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1. Introduction, aims and objectives 

1.1 Basis of Transcranial Magnetic Stimulation  

In 1985, Barker et al demonstrated that it is possible to stimulate the cerebral cortex 

non-invasively by means of electromagnetic induction, dubbing the technique 

transcranial magnetic stimulation (TMS) (Barker et al., 1985). TMS offers significant 

advantages in comparison to electric stimulation as a non-invasive brain stimulation 

method, providing tolerable and spatially well-defined cortical stimuli.  

The basic physical mechanism of TMS is the generation of a magnetic field by means 

of electromagnetic induction, which occurs when running an electric current through 

the conductive windings of a coil. For this purpose, a TMS device requires an energy 

storage element (a capacitor), an inductor (the TMS coil) and a switch (Figure 1A-C). 

By closing the circuit at the switch, the resulting flow of electric charges stored in the 

capacitor generates an electric current through the circuit, and the consequent 

displacement of electric charges induces a magnetic field orthogonal to the moving 

charges’ direction, as described by the laws of classical electromagnetism. The wiring 

composition within the inductor allows for the superposition of the induced magnetic 

fields from each loop, thus potentiating the total magnetic field in its surroundings. The 

variation in time of the magnetic field’s strength, which occurs when delivering a short 

TMS pulse, results then in the induction of an electric field orthogonal to that magnetic 

field (Figure 1D). It is the electric potential gradient from this induced electric field that 

is capable of depolarizing neuronal tissues near to the TMS coil without the need to 

apply direct electrical current (Davey & Epstein, 2000; Dayan et al., 2013; Ruohonen 

et al., 1997). 



 

4 
 

 

Figure 1 
A. Example of a TMS set-up showing a reclining chair (1), a TMS coil (2), a digital display which 

allows the setting of stimulation parameters (3), and the main unit, which contains the 
capacitor (4). (from TMS Therapy System - Magstim Co Ltd, www.magstim.com) 

B. Simplified representation of TMS device components. Electric charge is stored in the 
capacitor (1). As the trigger (2) closes the circuit, electric current (cyan arrows) flows through 
the inductor (3), resulting in the induction of a magnetic field (red circles) orthogonal to the 
current flow.  

C. Example of TMS coils, “figure of 8” type, as used in the project’s experiments (left: Magstim 
70-mm figure-of-8 coil; right: MagVenture Double TMS coil - Cool-B65) 

D. Illustration of a figure-of-8 coil, containing two circular wirings next to each other, on which 
electric currents of opposite directions are delivered (cyan arrows). The induced magnetic 
fields from both loops become superimposed (red circles), resulting in a focal induced electric 
field (purple arrow) of highest intensity underneath the center of the coil. 

 

These mechanisms have meaningful implications for a non-invasive brain stimulation 

method. Firstly, the induced magnetic field permeates the space around the coil 

undisturbed by biological tissues, due to the high magnetic permeability of water and 

organic tissues. This is a considerable advantage in comparison to transcranial electric 

stimulation, which requires high intensities to overcome the electric resistance of the 

scalp, skull and cerebral-spinal fluid to finally achieve cortical neurons depolarization. 

Moreover, when applying transcranial electrical stimulation, the current dissipates 
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through biological tissues and activates large brain regions, whereas the TMS induced 

electromagnetic field in the cortex is highly focal and of predictable intensity (Dayan et 

al., 2013; Peterchev et al., 2012).  

The consequences of directly activating the cortex with TMS can be immediately 

detected in a subject, with different effects observed depending on the cortical region 

targeted. For instance, delivering TMS to the occipital cortex can elicit the visual 

perception of flickering lights, and TMS to the primary motor cortex can elicit a motor 

twitch from the contralateral limb. By applying TMS to the motor cortex and observing 

the motor evoked response one can obtain information on the functioning of the motor 

system. It was observed that by increasing the current run through the TMS coil (stated 

as the percentage of the maximal stimulator output – %MSO) while targeting the 

precentral gyrus, it’s possible to obtain increasingly stronger motor responses (motor 

evoked potential - MEP), measured  with surface electromyography (van der Kamp et 

al., 1996). Moreover, by slowly increasing the %MSO it’s possible to determine the 

minimal energy necessary to elicit an MEP, referred to as the “resting motor threshold” 

(RMT). The RMT assessment is commonly used as a calibration procedure to 

determine optimal %MSO to use in a particular subject to promote effective cortical 

activation (Groppa et al., 2012).  

The possibility of non-invasively probing the brain in a safe, tolerable way has clear 

applications in medicine. The observation of MEPs with TMS can be used to accurately 

identify the cortical location of motor areas when coupled with neuronavigation 

(Lefaucheur & Picht, 2016; Pitkanen et al., 2018), which can be used in planning 

neurosurgery in patients with lesions next to motor areas, allowing lesion removal while 

sparing motor function (Schramm et al., 2021). Similarly, TMS can also be applied for 

mapping language areas by delivering pulses to different cortical regions, while the 

subject performs an object-naming task. In this context, a language eloquent region is 

identified once the stimulation causes the subject to mispronounce a word or halt 

speech production (Lefaucheur & Picht, 2016; Picht et al., 2013).  

