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SUMMARY: 
Here, we present a protocol outlining the methodology to assess primary motor cortex excitability and excitability modulation using transcranial magnetic stimulation (TMS) paired with electromyography (EMG).

ABSTRACT: 
We describe a protocol to assess motor cortex excitability and its modulation, through paired use of electromyography (EMG) and repetitive transcranial magnetic stimulation (TMS) of the primary motor cortex (M1). EMG recordings use a custom-built system, and surface electrodes are placed over the right first dorsal interosseous (FDI) muscle, with a ground electrode on the left elbow. TMS is performed using a magnetic stimulator with a figure-eight coil, guided by a neuronavigation System. The motor hotspot for the FDI is identified by systematically applying single TMS pulses while adjusting coil placement, and is used as the target for all TMS procedures. The resting motor threshold (rMT) is defined as the minimum intensity required to elicit motor evoked potentials (MEPs) ≥ 50 µV in the EMG recording, in 5 out of 10 trials. The active motor threshold (aMT) is defined as the minimum intensity needed to evoke MEPs ≥ 200 µV in 5 out of 10 pulses while the participant maintains 10–20% of their maximal voluntary muscle activation. Baseline cortical excitability is defined according to the mean MEP amplitude obtained from 40 single TMS pulses applied at 120% rMT, with pulses delivered at random intervals (6–10 s). Motor cortex excitability modulation is achieved using an intermittent theta-burst stimulation (iTBS) protocol (50 Hz pulse triplets, 80% a MT, 5 Hz for 2 s on/8 s off, repeated 20 times; 600 pulses total). Excitability modulation is assessed through repetition of MEP amplitude measurements at four post-stimulation time points: immediate (T0), 10 min (T10), 20 min (T20), and 30 min (T30). rMT is reassessed at the end of the session to monitor stability. This protocol ensures precise and reproducible assessment of motor cortex excitability and captures the peak of the modulatory effects resulting from iTBS.

INTRODUCTION: 
 Transcranial magnetic stimulation (TMS) is a non-invasive neurostimulation technique that induces a magnetic field capable of penetrating the scalp and skull, eliciting neuronal activity upon reaching cortical tissue1. TMS enables in vivo assessment of central nervous system (CNS) neurophysiology in humans2–4. When delivered in repeated trains (repetitive TMS, or rTMS) to specific cortical regions, TMS can induce sustained changes in excitability of the cortical target that extend beyond the duration of stimulation, depending on the parameters of the protocol that was applied5. Single-pulse TMS is commonly employed to measure cortical excitability, and, when applied pre- and post-rTMS, allows for the quantification of cortical excitability modulation induced by TMS2–4. The primary motor cortex (M1) has been one of the main targets for such protocols, as its functional output can be readily quantified through electromyographic (EMG) recordings6,7. Compared to other neurophysiological and neuroimaging techniques, such as electroencephalography (EEG) and functional magnetic resonance imaging (fMRI), TMS-EMG offers more advantages for clinical implementation. EEG requires extensive electrode setup, careful artifact management, and sophisticated signal processing8, while fMRI involves higher costs, limited accessibility, and provides less temporal resolution9. TMS-EMG relies on relatively simple surface EMG recordings, with analysis centered on straightforward and objective metrics such as motor evoked potential (MEP) amplitude and latency. This simplicity in acquisition and processing, combined with shorter setup times and lower infrastructural demands, makes TMS-EMG particularly suitable for translation into clinical practice, where rapid, reliable, and reproducible biomarkers are required10. 

