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A B S T R A C T   

The transcranial evoked potential (TEP) is a powerful technique to investigate brain dynamics, but some 
methodological issues limit its interpretation. A possible contamination of the TEP by electroencephalographic 
(EEG) responses evoked by the somatosensory input generated by transcranial magnetic stimulation (TMS) has 
been postulated; nonetheless, a characterization of these responses is lacking. The aim of this work was to review 
current evidence about possible somatosensory evoked potentials (SEP) induced by sources of somatosensory 
input in the craniofacial region. Among these, only contraction of craniofacial muscle and stimulation of free 
cutaneous nerve endings may be able to induce EEG responses, but direct evidence is lacking due to experimental 
difficulties in isolating these inputs. Notably, EEG evoked activity in this context is represented by a N100/P200 
complex, reflecting a saliency-related multimodal response, rather than specific activation of the primary so-
matosensory cortex. Strategies to minimize or remove these responses by EEG processing still yield uncertain 
results; therefore, data inspection is of paramount importance to judge a possible contamination of the TEP by 
multimodal potentials caused by somatosensory input.   

1. The problem of sensory input in the context of TMS-EEG 

Interest in transcranial magnetic stimulation coupled with electro-
encephalography (TMS-EEG) has been growing considerably in recent 
years. This technique allows the study of brain activity by recording 
TMS-evoked potentials (TEPs, Fig. 1) (Hernandez-Pavon et al., 2023) 
and oscillations (Biondi et al., 2022) elicited by TMS. Thanks to the high 
temporal resolution of EEG, TMS-EEG allows the assessment of funda-
mental neurophysiological parameters such as cortical excitability 
(Ilmoniemi et al., 1997; Massimini et al., 2005; Paus et al., 2001), 
connectivity (Casula et al., 2020; Casula et al., 2021) and plasticity 
(Ferreri and Rossini, 2013; Rocchi et al., 2018), giving a unique 

opportunity to study human brain networks in vivo. In addition, 
TMS-EEG is being extensively used to assess the pathophysiology of 
many disorders of the central nervous system, including stroke (Hor-
dacre et al., 2019; Keser et al., 2022; Sarasso et al., 2020), dementia 
(Casula et al., 2022b; Nardone et al., 2021), epilepsy (Tsuboyama et al., 
2020), disorders of consciousness (Napolitani et al., 2014) and neuro-
psychiatric diseases (Cao et al., 2021; Ferrarelli and Phillips, 2021). 

Despite the many research applications of this technique, the inter-
pretation of TMS-EEG signals can be made difficult by the auditory and 
somatosensory activation generated by TMS. The first is caused by the 
TMS click, which can activate the auditory system via air- or bone 
conducted sound (Nikouline et al., 1999; ter Braack et al., 2015). This 
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process results in a well-characterised sequence of auditory evoked re-
sponses (AEPs), the largest represented by a vertex negativity occurring 
around 100 ms, followed by a positive wave with similar distribution, 
peaking around 200 ms (Cristofari et al., 2023; Nikouline et al., 1999; 
Rocchi et al., 2021). Although AEPs can theoretically contaminate TEPs, 
effective strategies exist to minimize or abolish them, including the use 
of masking noise (Massimini et al., 2005; Russo et al., 2022) ear de-
fenders (Rocchi et al., 2021) and a layer of sponge underneath the coil 
(Leodori et al., 2022a; Massimini et al., 2005; Rocchi et al., 2021; Russo 
et al., 2022). Importantly, it has been demonstrated that, by the appli-
cation of one or more of these procedures, it is possible to completely 
suppress AEPs in some experimental conditions (Leodori et al., 2022a; 
Massimini et al., 2005; Rocchi et al., 2021; Russo et al., 2022). In 
addition to auditory stimulation (AS), TMS can theoretically induce 
activation of somatosensory pathways by at least five different mecha-
nisms (Fig. 2): 1) contraction of craniofacial muscle, 2) activation of 
somatosensory nerve trunks, 3) stimulation of free cutaneous nerve 
endings, 4) coil vibration, 5) activation of pain receptors. However, 
unlike AEPs, the impact of possible somatosensory evoked potentials 
(SEPs) on TEPs has not been well characterized. This is due to two main 
reasons: first, it is not clear whether TMS can actually activate so-
matosensory pathways according to all the mechanisms above. Addi-
tionally, even if these forms of activation took place, the features of 

