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ABSTRACT (250/250 words) 48 

Background 49 

In transcranial magnetic studies (TMS), motor-evoked potentials (MEPs) recorded from the 50 

tongue provide important insights into corticobulbar excitability and neuromuscular control. 51 

However, their clinical and research utility remains limited due to anatomical and technical 52 

challenges, particularly those affecting electrode stability and signal quality.  53 

Objective 54 

This study aimed to compare TMS-derived outcomes obtained with traditional surface 55 

electrodes and novel suction-based electrodes. 56 

Methods 57 

Nineteen healthy adults participated in a repeated-measures, cross-over design. On Day 1, 58 

each participant completed two test sessions per electrode type (intra-session reliability). 59 

Thirteen participants returned for a third test session at least one week later (inter-session 60 

reliability). Resting motor threshold (rMT) was determined. MEP amplitude (MEP_Amp) and 61 

latency (MEP_Lat) were assessed at five single-pulse stimulation intensities (90%, 100%, 62 

120%, 140%, and 160% of rMT). Reliability was analyzed using intraclass correlation 63 

coefficients (ICCs, using lower 95% CI bound to gauge reliability strength). 64 

Results 65 

Suction electrodes yielded significantly lower rMT and higher MEP_Amp at 120-160% rMT. 66 

For both electrode types, intra-session reliability for rMT was excellent (ICCs >0.90) and poor-67 

to-moderate for MEP_Amp and MEP_Lat (ICCs <0.75). Inter-session reliability was poor (ICCs 68 

<0.50) across all outcomes for both electrode types. 69 

Conclusion 70 
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Compared to surface electrodes, suction electrodes improved signal quality as indicated by 71 

lower rMT and higher MEP_Amp. However, both electrode types exhibited substantial intra- 72 

and inter-session variability. Although suction electrodes enhance TMS signal quality, the poor 73 

test-retest reliability of tongue MEPs currently limits their utility as biomarkers. 74 

Methodological refinements are needed to further improve reliability in TMS-based tongue 75 

assessments. 76 

Keywords (max 6): Transcranial magnetic stimulation, tongue, motor-evoked potentials, 77 

electrode, reliability, cortical plasticity  78 
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BACKGROUND 79 

The human tongue plays a crucial role in essential functions such as speech, 80 

mastication, swallowing, and respiration1,2. Its functions rely on intricate sensorimotor 81 

integration with central neural networks3, making it a valuable target for investigating 82 

neuromotor control and developing rehabilitation strategies for orofacial disorders. 83 

Transcranial magnetic stimulation (TMS) has emerged as a widely used, non-invasive tool to 84 

assess cortical excitability and neuroplasticity related to tongue function4. In TMS studies, 85 

motor-evoked potentials (MEPs) can be recorded from tongue muscles following stimulation 86 

of the motor cortex, allowing researchers to quantify changes in excitability and monitor 87 

training- or pathology-induced neuroplasticity. Notably, studies have shown that the tongue 88 

cortical representation can undergo rapid plastic changes in response to training5-10, and that 89 

nociceptive input can interfere with these neuroplastic changes5,11. 90 

To gain insight into both basic neuroscience and clinical applications, accurate and 91 

reliable measurement of TMS-induced MEPs responses is of considerable relevance. High test-92 

retest reliability is mandatory for achieving valid results. However, the literature indicates a 93 

high degree of variability in the TMS-induced MEPs12-14. This variability could result from 94 

technical factors such as participant positioning, as well as the orientation, location, and 95 

stability of the TMS coil15,16. When controlling for these factors, non-navigated TMS studies 96 

reported moderate to good test-retest reliability for resting motor threshold (rMT), MEP peak-97 

to-peak amplitudes (MEP_Amp), or MEP stimulus response (MEP_SR) in different hand 98 

muscles or the tibialis anterior17,18. However, the reliability of tongue MEPs remains 99 

particularly challenging due to the complex anatomical and physiological features of the 100 

region, hindering their broader application. Intramuscular electrodes are considered the gold 101 

standard due to their signal specificity, but they are invasive, require technical expertise, and 102 
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may not be tolerated in clinical populations19. In contrast, conventional disposable surface 103 

electrodes placed on the tongue offer ease of use, yet are uncomfortable for participants and 104 

do not allow clear differentiation between TMS-induced MEPs and other electrically evoked 105 

signals20. Furthermore, inadequate electrode contact, due to involuntary tongue movements 106 

or excessive salivation, can cause frequent electrode detachment21,22, reducing the signal-to-107 

noise ratio and compromising measurement validity. 108 

Recently, a new generation of tongue electrodes has been manufactured. Ita and 109 

colleagues developed a suction electrode in which the interior space is maintained at negative 110 

pressure22. This design keeps the electrodes stable on the tongue surface, potentially 111 

improving MEP signal acquisition. Yet, to the best of our knowledge, no study has attempted 112 

to verify whether these new suction electrodes positively affect MEP_Amp or the reliability of 113 