Measures of cortical excitability modulation are considered indirect indicators of neuroplasticity, defined as the brain's capacity to undergo functional and structural changes in response to intrinsic or extrinsic stimuli11,12. Alterations in neuroplasticity have been implicated in various neuropsychiatric conditions, such as major depressive disorder (MDD)13–16. Given its ability to probe neuroplastic mechanisms, in vivo, and practical applicability in clinical contexts, the assessments of cortical excitability modulation derived from TMS-EMG have been studied as a potential biomarker for neuropsychiatric disorders17–19. These measures may hold promise both as a diagnostic biomarker18 and as a predictor of treatment outcomes14,15. Single- or paired-pulse TMS is normally delivered at intensities expressed as a percentage of the resting motor threshold (rMT), i.e., the minimum intensity needed to generate a motor response (rMT; commonly 110–130% rMT), with protocols often employing 20–40 pulses to reliably estimate corticospinal excitability and several hundred pulses for assessing modulation pre- and post-intervention, at different timepoints20. Inter-pulse intervals (IPI) generally should be >4 s to minimize carry-over effects and ensure independence of successive MEPs21. When used for modulation of cortical excitability, protocols most often rely on low-frequency rTMS (rTMS; ≈ 1 Hz, 600–1800 pulses) or continuous theta-burst stimulation (cTBS; 3 pulses at 50 Hz, repeated every 200 ms, continuously for 40 s) to induce inhibitory after-effects. For facilitation of cortical excitability, protocols most often rely on high-frequency rTMS (rTMS; ≥ 5 Hz, typically 5–20 Hz, 600–2000 pulses) or intermittent theta-burst stimulation (iTBS)22. iTBS typically consists of 600 pulses delivered as bursts of 3 stimuli at 50 Hz, repeated at 5 Hz for 2 s, with trains applied intermittently every 10 s, at intensities around 80% of the active motor threshold (aMT). This pattern has become the most widely adopted for both experimental and clinical purposes, due to its efficiency, shorter duration, and robust facilitation of cortical plasticity23,24.

However, clinical utility remains limited by unresolved methodological challenges. Efforts to address these challenges—primarily by examining and improving the reliability of measurements—have produced inconsistent findings25–29. These inconsistencies can be attributed, at least in part, to substantial methodological pitfalls and heterogeneity across studies, including variability in rTMS parameters, where, for instance, pulse numbers range from 20 to 1800 pulses in low-frequency paradigms22 and from iTBS trains of 600 pulses to modified versions of 1200 pulses30. Also, studies without neuronavigation have shown variability in MEP amplitude and lower modulatory effects of a rTMS protocol when compared to protocols with neuronavigation31. Sample sizes in published studies have also been relatively modest, often between 10 and 25 participants, limiting statistical power32. In addition, limited statistical approaches to evaluate reliability have been implemented, with some studies relying on measures other than the intraclass correlation coefficient (ICC)24,33, which is generally regarded as the most appropriate index for test–retest reliability26. 

Protocols for CE acquisition and analysis with TMS-EMG paradigms may also contribute to additional variability. Specific methodological factors, such as the number of TMS pulses administered, may yield poor reliability, with estimates based on fewer than 20 MEPs, whereas averaging ≥30 MEPs provides a stable measure of corticospinal excitability.  Similarly, the IPI      have been shown to influence excitability with intervals of 2 s or less, inducing changes in cortical excitability due to cumulative effects of stimulation, whereas more conservative intervals of more than 4 s reduce these confounds21. EMG acquisition techniques34,35 can also influence measurement reliability, for instance, with the bipolar configuration offering improved spatial selectivity and reduced contamination from activity of nearby muscles relative to a monopolar configuration34,35. Standardization of data acquisition and processing protocols is therefore essential to improve the assessment of cortical excitability modulation and to determine its stability—a critical attribute of any reliable biomarker36.

Hence, to pursue the use of cortical excitability modulation measures as candidate markers for neurobiological assessment and to establish their reliability for clinical application, we present a protocol resulting from a systematic approach grounded in the best available evidence in the field to minimize the potential impact of methodological heterogeneity and to ensure accurate and reproducible measurement of motor cortex excitability and its modulation37,38. This included the implementation of appropriate EMG acquisition protocols34, the use of neuronavigation systems39, the collection of a sufficient number of MEPs20, the employment of suitable IPI21, and comprehensive reporting of acquisition procedures and signal processing methods34. Our results demonstrated improved signal stability when compared to the current best practices in the literature, thereby contributing to the methodological rigor necessary for the development of a robust neurophysiological biomarker.