resulting SEPs, or even their occurrence, are not necessarily predictable. 
The scope of the present review stemmed from these two gaps in 
knowledge. We first aimed to provide an overview of the available ev-
idence about the mechanisms through which TMS may induce somato-
sensory stimulation in the craniofacial district; secondly, we reviewed 
current knowledge about the possibility that these forms of activation 
could elicit a SEP. Lastly, we put the findings in the context of TMS-EEG 
studies, in particular those which aimed to investigate a possible 
contamination of TEPs by SEPs (Conde et al., 2019; Gordon et al., 2018; 
Gordon et al., 2021; Rocchi et al., 2021). 

2. Methods 

A comprehensive literature search on different databases (PubMed/ 
MEDLINE, Scopus, Google scholar and simple Google search) was con-
ducted independently by three researchers (M.M., A.C., V.S.). Only 
publications in English, French or Italian were selected. For Sections 
3.1–3.5, the search strategy was designed to gather information on 
experimental evidence and physiological plausibility of somatosensory 
activation in the craniofacial district (contraction of craniofacial muscle, 
activation of somatosensory nerve trunks, stimulation of free cutaneous 
nerve endings, coil vibration, activation of pain receptors) by TMS and 
electrical stimulation (ES), and about possible associated EEG responses. 
For Section 3.6, only TMS-EEG articles specifically addressing the issue 
of somatosensory input by TMS and/or ES were considered. The refer-
ence list of each selected article was checked to screen for additional 
studies possibly worth including, but not captured by the original search 
method. Results were framed into a narrative overview. A formal risk of 
bias assessment was not conducted; instead, potential biases in indi-
vidual studies were considered during synthesis and interpretation of 
the overall results. 

3. Different types of somatosensory inputs in the craniofacial 
district and possible associated EEG responses 

3.1. Contraction of craniofacial muscles 

Contraction of cranial muscles can easily occur during TMS, being 
more frequent with higher stimulation intensities and when lateral 
cortical areas are stimulated (Mutanen et al., 2013); this is because 
cranial muscles are distributed in lateral aspects of the head, whereas no 
muscle fibres are located close to the vertex (Westbrook et al., 2022). 
Cranial muscles commonly activated by TMS include the frontalis, 
orbicularis oculi, temporalis, and masseter. Contraction of these muscles 
can occur by two different mechanisms: 1) direct activation of muscle 
fibres close to the stimulation site by TMS pulse; 2) activation of low 
threshold intramuscular motor nerve endings (Troni et al., 1983). While 

Fig. 1. Butterfly plot of typical TEP from left M1 stimulation at 90 % resting 
motor threshold, recorded with 64 passive electrodes. Topographies of main 
peaks (N15, P30, N45/P60, N100 and P200) are provided. Signals represent the 
average of fifteen healthy subjects. As the TMS click was suppressed, no vertex 
N100/P200 is visible. 

Fig. 2. Possible sources of somatosensory activation during TMS-EEG recording. A: contraction of craniofacial muscle; b: activation of somatosensory nerve trunks; c: 
stimulation of free cutaneous nerve endings; d: coil vibration; e: activation of pain receptors. The figure has been created with BioRender.com. 
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the former is unlikely due to the high threshold of muscle fibres, the 
latter may occur when TMS is applied on scalp areas far from the vertex, 
where the mentioned muscles lie (Rogasch et al., 2014). On the other 
hand, a TMS pulse may depolarize motor axons within a cranial nerve 
trunk along its pathway, generating a compound muscle action potential 
(CMAP) in muscles innervated by that nerve (Groppa et al., 2012). In 
this case, CMAPs may be generated in muscles not necessarily close to 
the stimulation site. In the craniofacial district, this may occur for facial 
and trigeminal nerve stimulation. 