TMS-derived metrics compared to the standard, more conventional disposable surface 114 

electrodes. In this study, we investigated whether there is a potential difference in the 115 

MEP_SR curves of the tongue muscle acquired using TMS and test-retest reliability of TMS-116 

derived outcomes (rMT, MEP_Amp and onset latency [MEP_Lat]) between the new suction 117 

and traditional electrodes. We hypothesised that, compared to the traditional surface 118 

electrodes, the new suction electrodes would lead to more reliable TMS-derived outcomes. 119 

In addition, we expected them to produce lower rMT and a steeper MEP_SR curve (i.e., higher 120 

MEP_Amp for a given stimulus intensity).  121 
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METHODS 122 

Participants 123 

Twenty healthy participants (mean age 41 ± 9 (SD) years, 12 females) were recruited 124 

for the study at Hammel Neurorehabilitation Centre and University Research Clinic (HNRC), 125 

and at the Department of Dentistry and Oral Health, both affiliated to Aarhus University, 126 

Denmark. The Inclusion criteria were: adults ≥18 years of age, to be in a good general and oral 127 

health condition, and ability to read and understand the project information. Exclusion criteria 128 

were: participants with medical, physical or psychological disorders, allergy to electrode gel, 129 

metal implants in head, history of epilepsy, pacemaker/medicinal pumps and pregnancy. All 130 

participants gave their written informed consent prior to their participation. The study was 131 

approved by the Local Ethics Committee in Central Denmark Region Denmark (Journal 132 

number: 1-10-72-9-23 and amendment number: 110938) and was performed in accordance 133 

with the Declaration of Helsinki II. 134 

Study design 135 

A repeated-measures cross-over design consisting of two sessions scheduled on Day 1, 136 

and a third session scheduled at least one week later on Day 2, was conducted to compare 137 

the reliability and performance of two different electrode types for recording tongue MEPs: 138 

(1) 15x20mm self-adhesive disposable silver-chloride surface electrode (Cephalon, 139 

Nørresundby, Denmark) - hereafter referred to as “A” electrode, and (2) bipolar 6 mm in 140 

diameter silver cup electrodes TK221-006 connected with a suction tube through a silicone 141 

tube, which can produce negative pressure inside the electrodes (Unique Medical Co., Tokyo, 142 

Japan), hereafter referred to as “B” electrode22 (Figure 1). Between Day 1 and Day 2, there 143 

was no carryover of hotspot coordinates or stimulus intensities (i.e. new values were 144 
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established for the second day). All assessments were performed by the same investigator 145 

(WP). 146 

Intra-session and inter-session reliability of TMS-derived outcomes were assessed for 147 

both electrode types. The intra-session reliability was assessed during the participants’ first 148 

visit (Day 1). Each participant performed twice the same test procedures with each type of 149 

electrode following four consecutive stimulation blocks in either an ABAB or BABA sequence, 150 

depending on random assignment. In the ABAB condition, participants were tested using 151 

electrode type “A”, followed by “B”, then A and finally B; the reverse order was applied in the 152 

BABA condition. All four blocks (i.e. 2 sessions per electrode type) were completed on the 153 

same day, with rest periods between blocks of at least 2 min. Disposable electrodes type A 154 

were replaced by new ones whenever they came lose during measurements and the signal 155 

quality required it. Inter-session test-retest reliability was assessed by comparing the results 156 

obtained at the first test occasion on Day 1 with the results of outcomes acquired during the 157 

third session (Day 2). In this follow-up session, each electrode type (A or B) was tested only 158 

once, with the order again determined by randomization. Electrodes A were replaced as 159 

mentioned above whenever necessary. Condition allocation was based on a computer-160 

generated random sequence, and the experimental procedures and setup were replicated 161 

across sessions to ensure methodological consistency. 162 

Recording of motor-evoked potentials 163 

Participants were positioned in a relaxed and reclined position on a bed plinth 164 

(Hammel recruitment site) or a dental chair (Aarhus recruitment site) with the backrest tilted 165 

at 45°16. A snugly fitting flexible head cap was placed over the participant’s head in a 166 

standardized manner based on anatomical markers and following the International 10–20 167 