PROTOCOL: 
The procedures described herein were developed to collect the data reported by Seybert et al.37 and Faro Viana et al.38 All participants provided written informed consent prior to participation, explaining the purpose of the study, procedures, risks, and their right to withdraw at any time. The protocol was approved by the Ethics Committees of the Champalimaud Centre for the Unknown and conducted in accordance with the Declaration of Helsinki. Use of this protocol in other studies or locations should occur only after obtaining approval from the relevant local Ethics Committees and/or other competent authorities. A standardized safety checklist should be applied prior to TMS to minimize the risk of undesired side effects, using international guidelines40,41 as a reference framework that can be adapted to specific study settings. The protocol is designed for ~1 h 15 min duration (Figure 1).

1. Setup requirements and preparation

1.1. Ensure two technicians are available to optimally conduct the session, where one will apply TMS procedures and the other will provide support in additional steps.

1.2. Ensure the following equipment is available: a Neuronavigation system; a comfortable chair; an EMG device with the respective contacts and electrodes; a TMS stimulator with an 8-shaped coil, which allows for the input of iTBS, single-pulse protocols, and a connection with the neuronavigation and EMG system. Ensure one or two computers are available to allow for simultaneous observation of the EMG software and the neuronavigation software. Ensure the computer(s) has a Bluetooth signal receptor to receive the EMG signal.

1.3. Ensure the following consumables are available: alcohol and gauze compresses; water sandpaper to clean the skin where the gel electrodes will be placed; a swimming cap for the participant; and earplugs for both the participant and the technicians.

1.4. Start setup preparation around 30 min before the participant arrives, to properly set up the neuronavigation system, the EMG board, and the TMS machine, as well as the software required for the physiological data acquisition.

1.5. Prepare the EMG system.

1.5.1. Ensure the EMG board is fully charged - if applicable - and prepare the respective contacts - one as reference (unipolar – to be placed on the left elbow), and the other on the target muscle for registration (bipolar – to be placed on the right First Dorsal Interosseous). An additional cable is needed to sync the TMS pulse output to the EMG signal, connecting the TMS device to the EMG.

1.5.2. Plug the Medical-grade silver/silver chloride (Ag/AgCl) electrodes into the contacts (3 electrodes will be needed). Also, connect a cable from the TMS machine to the EMG board to output the trigger signal of each TMS pulse.

1.5.3. For the in-house EMG device, strip the Velcro to a stable surface. Plug the contacts into the EMG device in the respective entry points.

1.5.4. In one of the monitors/computers, open the BONSAI software42 and the respective EMG data acquisition script. Hit the start button, only when ready for data acquisition (For further details, see Supplementary File 1, step 1).

1.6. Prepare the TMS device.

1.6.1. Define an excitability assessment protocol in the TMS device. This is composed of 40 single-pulses, at 120% rMT, with a random IPI of at least 6 s to avoid carry-over effects from previous stimulus.

1.6.2. Insert an iTBS protocol following the given stimulation parameters a priori in the device: 50 Hz pulse triplets, 80% aMT, 5 Hz for 2 s on/8 s off, repeated 20 times, 600 pulses total.

1.6.3. Attach paper strips in all parts of the TMS machine screen where maximum stimulation output (MSO - %) is visible so that the technician is blinded during rMT and aMT assessment (For further details, see Supplementary File 1, step 2).

1.7. Prepare the ANT Neuro neuronavigation system for TMS.

1.7.1. Assemble the required hardware components. These include the infrared tracking camera, the participant's headband with reflective markers, a pointer tool, a calibration board (for the TMS coil), and a coil tracker (a circular device that attaches to the coil for real-time positional tracking).												
1.7.2. Set the camera on the tripod and place it in a position such that it has a clear line of sight to all other neuronavigation components throughout the whole session.

1.7.3. Place the coil calibration tracker and board on the TMS coil.

1.7.4. Open the neuronavigation system software, insert the participant's ID, and calibrate the neuronavigation components (For further details, see Supplementary File 1, step 3).

2. Preparing the participant

2.1. Once the participant arrives, assess the safety for application of TMS through the use of a questionnaire and/or structured interview based on published guidelines40,41.                Include items regarding the history of psychiatric and neurological disorders, loss of consciousness, hearing impairment, as well as the presence of metallic or magnetic implants, ongoing medication, and pregnancy status. Proceed with the protocol only if no safety concerns are raised.