CMAPs generated by cranial nerves stimulation have been mostly 
studied in the clinical setting, to assess integrity of nerve trunks. The 
facial nerve provides somatic innervation to facial muscles (Dulak and 
Naqvi, 2021), and, for example, non-invasive stimulation of its intra-
cranial pathway has been studied as a potential tool for evaluation and 
prognosis of facial nerve palsy (Cocito et al., 2003; Seki et al., 1990). 
Previous work has demonstrated the possibility to obtain reliable 
CMAPs from facial muscles when TMS is applied on the ipsilateral 
hemisphere with a round coil (Benecke et al., 1988; Maccabee et al., 
1988; Schriefer et al., 1988). This effect is dependent on coil positioning: 
CMAPs are more easily obtained with stimulation over temporal areas, 
while no muscle responses may be obtained by application of TMS over 
central regions (Seki et al., 1990). It is to note that, in the research 
setting, the use of round coils has been largely replaced by figure of eight 
coils, which allow for a more focal stimulation by producing maximal 
current at the intersection of two round components (Hallett, 2007). The 
latter coils have been used as well to elicit CMAPs by facial nerve 
stimulation, but with less efficacy. Tokimura and colleagues, for 
instance, were able to record CMAPs only when a figure of eight coil was 
placed over the stylomastoid foramen, the emergence point of the facial 
nerve, and with an anterior-posterior current direction (+30 to − 30 
degrees on the transverse plane (Tokimura et al., 1993). Another study 
stimulated the nerve at 68 % MSO from the scalp surface, at a location 
6–10 cm lateral to the vertex, and 1–2 cm off the mid-auricular line 
(Dubach et al., 2004). Important information about the role of coil 
location were obtained in further studies, which suggested that CMAPs 
from facial-innervated muscles cannot be obtained if a figure of eight 
coil is placed closer than 4–6 cm from the vertex (Rödel et al., 1999) or 
when stimulating the hand motor cortex with a subthreshold intensity 
(Rocchi et al., 2021). 

The motor component of the trigeminal nerve, which provides 
innervation to masticatory and other muscles (the mylohyoid, anterior 
belly of the digastric, tensor veli palatini, and tensor tympani muscles) 
(Huff and Daly, 2021), is another potential target for TMS, albeit less 
accessible than the facial nerve. Responses from trigeminal-innervated 
muscles have been observed when TMS was applied with a round coil 
and high stimulation intensities over lateral areas of the scalp (Macaluso 
et al., 1990; Schmid et al., 1992, 1995), at least 4 cm from the vertex 
(Benecke et al., 1988). There is only limited information on the possi-
bility of trigeminal activation with a figure of eight coil, as only one 
study was performed and did not find any response from the masseter 
muscle with subthreshold stimulation of the hand motor cortex (Rocchi 
et al., 2021). 

Overall, the information available in the literature points towards 
the possibility of inducing craniofacial muscle activation during TMS, 
both due to local effects and to stimulation of motor nerve trunks, the 
latter in at least some experimental contexts. It is conceivable that 
muscle contraction itself leads to activation of receptors from muscle 
and possibly from tendons, joints and overlying skin, with generation of 
afferent somatosensory volleys; but is this activity sufficient to generate 
a measurable EEG signal? We found that unequivocal evidence in this 
regard is lacking, as EEG was not recorded in the mentioned studies. 
Additionally, activation of cranial nerves by TMS is likely not specific for 
motor axons. Depolarization of mixed nerves, with simultaneous acti-
vation of somatosensory fibres, would more likely occur; this would lead 
to generation of somatosensory action potential which could confound 
any possible EEG activity due to muscle contraction only. To understand 