Electrode Placement System guidelines23. The head was supported by a headrest and was 168 
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slightly tilted to the right to facilitate optimal placement of the TMS coil and examiner 169 

visibility. Electromyographic (EMG) activity was recorded from the right dorsum of the tongue. 170 

The ground electrode was placed around the right clavicle bone. Regarding the tongue 171 

electrodes, because electrodes A and B differed in size, their placement was standardized 172 

using fixed anatomical landmarks rather than edge-to-edge distance. All electrode pairs were 173 

positioned longitudinally along the right dorsal tongue surface, with the center of the pair 174 

aligned over the midline of the right hemilingual region. The center of the anterior electrode 175 

was positioned 10 mm posterior to the tongue tip, and a center-to-center spacing of 176 

approximately 15-20 mm (depending on tongue size) was maintained between the anterior 177 

and posterior electrodes (Figure 1). Electrodes were connected for bipolar recording of MEPs. 178 

EMG signals were amplified, filtered (20 Hz–1 kHz), and stored using Sierra Software 179 

(Cephalon, Nørresundby, Denmark). 180 

TMS was applied using a Magstim 200 stimulator (The Magstim Co. Ltd., UK; peak 181 

magnetic field = 2T) and a 5-cm angled figure-of-eight coil positioned over the left motor 182 

cortex24,25. The coil was oriented 45° obliquely to the sagittal midline, generating a current 183 

perpendicular to the estimated alignment of the central sulcus. At a constant stimulation 184 

intensity, the coil was systematically moved over the left hemisphere to identify the optimal 185 

scalp location – or tongue “hotspot” – defined as the site eliciting the largest MEP peak-to-186 

peak response. Following standard procedures, the hotspot search began around anatomical 187 

landmarks delineated on the flexible head cap, based on prior studies identifying scalp regions 188 

where discernible tongue MEPs are most consistently detected26,27. The coil was then moved 189 

in all directions to determine the site where tongue MEPs could be elicited at the lowest 190 

stimulation intensity. This site was considered the hotspot. The rMT was then defined as the 191 

minimum stimulus intensity that produced at least 4 out of 10 discernible MEPs (i.e. greater 192 
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than 50 μV) above the background EMG activity. The minimum stimulus intensity was 193 

determined by adjusting the intensity in 5% increments/decrements. The range of stimulation 194 

intensities corresponded to percentages of the TMS device’s maximum output (from 0% to 195 

100%). The interstimulus interval was between 8 and 12 s. 196 

The MEP_SR curves were assessed by computing the peak-to-peak amplitude at 0.9, 1, 197 

1.2, 1.4 and 1.6 times the rMT at the tongue hotspot (i.e. MT90, MT100, MT120, MT140 and 198 

MT160, respectively). The average of 8 stimuli applied with an interstimulus interval of 8–12 s 199 

was considered the MEP for each intensity of stimulation. A blinded investigator (SFK) 200 

retrieved the data stored in Sierra Software and computed the MEP_Lat and MEP_Amp of 201 

each individual trace. The averaged MEP_Lat and MEP_Amp were reported. 202 

Statistical analyses 203 

Data distributions were tested for normal distribution using Shapiro Wilk test and 204 

checked with histograms, Q-Q plots and boxplots. Depending on their distributions, variables 205 

were either expressed as median and interquartile range (IQR) or mean and standard 206 

deviation (SD). MEP_Amp data was log-transformed as it was not normally distributed. 207 

Intra-session test-retest reliability was assessed on Day 1 by repeating the same test 208 

procedure twice with each electrode type during the initial visit. Reliability was analyzed by 209 

comparing the two tests for electrode A (A1 vs A2) and for electrode B (B1 vs B2). The inter-210 

session test-retest reliability was assessed by comparing the first test performed on Day 1 (A1, 211 

B1) with the corresponding test on Day 2 (A3, B3), for each electrode type separately (A1 vs 212 

A3, B1 vs B3). Two methods were used to explore the variability of the data to gauge reliability. 213 

First, the Bland–Altman method was applied to assess the agreement of TMS-derived 214 

outcomes (MEP_Amp and MEP_Lat) across different stimulation intensities. Limits of 215 

agreement were calculated as the mean difference (bias) ± 1.96 times the standard deviation 216 
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of the differences. Composite Bland–Altman plots were generated to illustrate how 217 

agreement varied with stimulus intensity. Second, intraclass correlation coefficients (ICC) 218 

were calculated using a two-way mixed model to verify the intra- and inter-session reliability 219 

of the TMS-derived outcomes. The ICC values were expressed with 95% confidence intervals 220 