2.2. Seat the participant in a comfortable chair where both forearms can be positioned in a resting position. Ensure the participant is at an appropriate angle for the coil to be positioned comfortably on their head.

2.3. Have the patient remove any eyeglasses, hair clips or pins, as well as any earrings, or other metallic and/or electronic devices. Provide earplugs, and ensure they are properly and stably positioned. Instruct the participant to remain awake, silent, and relaxed. Ensure that the participant is awake at all times to reduce, as much as possible, the fluctuations in the physiological signal.

2.4. To improve the quality of the electrode-skin interface and improve conductance of the electric signal, clean the skin over the FDI by gently scrubbing the area with water sandpaper followed by a quick rinse with alcohol embedded gauze35. Repeat this procedure over the contralateral elbow. Once the skin is dry, place the ground electrode over the elbow to provide a zero-voltage reference point and the recording electrode on the contralateral hand over the FDI, with its center at approximately 2.5 cm in the direction of the muscle tendon (see Figure 2).

2.5. Place a swimming cap on the participants' head to draw references for the location of the TMS stimulation site:

2.5.1. Place a swimming cap on the participant's head with an anterior–posterior orientation. Ensure the cap is aligned with the participant's eyebrow line at the front and to the root of the helix of the ears on each side. Place it over the scalp, leaving the ears free and uncovered.

2.5.2. Draw the medial sagittal line as well as the intertragus line on the cap to obtain the interception point on the vertex (Figure 3A,B).

2.5.3. From the interception point, measure 5 cm to the left on the intertragus line and anteriorly on the sagittal line, to define 2 additional points (Figure 3C,D).

2.5.4. Draw a diagonal line to connect the lateral point to the medial anterior point (Figure 3E).

2.5.5. Starting at each of the lateral points, measure 2.5 cm in the antero-medial direction on each of the diagonal lines to mark the initial estimate of the motor hotspot for each hemisphere (Figure 3F).

2.5.6. Mark 4 points in a radius of 0.5 cm around that initial estimate, to provide additional testing points for the motor hotspot. Mark the region considered for the motor hotspot (red line) (Figure 3E,F).

2.6. Set up the neuronavigation system for the participant. 

2.6.1. Place the elastic headband on the participant's head, ensuring that the marker strip faces the camera and is comfortable, as it must remain in place throughout the session.             
                                                                                  
2.6.2. Use the pointer to define key anatomical landmarks on the participant's head (nasion, left and right tragus, and head shape points), which will allow the system to align and track stimulation targets with respect to the participant's head anatomy (nasion, tragus, scalp landmarks and head shape), if using a standard MNI space and further aspects of the anatomy, including brain anatomy, if using individualized MRI scans. This ensures that the coil positioning is accurate with regard to individual anatomy during the TMS procedure (For further details, see Supplementary File 1, step 3).

3. TMS-EMG physiology assessment

3.1. Start running the BONSAI script42 for EMG data acquisition. During the recording, monitor the participant for signs of facial contraction, limb movement, inadvertent repositioning of the cap, or other behaviors that might impact the participant's physiology and physiological data acquisition.

3.2. Measure the Motor Hotspot.

3.2.1. Place the TMS coil tangentially to the participant's scalp with the handle pointing posteriorly at a 45° angle relative to the midsagittal line and its center over the marked location in step 2.5 – this position will be used for all TMS procedures.

3.2.2. Apply pulses at 30% of the MSO over the initial motor hotspot estimate.

3.2.3. Increment the stimulation intensity in steps of 5–10% of MSO until a consistent motor response is observed. 

3.2.4. Apply single pulses at the initial estimate and at several locations surrounding it to determine the location that most consistently results in higher amplitude MEPs and, when possible, where the visible contraction was limited to the FDI – this is the motor hotspot for the FDI (MH).

3.2.5. In the neuronavigation system software, select the pulse that determined the MH to guide further stimulation.

3.3. Establish the rMT.

3.3.1. Use the neuronavigation system to guide the coil to the MH found at step 3.2 - the rMT is the minimum % MSO needed to elicit MEPs of at least 50 µV in the contralateral FDI in at least 5 out of 10 TMS single-pulses delivered here, separated approximately by a 5-s interstimulus interval.