whether the latter is able to generate SEP, an experimental method for 
obtaining muscle contraction without activation of somatosensory axons 
should be devised. Two possible solutions are intramuscular electro-
stimulation (IMES) or passive movement (PM). IMES of the abductor 
pollicis brevis muscle and PM of the fingers have been demonstrated to 
elicit measurable EEG response (Mima et al., 1996; Niddam et al., 2005; 
Seiss et al., 2002). However, no data exist on IMES or PM of craniofacial 
muscles. Therefore, whether contraction of the latter is able, per se, to 
generate EEG signals, is an open question. Due to the paucity of receptor 
structures, such as spindles, in facial muscle (Cobo et al., 2017; Welter 
et al., 2022), it is conceivable that EEG responses possibly generated by 
their contraction would be smaller compared to distal muscles. 

3.2. Direct activation of somatosensory nerve trunks 

In principle, TMS may activate somatosensory nerve trunks close to 
the stimulation site. For instance, this might be the case for pure so-
matosensory nerves in the posterior (e.g., greater occipital, lesser oc-
cipital, great auricular, etc.) or the anterior (sensory branches of the 
trigeminal nerve) aspect of the head. Literature on activation of poste-
rior nerves is scant, as only the greater occipital nerve, which originates 
from the second and third cervical nerves (Hogan and Abram, 1997), has 
been used as target for ES; no sensory nerve action potentials have been 
reliably recorded (Sand and Becser, 1998) and EEG recording has not 
been performed in this context. 

More studies have investigated the possibility of obtaining SEPs by 
stimulating branches of the trigeminal nerve. Stimulation was either 
performed on purely sensory nerves, or mixed nerves, while checking for 
possible CMAPs. In most studies, a cortical W-shaped response, pre-
dominantly contralateral, could be obtained, with responses which were 
highly variable in terms of latency (Arcuri et al., 2006; Badr et al., 1983; 
Bennett and Jannetta, 1980; Fagade and Wastell, 1990; Troni, 2022) 
and, in general, at a faster frequency than TEPs (around 50 Hz). Stim-
ulation intensities were also variable, ranging from light tickling (Badr 
et al., 1983) to pain (Fagade and Wastell, 1990). One study deserves 
particular attention, since the authors stimulated the supraorbital nerve, 
with the aim of mimicking its possible activation during TMS of the 
prefrontal cortex; bilateral evoked responses were found in 
centro-parietal electrodes, the largest represented by a negative peak at 
around 140 ms (Pokorny et al., 2022), much later that the N100 
component often described in TEPs from M1 (Mancuso et al., 2021; 
Rawji et al., 2021) and also not recognizable in TEPs obtained by 
stimulation of the dorsolateral prefrontal cortex (Desforges et al., 2022; 
Zrenner et al., 2020) or other cortical areas (Cruciani et al., 2023). 

Overall, current evidence points to clear differences between TEPs 
and SEPs obtained by cranial nerve stimulation. It is also not clear 
whether the latter would take place in the TMS context. In this regard, it 
is worth noticing that, with ES of trigeminal sensory branches, evoked 
responses may be lost in case of small displacements of the stimulating 
electrodes (Badr et al., 1983); it is thus possible that even small changes 
in position of the TMS coil occurring during stimulation may contribute 
to suppress possible SEPs. 