(CI). Based on the lower bound of the 95% CI of the ICC estimate, ICC values less than 0.5, 221 

between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.9 are indicative of poor, 222 

moderate, good, and excellent reliability, respectively28. 223 

A paired t-test was used to compare the average rMT values between electrode types 224 

(A vs. B), using the mean of the two repeated measurements collected for each electrode on 225 

Day 1. Finally, to evaluate the potential difference in MEP SR curves between both electrodes, 226 

log-transformed MEP_Amp data collected during the two test sessions at Day 1 were averaged 227 

and analyzed using two-way repeated measures ANOVA, with test stimulus intensity (MT90, 228 

MT100, MT120, MT140 and MT160) and electrode types (A or B) as within-subject factors. 229 

Bonferroni correction was applied for any ANOVA post-hoc comparisons. 230 

Finally, the number of standard self-adhesive electrodes replaced per participant 231 

before terminating a test block with acceptable signal quality was counted and reported. 232 

Data were analysed using SPSS 28.0 (IBM software). P values < 0.05 were considered 233 

as statistically significant.  234 
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RESULTS 235 

Out of 20 enrolled participants on Day 1, data from 19 participants was analyzed, as 236 

one participant was excluded from the study due to an excessively high rMT (80% of maximal 237 

stimulator output at the tongue hotspot). The demographic characteristics of the 19 238 

remaining participants were as follows: 11 females (58%); mean age: 41 ± 9 (SD) years; mean 239 

body mass index: 24.1 ± 3.7 kg/m²; 17 out of 19 participants (89%) were right hand dominant. 240 

Out of the 19 participants that participated on Day 1, 13 participants (68%) also participated 241 

on Day 2. 242 

Intra-session reliability 243 

Detailed intra-session reliability data are presented in Table 1 and Figure 2. No 244 

significant intra-session test-retest differences were observed for either electrode type across 245 

any TMS-derived outcomes, except for MEPs_Lat at MT160 with electrode B (new suction 246 

electrode) which was shorter at the second test (B2) (Fig. 2A, 2B). The intra-session test-retest 247 

reliability of the rMT, as expressed by the lower bound of the 95% CI of the ICC estimate, was 248 

excellent for both electrode types (Table 1). The ICCs for MEPs_Lat indicated poor reliability 249 

with both electrodes A and B. The ICCs for MEPs_Amp also indicated poor reliability with both 250 

electrodes A and B, except at MT140 where it was good for electrode B. 251 

Inter-session reliability 252 

Detailed inter-session reliability data are presented in Table 2 and Figure 2.  253 

Regarding electrode A (silver-chloride surface electrode), no significant inter-session 254 

test-retest differences were observed for rMT (mean difference ± SD: -5 ± 9.1 %, 95% CI [-0.5 255 

to 10.5], p = 0.072). In contrast, most MEP_Lat and MEP_Amp outcomes were significantly 256 

different between Day 1 and Day 2 (Fig. 2C, 2D). The lower bound of 95% CI of ICC estimates 257 

indicated poor to no reliability for any TMS-derived outcomes (Table 2).  258 
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Regarding electrode B (suction electrode), there was a significant difference in rMT 259 

between both days, rMT being higher at Day 2 (mean difference ± SD: -6.2 ± 10.0 %, 95% CI 260 

[0.1 to 12.2], p = 0.047). MEP_Lat also differed significantly at any stimulator intensity output. 261 

In contrast, there was no significant difference in MEP_Amp at any stimulator intensity output 262 

(Fig. 2C, 2D). As for electrode A, the lower bound of 95% CI of ICC estimates indicated poor to 263 

no reliability for any TMS-derived outcomes collected using electrode B (Table 2). 264 

Comparison of resting Motor Threshold between both electrodes A & B 265 

The average rMT values collected with each electrode type at Day 1 was used for this 266 

comparison. There was a significant difference between electrode types, with higher rMT 267 

values observed for electrode A (mean difference 2.4 ± 3.1%, P=0.003; Fig. 3).  268 

Comparison of stimulus-response curves between both electrodes A & B 269 

The tongue MEPs were significantly dependent on stimulus intensity (F=147.6; 270 

P<0.001) and on type of electrode (F=8.5; P=0.009), with significant interaction between these 271 

factors (F=3.5; P=0.021). Post-hoc analyses revealed that this interaction was driven by 272 

significantly higher tongue MEPs with electrode B compared to electrode A at higher 273 

stimulation intensities, specifically at MT120, MT140, and MT160 (P<0.01; Fig. 4). 274 