3.3.2. Starting at the % MSO used to define the MH, reduce the intensity in steps of 2% until less than 5 out of 10 TMS single-pulses elicit a response of at least 50 µV in the contralateral FDI.

3.3.3. Increment MSO in 1% steps until at least 5 out of 10 TMS single-pulses elicit a response of at least 50 µV in the contralateral FDI.

3.3.4. Register the % MSO for the rMT.

3.4. Determine the maximum voluntary muscle activation.

3.4.1. Instruct the patient to produce maximal voluntary muscle activation of the first dorsal interosseous (FDI) muscle by making the shape of a circle by pushing their index fingernail against the belly of their thumb with maximum strength.          

3.4.2. Approximately 2 s after the participant initiates the muscle contraction, record the corresponding time point by pressing the space bar on the computer running the BONSAI script, skipping the initial ramp-up of activity and spikes resulting from electrode movement.

3.4.3. Repeat the process three times, with each contraction separated by a 1-min rest period to prevent fatigue and ensure recovery.

3.5. Establish the aMT.

3.5.1. Use the neuronavigation system to guide the coil to the MH found at step 3.2 – the aMT is the minimum % MSO that produces MEPs of at least 200 μV peak-to-peak amplitude in at least 5 out of 10 TMS single-pulses delivered here, during slight voluntary contraction.

3.5.2. Ask the participant to maintain a submaximal contraction, between  10% to 20% of MViC, using the EMG to monitor the ongoing contraction and provide real-time feedback (For further details, see Supplementary File 1, step 1).

3.5.3. Starting at the % of MSO for the rMT, decrease the intensity in steps of 2% until MEPs of at least 200 μV are produced in less than 5 out of 10 TMS single-pulses.

3.5.4. Increment MSO in steps of 1% until MEPs of at least 200 μV are produced in at least 5 out of 10 TMS single-pulses.

3.5.5. Register the % MSO for the aMT.

3.6. Define baseline cortical excitability.
			            	                  
NOTE: This phase aims to establish the participant's baseline MEP's amplitude, serving as a reference for subsequent comparisons.

3.6.1. Use the neuronavigation system to accurately position the coil over the motor hotspot, as defined in step 3.2.

3.6.2. Confirm that surface EMG electrodes are correctly placed over the target muscle (e.g., first dorsal interosseous), and verify signal quality (minimal noise and clear MEPs)

3.6.3. Load the single-pulse stimulation protocol on the TMS device.

3.6.4. Insert the previously defined rMT and start the protocol (stimulation parameters described in step 1.6.1).

3.6.5. Assess the baseline cortical excitability by averaging the peak-to-peak amplitudes of 40 MEPs. 

NOTE: The peak-to-peak amplitude is defined as the difference in voltage between the minimum and maximum points of each individual MEP waveform. For further analyses, MEP amplitudes may be normalized to baseline values to control for inter-individual variability, following procedures described in previous literature32.

3.7. Apply the cortical excitability modulation protocol.

NOTE: This step involves delivering an iTBS protocol to modulate cortical excitability.

3.7.1. Load the iTBS protocol on the TMS device.

3.7.2. Insert the previously defined aMT and start the protocol (stimulation parameters described in step 1.6.2).

3.7.3. Immediately after the end of the iTBS protocol, start a stopwatch to monitor post-stimulation intervals.

3.8. Assess cortical excitability modulation.

3.8.1. T0, i.e., immediately after the end of the cortical excitability modulation protocol, reapply the single-pulse stimulation protocol using 120% rMT, as described in step 3.6.

3.8.2. Validate neuronavigation accuracy by placing the pointer on the nasion and verifying alignment in the neuronavigation system software. Ensure the spatial deviation is < 5 mm. Record the value.         	

3.8.3. T10, T20, and T30, i.e., 10, 20, and 30 min after the cortical excitability modulation protocol - repeat the single-pulse stimulation protocol as in step 3.8.1. Revalidate neuronavigation accuracy as in step 3.8.2.		