3.3. Stimulation of free cutaneous nerve endings 

Stimulation of free cutaneous somatosensory nerve endings (mostly 
Aβ) in the scalp invariably occurs during TMS, due to the electrical field 
induced in the skin, and contributes to the tapping sensation associated 
with coil firing (Deflorio et al., 2022). Albeit this stimulation cannot be 
prevented by experimental measures, whether it is sufficient to generate 
a SEP is unclear. This activation might be considered similar to that 
occurring in the dermatomal SEP (dSEP), which are sometimes used in 
clinical neurophysiology to investigate nerve root sensory function 
(Date et al., 1988). When obtained by stimulation of the limbs, dSEPs 
tend to be smaller and less consistent than SEPs obtained by stimulation 
of large nerve trunks; as a consequence, their use is mostly limited to 
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within-subject, side to side comparisons (Dikmen and Oge, 2013; Tsai 
et al., 2012; Tsai et al., 2005). The recording of consistent dSEPs after ES 
of trigeminal sensory territory is even more difficult and no reliable 
responses can be recorded with standard techniques (Troni, 2022); the 
same is probably true for scalp sensory territory. Additionally, no direct 
evidence exists in this regards, as the most cranial region investigated in 
this context is the neck (Slimp et al., 1992). At least two considerations 
could be made against the possibility of obtaining clear dSEP from the 
scalp area. The first is anatomical: if dSEPs tend to be inconsistent when 
elicited by ES of densely innervated areas, such as the limbs, this would 
be even more the case with stimulation of the scalp, where the density of 
somatosensory fibres is much smaller (Corniani and Saal, 2020). Second, 
direct evidence for a lack of SEP evoked by TMS comes from studies on 
patients with brain lesions due to ischemia or trauma. In these studies, 
the authors found no evidence of EEG responses when TMS was applied 
on severely damaged, mostly necrotic cortical areas with intact skull and 
scalp; notably, somatosensory function in these patients was preserved 
(Gosseries et al., 2015; Sarasso et al., 2020). 

3.4. Vibration 

Another possible source of somatosensory stimulation by TMS is 
related to coil-induced vibration on the scalp. This has been suggested to 
potentially contaminate the TEP, an effect which can be mitigated by the 
application of a foam layer beneath the coil to dampen its oscillations 
(Nikouline et al., 1999; ter Braack et al., 2015). It should be noted, 
however, than input from coil vibration has been interpreted as bone 
conducted AS, rather that somatosensory activation. This is physiolog-
ically plausible, as the frequency of coil vibration is in the range of 
several KHz, peaking around 10 KHz (Koponen et al., 2021; Koponen 
et al., 2020; Tiitinen et al., 1999), thus compatible with that of audible 
sound (Purves et al., 2001). Given the very brief vibration of the coil, it is 
plausible to hypothesize that only rapidly adapting (RA) skin receptors 
would be excited by the stimulus (Macefield, 2005). However, the two 
main classes of RA (RAI and RAII, identified with Meissner’s and Paci-
nian corpuscles, respectively) are preferentially activated by vibration of 
much lower frequency than that of TMS coils (Konietzny and Hensel, 
1977). Additionally, while there is evidence of steady-state SEP elicited 
by prolonged vibration on the upper limbs (Tobimatsu et al., 1999), 
there is no evidence that brief trains of vibration can evoke transient 
EEG responses. 

3.5. Activation of pain receptors 

Pain has been advocated as a possible source of bias during TMS 
(Conde et al., 2019). Subjective reports of pain during TMS are largely 
variable, ranging from its absence (Benecke et al., 1988; Leodori et al., 
2022b; Rocchi et al., 2021) to moderate levels (Conde et al., 2019; 
Gordon et al., 2021). Coil shape, stimulation intensity and individual 
pain threshold contribute to subjective pain experience during TMS 
(Holmes and Meteyard, 2018; Meteyard and Holmes, 2018). Coil loca-
tion is another important factor, with areas far from the vertex, in 
particular frontal regions, being linked to greater pain perception 
(Meteyard and Holmes, 2018). However, some disambiguation is 
necessary. Pain-evoked responses require specialized methods, such as 
laser, contact heat and intraepidermal ES (Verdugo et al., 2022). With 
these techniques, it is possible to selectively stimulate skin nociceptors 
and small fibres carrying pain sensation; this is very different from TMS, 
which rather activates large-caliber skin fibres (Cros et al., 1990), which 
carry non-nociceptive somatosensory information. Rather than by acti-
vation of pain receptors, it is likely that TMS may cause discomfort due 
to muscle twitches induced in some experimental settings (see above); 
this is supported by the very high correlation between subjective 
perception of pain/annoyance and muscle twitches due to TMS (Mete-
yard and Holmes, 2018). 