Number of self-adhesive electrodes replaced 275 

During the two stimulation blocks using electrodes A on Day 1, a total of 17 electrode 276 

pairs were replaced, corresponding to an average of 0.9 ± 1.0 pairs per participant (range: 0-277 

4). On Day 2, 10 electrode pairs were replaced, with a mean of 0.8 ± 1.0 pairs per participant 278 

(range: 0-3). 279 

 280 

  281 
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DISCUSSION  282 

This study evaluated the performance and test–retest reliability of two electrode types 283 

(traditional disposable silver-chloride electrodes and novel suction-based surface electrodes) 284 

for recording tongue MEPs induced by TMS. While the suction electrodes demonstrated some 285 

advantages in terms of signal amplitude and rMT, the overall reliability of tongue MEPs 286 

remained suboptimal for both electrode types, either intra- or inter-session.  287 

The suction-based electrodes yielded significantly higher MEP_Amp at higher 288 

stimulation intensities (120–160% rMT) with no systematic bias between inter-session 289 

measurements, as well as lower rMT values compared to traditional surface electrodes, 290 

suggesting a potential advantage of the former electrode design in eliciting robust responses 291 

at certain intensities16,29. These performance gains primarily reflect improved signal quality 292 

rather than enhanced measurement reliability, likely resulting from better electrode-tissue 293 

contact and reduced signal attenuation due to the negative pressure mechanism stabilizing 294 

the electrode on the moist and mobile tongue surface22. This is consistent with previous 295 

reports highlighting the challenges of using standard self-adhesive electrodes for tongue 296 

MEPs, as they are often uncomfortable and poorly tolerated20. Saliva accumulation and the 297 

need to suppress swallowing to avoid electrode displacement can impair their adherence and 298 

compromise signal acquisition20,21. Accordingly, on average, one electrode pair per participant 299 

had to be replaced to maintain signal quality. However, in some cases, up to four pairs were 300 

required, despite instructions for participants to remain relaxed throughout the 301 

measurements. Although not formally quantified, this led to a notable increase in preparation 302 

time and participant burden, as multiple adjustments were needed to obtain reliable signals 303 

with traditional self-adhesive electrodes. In contrast, the suction electrodes demonstrated 304 

greater stability, adhering more effectively to the tongue and remaining in place even during 305 
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swallowing. Experimenters also consistently noted that identifying the tongue hotspot 306 

required fewer stimulations and was achieved more rapidly with suction electrodes than with 307 

the self-adhesive electrodes. These observational findings should however be confirmed in 308 

future studies with quantitative timing data. Taken together, the improved signal quality, 309 

faster hotspot localization, and reduced need for readjustment make the suction electrodes 310 

more suitable for use in research settings. However, it should be noted that additional 311 

comparisons, such as evaluating the signal-to-noise ratio, could have further substantiated 312 

the observed benefits of the suction design and provided a more comprehensive assessment 313 

of signal quality. 314 

Despite these advantages, both electrode types demonstrated poor intra- and inter-315 

session reliability across all TMS-derived outcomes, with the exception of intra-session 316 

reliability for rMT, which was excellent (ICC > 0.9). At near-threshold intensities (90–100% 317 

rMT), MEPs amplitudes were typically smaller and closer to background EMG noise, leading 318 

to lower signal-to-noise ratios and decreased reliability. In contrast, responses at higher 319 

intensities (120–160% rMT) were more robust and consistent, which likely contributed to the 320 

improved reliability observed in this range. This pattern aligns with previous evidence showing 321 

that MEPs near threshold are inherently more variable due to fluctuating corticospinal 322 

excitability30. Future work should also aim to refine acquisition protocols around motor 323 

threshold intensities, for instance, by omitting the 90% rMT condition and instead increasing 324 

the number of stimuli at 100% rMT and/or applying signal averaging methods to enhance 325 

waveform quality and reliability in this lower stimulation range. 326 

 Similar findings have been reported in studies investigating inter-session reliability of 327 

TMS outcomes in more accessible, limb muscles, such as the extensor digitorum communis31 328 

and the first dorsal interosseous (FDI) muscle32,33, where MEP amplitude and latency also 329 
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exhibited poor reliability. However, these challenges appear even more pronounced when 330 

assessing the tongue, likely due to its complex anatomy, deep location, and fine motor control. 331 