3.8.4. Upon completion of the final stimulation block, stop the BONSAI script. Finalize the neuronavigation session in the software. A "bin." file is generated from the bonsai data acquisition. 

3.8.5. Assess cortical excitability at the post-modulation time points (T0, T10, T20, and T30) using the same procedure as baseline, by averaging the peak-to-peak amplitudes of 40 MEPs recorded at each time point. This allows for the comparison of excitability changes relative to baseline following the modulation protocol.

3.8.6. Calculation of cortical excitability modulation: Quantify the modulation of cortical excitability induced by the stimulation protocol by calculating the delta MEP (ΔMEP), defined as the difference between the mean amplitude of MEPs recorded at each post-intervention time point (T0, T10, T20, T30) and the mean amplitude of MEPs recorded at baseline, normalized by the mean amplitude of MEPs recorded at baseline. This measure allows assessment of the magnitude and duration of cortical excitability changes induced by the iTBS protocol.



3.9. Question the participant about any discomfort and provide means for contact if any needs or questions may arise after the session.

REPRESENTATIVE RESULTS:  
This protocol was designed to provide a reliable and reproducible assessment of corticospinal excitability while remaining generalisable across different EMG systems and TMS setups. We opted for the conventional threshold-hunting procedure as it is widely validated, reproducible, and comparable across studies, while acknowledging that alternative methods are also well-established (e.g., threshold hunting methods based on parameter estimation by sequential testing)43,44. Collecting a total of 40 single-pulse TMS stimuli ensures that enough MEPs are recorded for a reliable estimation of MEP amplitude, even when some pulses fail to elicit a response20. Intervals between pulses were randomized with a minimum of 6 s to prevent carry-over effects from previous stimuli21 and to make the pulse sequence unpredictable, reducing anticipatory muscle pre-activation. Using a single-pulse TMS intensity of 120% rMT is a well-established standard that elicits measurable MEPs while capturing plasticity changes induced by iTBS consistently across participants. Offline EMG processing, including filtering, artifact removal, and monitoring of background muscle activity, ensures that measured MEPs reflect true corticospinal excitability rather than noise and are not influenced by muscle pre-activation (see Supplementary File 1, step 4 for details). While it is possible to acquire Post-iTBS MEPs for more than 30 min using this protocol, we opted to end the data acquisition at T30 post-iTBS, which is consistent with evidence that LTP-like plasticity from this protocol predominantly occurs within this window32. Overall, the protocol emphasises reproducibility, reliability, and conceptual generalisability, independent of specific devices or software.

All personnel involved in TMS sessions should be trained in institutional safety protocols to ensure participant well-being. During the session, if a participant reports mild symptoms such as lightheadedness, the session should be paused, the participant should be provided with water, and/or laid down with legs elevated, if needed. A nurse or physician should be contacted as appropriate. Headaches may occur during or shortly after the session. Participants should be informed that this is expected and may take simple over-the-counter analgesics, if needed. If headaches persist, the research team should be contacted. In the rare event of a seizure, the session must be immediately stopped, and emergency procedures must be initiated according to institutional protocols.

Data from 47 healthy volunteers were collected using the structured and standardized protocol described here. This methodology, designed to enhance the reliability of cortical excitability assessments, indeed yielded consistent results across two assessments conducted 6 weeks apart37. A significant modulation of left motor cortex excitability, as assessed by the post-iTBS change of MEPs amplitude (ΔMEP) was observed at T0, T10, and T20 at the first assessment, whereas the effect at T30 did not reach significance (T0: W = 259, p < 0.01, r = 0.42; T10: W = 320, p < 0.01, r = 0.51; T20: W = 291, p < 0.01, r = 0.46; T30: W = 190, p = 0.06, r = 0.32), and at all time points 6 weeks later (T0: W = 293, p < 0.01, r = 0.48; T10: W = 278, p < 0.01, r = 0.46; T20: W = 315, p < 0.01, r = 0.52; T30: W = 275, p < 0.01, r = 0.45), indicating robust excitability modulation across time (Figure 4A). The stability of excitability modulation at T0 was further supported by an ICC of 0.67 (95% CI = 0.31–0.85; p < 0.01), demonstrating moderate to good test-retest reliability at the earlier moments after iTBS (Figure 4B). Nonetheless, the temporal reliability of cortical excitability at T10, T20, and T30 was not observed, suggesting limitations of applying this protocol to assess plasticity-like phenomena at later time points. Moreover, key neurophysiological parameters, including aMT, rMT, and baseline MEP amplitude, remained stable throughout the study period, further underscoring the internal consistency and procedural reliability of the protocol. Finally, the influence of potential confounding factors—including handedness, state anxiety, expectation regarding TMS effects, sex, and age—was systematically evaluated. No significant associations were found between these variables and cortical excitability modulation, supporting the robustness of the observed effects and of the protocol across individual characteristics. For this analysis, we combined participants from cohort 2 with those from cohort 1 whose assessment began with the left hemisphere, increasing statistical power while focusing on left-hemisphere excitability, as reported in Seybert et al.37.