3.6. Approximation of putative somatosensory responses due to TMS in 
the TMS-EEG setting 

Despite the many possible sources of somatosensory input generated 
by TMS, how the latter can contaminate the TEP has been the object of a 
relatively small number of studies. Most of them used either bipolar ES 
of the scalp (Conde et al., 2019; Gordon et al., 2018) or magnetic 
stimulation to the shoulder (Biabani et al., 2021; Biabani et al., 2019) in 
the context of a so called realistic sham stimulation, i.e., where so-
matosensory input is coupled with AS from the TMS click, in an attempt 
to reproduce the global sensory input of TMS as closely as possible. Due 
to the coupling with AS, these studies do not provide conclusive infor-
mation on possible SEP generation by TMS, so they are not further 
considered. 

In a recent study by Rocchi and coworkers (Rocchi et al., 2021), 
bipolar ES of the scalp in the M1 region, applied with a stimulation in-
tensity matching that of somatosensory input by TMS on the same area 
based on subject’s perception, elicited a small positive wave located at 
the vertex (P200). By increasing the stimulation intensity, the same peak 
increased in amplitude and a preceding negative wave around 100 ms 
(N100) appeared at the same location. A similar N100/P200 pattern has 
been confirmed with higher stimulation intensities at the same location, 
but with four stimulating electrodes (Gordon et al., 2021). The exclusive 
role of muscle twitches in the generation of this response is not defined, 
as they were not controlled for in the first study (Rocchi et al., 2021) and 
were purposefully elicited in the second (Gordon et al., 2021). There-
fore, it is not clear whether the vertex N100/P200 in this context is due 
to activation of cutaneous somatosensory fibres, to the muscle twitches 
themselves, or both. 

It is very important to note that the mentioned vertex N100/P200 
responses are not related to specific, unimodal activation of the S1, as 
commonly seen after ES of nerve trunks in the limbs, which are 
contralateral to the stimulated site (Cruccu et al., 2008; Rocchi et al., 
2019). Rather, their spatial and temporal distribution is similar to that 
occurring after pure AS (Rocchi et al., 2021), combined AS and ES of the 
scalp (Conde et al., 2019; Fernandez et al., 2021; Gordon et al., 2018; 
Rocchi et al., 2021) or the neck (Fernandez et al., 2021; Fong et al., 
2023; Sasaki et al., 2022), magnetic stimulation of the shoulder (Biabani 
et al., 2021; Biabani et al., 2019), as well as laser and visual stimulation 
(Mouraux and Iannetti, 2009). Therefore, rather than being a 
modality-specific response, the vertex N100/P200 is interpretable as a 
saliency-related multimodal response, due to activation of the anterior 
cingulate cortex (Tanaka et al., 2008) and possibly reflecting arousal 
and/or attentional reorientation following external stimuli (Mouraux 
and Iannetti, 2009; Rocchi et al., 2021). It is to note that this conclusion 
does not exclude S1 activation, which has been demonstrated by mag-
netoencephalographic recordings following touch and pressure applied 
on the face and scalp (Hoshiyama et al., 1995; Yamashita et al., 1999). It 
is possible to hypothesize that the absence of a clear EEG response 
following similar somatosensory activation is due to low signal to noise 
ratio. 

4. Conclusions and perspectives 

In this review, we broke down possible mechanisms by which the 
somatosensory input by TMS might generate EEG responses, in an 
attempt to understand how such stimuli might contaminate “true” TMS- 
EEG responses, i.e., resulting from direct cortical stimulation. Five 
sources of somatosensory input were identified based on the available 
literature: 1) contraction of craniofacial muscle; 2) activation of so-
matosensory nerve trunks; 3) stimulation of free cutaneous nerve end-
ings; 4) coil vibration; 5) activation of pain receptors. Conclusions are 
summarized in Fig. 3. We found that there is little physiological evi-
dence to support a role of coil vibration or activation of pain receptors in 
the generation of TMS-evoked EEG responses. Similarly, there is no 
evidence in the literature that effective stimulation of purely 