Additionally, like other respiratory muscles, tongue muscles display both tonic and phasic 332 

excitability fluctuations during quiet breathing to maintain upper airway patency34,35. As 333 

respiration was neither controlled nor monitored during TMS delivery, cortical or hypoglossal 334 

excitability may have varied depending on the respiratory phase at the time of stimulation. 335 

This physiological variability could have introduced significant noise and contributed to signal 336 

instability across trials. Future studies should consider synchronizing TMS pulses with 337 

respiratory phase or incorporating respiratory monitoring to mitigate this variability. It should 338 

also be noted that we adopted a conservative approach in our reliability analysis by reporting 339 

the lower bound of the 95% confidence interval for the ICC36, whereas most TMS reliability 340 

studies typically report only the point estimate31,33,37. This methodological choice may have 341 

contributed to the more cautious interpretation of our results. 342 

The poor inter-session reliability raises concerns about the utility of tongue MEPs as 343 

biomarkers for longitudinal studies or therapeutic monitoring. Low ICC values indicate that 344 

within-subject variability exceeded between-subject variability38, suggesting that day-to-day 345 

fluctuations in physiological or technical factors may overshadow true neurophysiological 346 

changes. From a technical standpoint, the absence of neuro navigation system likely resulted 347 

in small variations in coil positioning and angulation between sessions, which are known to 348 

significantly affect MEP characteristics 15,39. In addition, the mean participant age was 41 years 349 

(range 26 to 55 years), and age-related changes in corticospinal excitability may have 350 

contributed to greater variability in MEP amplitude and latency39. Lastly, participants’ 351 

hydration status has also been shown to influence brain excitability40. Given the moist 352 

environment of the tongue, this effect may have been amplified, potentially exerting a 353 
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disproportionate impact on TMS outcomes. While this variability currently limits the clinical 354 

applicability of assessing tongue MEPs, they remain a promising non-invasive tool for 355 

assessing change in cortical excitability with orofacial muscle training7,26 and could prove 356 

useful for monitoring neuroplasticity associated with aging, stroke or neurodegenerative 357 

diseases41,42, provided that methodological refinements enhance their reliability. 358 

This study has several limitations. First, to reduce testing time, the rMT was 359 

determined using 5% increments or decrements in stimulator output. While this approach 360 

improved feasibility, it may have limited the precision of rMT estimates and minimized the 361 

apparent differences between electrode types. Second, rMT was defined as the minimum 362 

stimulus intensity that elicited at least 4 out of 10 MEPs exceeding 50 μV above baseline EMG 363 

activity. This 50 μV threshold is higher than that used in some prior studies, which have 364 

applied a 5 μV cutoff7,9,10,16,24,26. While our more conservative criterion ensures that recorded 365 

MEPs reflect robust corticobulbar activation, it also highlights the comparatively low rMT 366 

values obtained with the suction electrodes. Third, variability in individual anatomical and 367 

physiological factors, such as tongue size, salivation, and participant cooperation, may have 368 

influenced electrode positioning and signal acquisition, despite efforts to standardize 369 

procedures. Lastly, no a priori sample size calculation was performed, as this was an 370 

exploratory, methodological reliability study aimed at assessing the feasibility and variability 371 

of TMS-derived tongue outcomes using two electrode configurations. However, the sample 372 

size was consistent with previous TMS reliability studies realized on limb muscles31-33. 373 

CONCLUSION 374 

In conclusion, while suction-based electrodes offer practical advantages in eliciting 375 

stronger MEPs and lower rMT, the overall poor test–retest reliability of tongue MEPs, 376 

particularly across sessions, limits their current utility as robust biomarkers for longitudinal 377 
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studies. These findings underscore the need for methodological refinements and 378 

standardization in TMS protocols targeting the tongue, including the integration of 379 

neuronavigation, respiratory phase monitoring, and hydration control. Addressing these 380 

challenges is critical for advancing the clinical and translational use of TMS in orofacial 381 

neuroscience and rehabilitation.  382 
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TABLES 515 

Table 1. Intra-session test-retest reliability of TMS-derived outcomes for each type of electrodes. 516 

 N=19 
Electrodes A  

(disposable silver-chloride surface electrodes) 
 Electrodes B 

(reusable suctioning tongue electrodes) 

  A1 A2 ICC (95% CI)  B1 B2 ICC (95% CI) 

rMT (%) 41.1 (10.7) 40.3 (11.4) 0.96 (0.91; 0.99)  38.2 (10.8) 38.4 (9) 0.98 [0.94; 0.99] 