FIGURE AND TABLE LEGENDS: 
Figure 1: Left M1 excitability and its modulation assessment – experimental protocol overview.

Figure 2: Electrode positioning for EMG recording over the First Dorsal Interosseous (FDI) muscle. (a) index finger; (b) tendon region; (c) FDI muscle belly; (d) thumb. The active electrode is placed on the belly of the FDI, and the second electrode is positioned about 2.5 cm distally toward the tendon. The reference electrode should be located on the opposite elbow.               

Figure 3: Cap marking procedure. (A,B) Identification of anatomical reference lines: the medial sagittal line and the intertragus line and determine the vertex; (C,D) From the vertex, two reference points are marked by measuring 5 cm laterally along the intertragus line (left) and 5 cm anteriorly along the sagittal line; (E) Construction of a diagonal line connecting the lateral point to the anterior point. Along the diagonal, a point is marked 2.5 cm in the antero-medial direction, representing the initial estimate of the motor hotspot for each hemisphere. Refinement of the hotspot estimation by marking four additional points within a 0.5 cm radius of the initial estimate, creating a cluster of stimulation sites for motor threshold determination; (F) Establishment of the motor hotspot and respective marking on the cap (Red line). 

Figure 4: Representative results of the study. (A) Modulation of left motor cortex excitability following iTBS, reflected by changes in MEP amplitude (ΔMEP) at T0, T10, and T20 during baseline and follow-up session; (B) Test-retest reliability at T0 indicated by an intraclass correlation coefficient (ICC) of 0.67 (95% CI: 0.31–0.85; p < 0.01), supporting moderate to good consistency in excitability modulation. 

Supplementary File 1: Additional details of the protocol.

DISCUSSION: 
Here, we present a comprehensive and rigorously structured protocol describing a methodology to assess cortical excitability and excitability modulation of the M1 using TMS combined with      EMG. It describes, in detail, all necessary steps for the optimal conduction of the experimental session, including preparation of the experimental setup and calibration of the neuronavigation system, configuration of the TMS and EMG equipment, and standardized procedures to identify the MHt, rMT, and aMT. These preparatory steps of the protocol are necessary for the final sequence of steps, including baseline assessment of cortical excitability, neuromodulation through application oiTBS and re-assessment of cortical excitability to quantify the resulting modulation. 

A key strength of this methodology is its high degree of standardization and rigor, which addresses many of the limitations found in past studies. Past work in the field has often suffered from methodological inconsistency, limited description of methods, and high intra- and inter-subject variability35. Methodological variability includes the number of collected MEPs20, IPI21, and EMG filtering methods that may have compromised the reproducibility of findings34. The protocol described here avoids methodological pitfalls by incorporating neuronavigation to ensure precise coil placement39, using validated EMG procedures34, and adopting established best practices for stimulation and signal acquisition45. Although the specific contribution of each of these procedures was not quantified, the collective application of these elements resulted in improved stability and reliability of the observed effects when compared with prior studies25–30.

