol 586, 

2735–2742 (2008). 

17. 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. Clinical Neurophysiology 126, 

1071–1107 (2015). 

18. 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. Journal of Neuroscience 30, 1395–1401 (2010). 

19. Avenanti, A., Annela, L. & Serino, A. Suppression of premotor cortex disrupts motor coding of 

peripersonal space. NeuroImage 63, 281–288 (2012). 

20. 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. 

Cerebral Cortex 28, 1282–1296 (2018). 



21. Dafotakis, M., Sparing, R., Eickhoff, S. B., Fink, G. R. & Nowak, D. A. On the role of the ventral 

premotor cortex and anterior intraparietal area for predictive and reactive scaling of grip force. 

Brain Research 1228, 73–80 (2008). 

22. 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, 2260–2268 (2006). 

23. 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. Cerebral Cortex 25, 598–608 (2015). 

24. 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). 

25. Turrini S. MEPautomatedanalysis (Version 1.1). (2023). https://github.com/SoniaTurrini/ 

MEPautomatedanalysis.git 