MEP_Lat (ms)        

 MT90 10.7 (0.8) 10.8 (0.8) 0.78 [0.40 - 0.92]  10.6 (0.9) 10.7 (0.8) 0.67 [0.12 - 0.88] 

 MT100 10.8 (0.7) 10.8 (0.8) 0.77 [0.39 - 0.91]  10.8 (0.8) 10.8 (0.9) 0.48 [-0.41 - 0.8] 

 MT120 11.0 (0.8) 10.9 (0.8) 0.79 [0.45 - 0.92]  10.7 (0.6) 10.7 (0.7) 0.85 [0.62 - 0.94] 

 MT140 10.8 (0.8) 10.8 (0.7) 0.81 [0.50 - 0.93]  10.7 (0.7) 10.7 (0.8) 0.78 [0.42 - 0.92] 

 MT160 10.8 (0.8) 10.8 (0.7) 0.76 [0.35 - 0.91]  10.9 (0.9) 10.6 (0.7) 0.73 [0.31 - 0.89] 

Log MEP_Amp (uV)        

 MT90 1.5 [1.4; 1.8] 1.5 [1.4; 1.6] 0.68 [0.14; 0.88]  1.7 (0.2) 1.6 (0.3) -0.86 [-4.32; 0.32] 

 MT100 1.7 (0.3) 1.8 (0.2) 0.48 [-0.24; 0.79]  1.8 (0.3) 1.8 (0.2) 0.09 [-1.52; 0.66] 

 MT120 2.1 (0.3) 2.2 (0.3) 0.55 [-0.07; 0.82]  2.4 (0.3) 2.3 (0.3) 0.44 [-0.47; 0.78] 

 MT140 2.5 (0.3) 2.5 (0.4) 0.73 [0.27; 0.90]  2.7 (0.4) 2.7 (0.4) 0.90 [0.75; 0.96] 

 MT160 2.8 (0.4) 2.7 (0.4) 0.77 [0.40; 0.91]  3.0 [2.9; 3.2] 3.1 [2.9; 3.2] 0.81 [0.48; 0.93] 

Data are presented as mean (SD) or median [IQR]. Paired t test was used, unless otherwise specified. 517 
A1 and B1 refer to data collected during session 1 on Day 1 using disposable surface electrodes and suction-based electrodes, respectively; A2 518 
and B2 correspond to data from session 2 on Day 1.  519 
Abbreviations: Amp, amplitude; CI, confidence intervals; ICC, intraclass correlation coefficient; Lat, onset latency; MEP, motor-evoked potential; 520 
MT, stimulus intensity set at a given power output corresponding to the numbers; rMT, resting motor threshold; TMS, transcranial magnetic 521 
stimulation.  522 
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Table 2. Inter-session test-retest reliability of TMS-derived outcomes for each type of electrodes. 523 

 N=13 
Electrodes A  

(disposable silver-chloride surface electrodes) 
 Electrodes B  

(reusable suctioning tongue electrodes) 

  A1 A3 ICC (95% CI)  B1 B3 ICC (95% CI) 

rMT (%) 39.2 (11.3) 44.2 (10.4) 0.75 [0.23; 0.92]  36.2 (11.6) 42.3 (10.3) 0.68 [0.05; 0.90] 

MEP_Lat (ms)        

 MT90 10.7 (0.9) 9.9 (0.7) -0.56 [-2.16; 0.44]  10.6 (1) 10.0 (0.6) 0.48 [-0.35; 0.83] 

 MT100 10.9 (0.7) 10.2 (0.8) -0.47 [-2.22; 0.48]  10.8 (0.9) 10.2 (0.7) 0.27 [-0.71; 0.75] 

 MT120 11.0 (1.0) 10.1 (0.7) -0.09 [-1.00; 0.56]  10.6 (0.6) 10.1 (0.5) 0.52 [-0.25; 0.84] 

 MT140 10.6 (0.8) 10.3 (0.6) 0.23 [-1.22; 0.75]  10.7 (0.8) 10.1 (0.5) 0.50 [-0.26; 0.83] 

 MT160 10.8 (0.8) 10.1 (0.7) 0.12 [-0.94; 0.69]  11.0 (1.1) 10.0 (0.5) 0.20 [-0.46; 0.68] 

Log MEP_Amp (uV)        

 MT90 1.7 (0.4) 1.6 (0.2) -1.50 [-11.8; 0.31]  1.7 (0.2) 1.5 (0.2) -1.49 [-7.37; 0.26] 