M. Mancuso et al.                                                                                                                                                                                                                              



Neuroscience and Biobehavioral Reviews 155 (2023) 105434

5

somatosensory nerve trunks may occur during TMS; even if it were the 
case, it is unlikely that this would result in SEPs. By contrast, it is 
possible that contraction of craniofacial muscle and stimulation of free 
cutaneous nerve endings give rise to EEG responses, but some caveats 
should be noted. The first is that the few studies which investigated this 
issue did not separate the two sources of input (Gordon et al., 2021; 
Rocchi et al., 2021); therefore, at present, it is not clear whether either 
or both mechanisms may give rise to EEG responses. Second, the 
mentioned studies used ES to mimic the somatosensory input of TMS; 
albeit useful from a practical point of view, this approximation may be 
incorrect, due to the different sets of nerve fibres activated (Cros et al., 
1990). In fact, direct evidence from TMS studies (Gosseries et al., 2015; 
Sarasso et al., 2020), albeit on relatively small samples of patients with 
cerebral lesions, seems to suggest that TMS itself does not elicit any EEG 
responses. Finally, it is important to note that there is no evidence that 
craniofacial muscle twitches and input from free cutaneous nerves may 
give rise to SEPs in a strict sense, i.e., due to unimodal activation of the 
S1; rather, current literature point to the possible generation of vertex 
N100/P200 potentials, representing multimodal responses. 

Having defined the possibility of occurrence and the features of EEG 
responses to somatosensory input in the craniofacial region, an impor-
tant question is how to minimize them, thus avoiding their superposition 
to TEPs. While it is not possible to avoid stimulation of somatosensory 
skin fibres, craniofacial muscle twitches can be avoided by stimulating 
medial cortical areas (Meteyard and Holmes, 2018); however, albeit this 
might be useful in some research settings (Ferrarelli et al., 2008; 
Napolitani et al., 2014), TMS of more lateral areas might be required to 
assess questions related to motor (Leodori et al., 2022a; Rocchi et al., 
2023) or cognitive (Desforges et al., 2022; Salo et al., 2020) physiology 
or pathophysiology. In such cases, muscle twitches cannot be avoided; 
however, it is possible to minimize them by slight rotation of the TMS 
coil and check for the effectiveness of this procedure based on real-time 
assessment of TEPs (Casarotto et al., 2022). Despite its usefulness, this 
technical solution should be applied carefully, as TEPs have been 
demonstrated to be sensitive to coil rotation (Bonato et al., 2006; 
Casarotto et al., 2010; Casula et al., 2022a; Casula et al., 2018; de Goede 
et al., 2018). 

Another possible online approach is the use of local anaesthetics. A 
previous work has shown mixed results on the effect of topical lidocaine 
cream in reducing discomfort due to repetitive TMS, applied on the 
dorsolateral prefrontal cortex, in patients affected by depression (Tre-
vino et al., 2011). Based on the evidence we collected, it is likely that 
this solution would reduce the activation of free somatosensory nerve 
endings, but would not limit craniofacial muscle contraction, which is 
responsible for most of the discomfort associated with TMS (Meteyard 
and Holmes, 2018). Suppression of muscle twitches can be obtained via 
injections of lidocaine in the proximity of motor nerves (Luo et al., 
2020). This may be helpful in limiting EMG activaty due to stimulation 
of a nerve trunk by TMS, while blockade of intramuscular motor nerve 
endings would likely be more difficult to obtain. In either case, the 
procedure is invasive and would probably more suitable for proof of 
principle studies, rather than routine application in TMS-EEG. 