While methodological rigor and standardization are the foundation for reliable measurements, practical aspects of participant preparation and session management are some of the most important protocol steps that influence the quality of the data acquired. Proper skin cleaning for electrode placement, ensuring electrodes are placed adjacent and securely, and confirming that the neuronavigation headband fits comfortably but firmly, are critical to minimizing session-to-session variability. Throughout the session, continuous monitoring of participant state—including alertness, hand movement, and electrode stability—is necessary to prevent artifacts and maintain high-quality recordings. When in the presence of issues acquiring TMS-EMG data, it is important to prompt adjustments to coil positioning or stimulation parameters. Regular verification of EMG signal quality is essential for addressing common technical issues, such as signal dropout, electrode detachment, or minor navigation drift. Subtle repositioning of the coil, ensuring stable electrode contact, or recalibrating the neuronavigation system can often restore signal quality and maintain consistency. It is also important to acknowledge that some fluctuations in signal or participant-related variability may be unavoidable despite best efforts. In such cases, rather than compromising data integrity, it may be preferable to pause the session, repeat critical measurements, or even reschedule to ensure that reliable and interpretable results are obtained.

The results obtained using this protocol showed that cortical excitability in the left M1 was significantly modulated after iTBS was applied. This modulation was similarly evident 6 weeks later, with the measure of excitability modulation revealing within-individual stability only when it was assessed immediately post-iTBS, suggesting a temporally-specific window of stability. Notably, excitability effects were not consistently maintained in later timepoints, a limitation possibly driven by increased variability over time25,27. This observation reinforces the idea that the timing of cortical excitability measurements is critical, particularly when considering its potential role as a biomarker for diagnostic or predictive purposes. Indeed, despite the long-standing interest in using motor cortex excitability and cortex excitability modulation (∆MEP) as a clinical marker, its application has been limited by poor reliability and high variability. While some studies have reported moderate reproducibility, many others have found ∆MEP to lack the stability necessary for clinical use18,19. The current protocol directly confronts this issue by providing a replicable framework to measure excitability with consistency. A robust TMS-EMG methodology also provides valuable insights into the underlying neurobiological mechanisms in both health and disease, facilitating reliable assessment of neuroplasticity-like phenomena in the human motor cortex. Specifically, iTBS is thought to engage Long-Term Potentiation-like processes, inducing NMDA receptor–dependent increases in synaptic efficacy, modulating inhibitory interneurons, and promoting cortical disinhibition, which collectively enhance MEPs amplitudes post-stimulation24. This interpretation is consistent with evidence from animal models. In rodents and non-human primates, TBS has been shown to induce long-lasting potentiation of corticospinal excitability and synaptic strength, demonstrating homologous plasticity-like mechanisms across species12. Thus, the changes observed in MEPs following iTBS in humans likely reflect plasticity-related neural processes with strong translational grounding.
     
Beyond evaluating neuromodulatory protocols like iTBS, the standardized TMS-EMG methodology detailed here holds promise for diverse applications. In motor learning paradigms, changes in corticospinal excitability can serve as biomarkers for skill acquisition and neuroplasticity. For instance, studies have shown that visuomotor learning enhances corticospinal excitability, reflecting underlying neural adaptations46. In stroke rehabilitation, assessment of corticospinal excitability can inform therapeutic strategies, with TMS neurofeedback used to upregulate excitability in the affected motor cortex, potentially aiding recovery47. Pharmacologically, TMS-EMG assessments can detect substance-induced changes of cortical excitability, providing insights into their CNS effects48. Additionally, age-related differences in corticospinal excitability have been documented, with older adults often exhibiting reduced excitability, which may influence motor performance and learning49. By extending the application of this standardized protocol to these areas, researchers can gain a more comprehensive understanding of corticospinal dynamics across different contexts and populations.

Thus, we propose that this protocol offers a valuable foundation for future research aiming to establish reliable biomarkers of cortical plasticity. In particular, studies should seek to replicate these effects in larger and more diverse populations, including clinical groups. Future research should assess whether cortical excitability measured immediately after iTBS can consistently distinguish between healthy and clinical profiles, to understand diagnostic sensitivity, as well as prognostic properties, for example, in the prediction of treatment response. In conclusion, the methodology described here represents a significant advance in the standardization of cortical excitability assessment. By mitigating common sources of variability and emphasizing precision in experimental design, this protocol provides a robust and reproducible approach to studying cortical plasticity-like phenomena and its potential clinical applications.
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