 MT100 1.7 (0.3) 1.9 (0.3) 0.53 [-0.25; 0.85]  1.8 (0.3) 2.0 (0.4) 0.21 [-1.12; 0.74] 

 MT120 2.1 (0.3) 2.5 (0.2) 0.57 [-0.26; 0.88]  2.4 (0.3) 2.6 (0.4) 0.11 [-1.20; 0.70] 

 MT140 2.5 (0.3) 2.7 (0.3) 0.63 [-0.07; 0.88]  2.6 (0.5) 2.9 (0.4) 0.41 [-0.72; 0.82] 

 MT160 2.7 (0.4) 3.0 (0.3) 0.60 [-0.17; 0.87]  3.0 [2.9 ; 3.2] 3.1 [2.7 ; 3.3] 0.65 [-0.18; 0.90] 

Data are presented as mean (SD) or median [IQR]. Paired t test was used, unless otherwise specified. 524 
A1 and B1 refer to data collected during session 1 on Day 1 using disposable surface electrodes and suction-based electrodes, respectively; A3 525 
and B3 correspond to data collected on Day 2 scheduled at least one week after Day 1.  526 
Abbreviations: Amp, amplitude; CI, confidence intervals; ICC, intraclass correlation coefficient; Lat, onset latency; MEP, motor-evoked potential; 527 
MT, stimulus intensity set at a given power output corresponding to the numbers; rMT, resting motor threshold; TMS, transcranial magnetic 528 
stimulation529 
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FIGURES 530 

Figure 1: Electrodes placement 531 
Figure legend: The figure illustrates the placement of self-adhesive disposable silver-chloride 532 
surface electrode (left, referred to as “A” electrode in the main text), and silver cup electrodes 533 
connected to a suction tube to create negative pressure inside the electrodes (right, referred 534 
to as “B” electrode). Because electrodes A and B differed in size, their placement was 535 
standardized using fixed anatomical landmarks rather than edge-to-edge distance. All 536 
electrode pairs were positioned longitudinally along the right dorsal tongue surface, with the 537 
center of the pair aligned over the midline of the right hemilingual region. The center of the 538 
anterior electrode was positioned 10 mm posterior to the tongue tip, and a center-to-center 539 
spacing of approximately 15-20 mm (depending on tongue size) was maintained between the 540 
anterior and posterior electrodes. 541 
 542 
Figure 2: Intra- and inter-session agreement of MEPs latency and amplitude 543 
Figure legend: Composite Bland–Altman plots illustrating how intra- and inter-session 544 
agreement of motor-evoked potential (MEP) latency and amplitude vary with transcranial 545 
magnetic stimulus output intensity. (A) Intra-session agreement for MEP latency. (B) Intra-546 
session agreement for MEP amplitude. (C) Inter-session agreement for MEP latency. (D) Inter-547 
session agreement for MEP amplitude. Filled symbols represent data obtained with 548 
conventional disposable surface electrodes; empty symbols represent data obtained with 549 
suction-based electrodes. Circles and error bars indicate the mean difference (bias) and its 550 
95% confidence interval. Lower triangles represent the lower limits of agreement; upper 551 
triangles represent the upper limits of agreement. 552 
 553 
 554 
Figure 3: Comparison of resting motor threshold (rMT) between electrode types 555 
Figure legend: Violin plots illustrating the distribution of resting motor threshold (rMT) values 556 
(% of maximum stimulator output) for the two electrode types: conventional disposable 557 
surface electrode (A) and suction-based electrode (B). Each participant underwent two 558 
transcranial-magnetic stimulation sessions per electrode type at Day 1, and the mean of rMT 559 
measurements collected during these two sessions was used for this comparison. 560 
 561 
 562 
Figure 4. Stimulus–response curves of MEPs amplitude obtained from transcranial magnetic 563 
stimulation of the tongue motor cortex. 564 
Figure legend: Log-transformed MEP amplitude data collected during the two test sessions at 565 
Day 1 were averaged and analyzed using two-way repeated measures ANOVA, with test 566 
stimulus intensities and electrode types as within-subject factors. Data are expressed in 567 
means and 95% confidence intervals. Stimulus intensity is expressed in relative percentage of 568 
rMT. Grey circles represent MEP amplitudes recorded with disposable surface electrodes, 569 
while white squares indicate values obtained with suction-based electrodes. Asterisks denote 570 
significantly higher MEP amplitudes for suction-based electrodes at 120%, 140%, and 160% 571 
rMT (Bonferroni post hoc, P < 0.01). 572 