A different approach to deal with possible EEG responses due to 
somatosensory input could be their offline removal by ICA. This pro-
cedure has been applied to vertex potentials evoked by auditory stim-
ulation (Rogasch et al., 2014; Ross et al., 2022). If, as current evidence 
indicates, these reflect saliency responses due to both auditory and so-
matosensory stimulation, then the same technique should be effective in 
minimizing the impact of the second as well. It should be noted, how-
ever, that ICA assumptions are rather strict and include independence 
between components, which cannot be ensured for sensory evoked re-
sponses relative to TEPs (Hernandez-Pavon et al., 2023); consequently, 
the application of ICA to eliminate saliency-related vertex potentials 
may carry the potential risk of overcorrecting genuine TEPs. It is likely 
that further empirical evidence is required to establish the routine utility 
of this procedure. 

A more common method to isolate effects specific to TEPs is the 
introduction of an experimental somatosensory control condition, such 
as ES, alone or in the context of a so called realistic sham stimulation, 
which entails the simultaneous delivery of the TMS click. Whether the 
two types of stimuli should be necessarily used together is unclear. One 
study found that saliency responses due to ES and AS summate linearly 
(Rocchi et al., 2021); this leads to the conclusion that ES and AS can be 
used separately to control for somatosensory and auditory stimulation of 

Fig. 3. Summary of current evidence about SEP generation due to somatosensory stimulation of the craniofacial region and possible strategies to mitigate them. * It 
is not clear whether the vertex N100/P200 observed in some studies is due to muscle twitches, activation of free cutaneous nerve endings, or both. † Activation of free 
cutaneous nerve endings has been suggested to induce a vertex N100/P200, but this has not been confirmed in TMS studies. See text for details. 
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TMS. However, another report found that such an interaction is not 
linear (Chowdhury et al., 2022); given the small amount of data avail-
able, this topic needs further assessment. It should be note that the term 
“sham” might be misleading here, as ES is clearly perceived differently 
than TMS (Gordon et al., 2021; Rocchi et al., 2021); therefore, more than 
mimic the somatosensory input of TMS, ES might represent a useful 
means to verify, if needed, if any effects attributable to changes in TEPs 
are, in fact, due to different processing of somatosensory input. A recent 
attempt to optimize sham stimulation for TMS-EEG entails the applica-
tion of supramaximal ES to both real and sham stimulation, with the 
objective of saturating SEPs, and then subtracting the second from the 
first (Gordon et al., 2021). This method creates a “common” SEPs be-
tween the two conditions; therefore, their subtraction should theoreti-
cally allow to obtain a TEP not contaminated by somatosensory input. 
However, supramaximal ES may possibly alter the genuine TEP signa-
ture (Gordon et al., 2021; Novembre et al., 2019); therefore, further 

validation is needed. 
In conclusion, current literature points to the notion that only some 

sources of somatosensory input in the context of TMS may generate EEG 
responses: these are represented by muscle twitches and, possibly, 
activation of free cutaneous somatosensory nerve fibres. Direct evi-
dence, however, is lacking due to experimental difficulties in selectively 
reproducing these inputs. There is also no indication that these sources 
of activation can elicit specific activation of S1; rather, data available in 
the literature suggest that only a vertex N100/P200 complex, inter-
pretable as a saliency-related multimodal response, may be obtained. 
Therefore, as for auditory input and related EEG responses (Fig. 4), 
careful inspection of signals scalp topography is of paramount impor-
tance to detect possible effects of somatosensory stimulation on TEP. 

Fig. 4. Multimodal vertex N100/P200 elicited by sensory stimulation and related contamination of the TEP. Panel A: vertex N100/P200 elicited by the TMS click 
alone. Panel B: vertex N100/P200 elicited by electrical stimulation of the scalp overlying the left primary motor area, at an intensity of 3 x somatosensory threshold. 
Panel C: TEPs obtained by stimulation of the left primary motor area, with suppression of the TMS click. Panel D: TEPs obtained by stimulation of the left primary 
motor area, without suppression of the TMS click. The butterfly plots depict the average signal of a group of healthy subjects, each line representing signals from a 
single electrode (63 in total). Average signals in time windows compatible with the vertex N100 (blue panels) and P200 (green panels) are represented by two 
topographical plots each (left for the N100 and right for the P200). 
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