1.2 Transcranial Magnetic Stimulation – Electromyography (TMS-EMG) 

The use of RMT values and MEP amplitude to single TMS pulses were thought to 

provide quantitative information on the state of the stimulated motor cortex. However, 

these measures were found to be highly variable across and within individuals, as 
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several factors have been shown to influence them, including skull thickness, muscle 

strength, individual cortical motor representation, type of TMS coil used, among others 

(Burke et al., 1995; Rosler et al., 2002). The development of further stimulation 

protocols provided more reliable measures of motor cortex excitability, such as paired-

pulse TMS. These protocols involve the application of a TMS pulse of subthreshold 

intensity to the motor cortex (conditioning stimulus), followed by a pulse of 

suprathreshold intensity (test stimulus) (Valls-Sole et al., 1992). It was observed that 

the MEP amplitude of the suprathreshold pulse is modulated as a function of the 

temporal distance between the conditioning and test stimuli. For interstimulus intervals 

below 5ms the MEP amplitude is reduced, a phenomenon called short intracortical 

inhibition (SICI), whereas interstimulus intervals above 5ms lead to MEP amplitude 

increase, called intracortical facilitation (ICF) (Kujirai et al., 1993; Ziemann et al., 1996). 

These phenomena are thought to test intracortical neuronal circuits, with the SICI 

representing inhibitory systems and the ICF excitatory systems (Ziemann et al., 2015).  

Evidence of the physiological mechanisms of these measures was offered by 

pharmaco-TMS experiments. The administration of benzodiazepines, which are known 

positive allosteric modulators of GABA-A receptors, led to a significant increase in the 

SICI (i.e., further decrease in the MEP amplitude in the paired-pulse condition) (Di 

Lazzaro, Oliviero, et al., 2005; Di Lazzaro, Pilato, et al., 2005), although little effect was 

observed in the administration of GABA-B agonists (McDonnell et al., 2006) or 

glutamate antagonists (Liepert et al., 1997). This supports the notion that SICI reflects 

the activity of parvalbumine-positive GABA-A interneurons in inhibiting the pyramidal 

neuron. Likewise, the administration of glutamate receptor antagonists led to the 

suppression of the ICF, which is expected from a phenomenon resulting from the 

activation of excitatory interneurons (Liepert et al., 1997). Finally, long-interval cortical 

inhibition (LICI), which is the MEP amplitude reduction observed with interstimulus 

intervals above 100ms, was potentiated with the administration of GABA-B receptor 

agonists, but not GABA-A receptor agonists (McDonnell et al., 2006; Mohammadi et 

al., 2006), in agreement with the hypothesis that LICI reflects cortical inputs from 

subcortical structures, modulated by the metabotropic GABA-B receptor. 

These discoveries hinted on the use of TMS paradigms for probing the cortical function 

in neuropsychiatric disorders as possible as biomarkers, and even diagnostic tools. 

Studies investigating subjects with obsessive compulsive disorder and schizophrenia 



 

7 
 

found lower SICI compared to healthy controls, in line with models of intracortical 

dysfunction and inhibitory deficits as hallmarks of these neuropsychiatric disorders 

(Radhu et al., 2013). Although these measures have only been used experimentally 

for these mental disorders, a clinical application has been established in the differential 

diagnosis of dementia. This involves the short-latency afferent inhibition (SAI) protocol, 

in which the MEP amplitude elicited by TMS decreases when it is preceded by 20ms 

by an electrical stimulus to the median or ulnar nerve at the wrist of the contralateral 

arm (Tokimura et al., 2000). Importantly, pharmacological studies demonstrated that 

the acetylcholine receptor antagonist scopolamine reduces SAI, suggesting that the 

protocol probes the state of central cholinergic neurotransmission (Di Lazzaro et al., 

2000). The impairment of cholinergic transmission in Alzheimer’s disease can then be 

detected by reduced SAI, whereas the intracortical dysfunction in frontotemporal 

dementia can be detected by abnormal SICI-ICF values. It has been found that the 

ratio SICI-ICF/SAI can accurately differentiate both clinical conditions even in the initial 

stages of the disease, helping to clarify the diagnosis and consequent prognosis of 

patients with dementia (Benussi et al., 2017; Benussi et al., 2020). 

A clear limitation of these methods is that they require a motor response as an output. 

Firstly, it limits the scope to motor system investigations. Secondly, it provides only an 

indirect measure of cortical responsivity, as the state of spinal circuitry, peripheral 

nerves and muscles can influence the output, i.e., MEP amplitude. To obtain a direct 

response from cortical activation by TMS from any non-motor region would require a 

method other than TMS-EMG. This would be particularly valuable in investigating 

specific dysfunctions to (non-motor) cortical regions, as well as the neuromodulatory 

effects of focal cortical interventions (Tremblay et al., 2019).  

1.3 Transcranial Magnetic Stimulation – Electroencephalography (TMS-EEG) 

A considerable advance in cortical excitability probing with TMS came with the 

combination of electroencephalography (EEG). It was observed that the activation of 

cortical targets by TMS leads to neuronal responses measurable by scalp EEG, an 

output named “TMS evoked potentials” (TEP) (Ilmoniemi & Kicic, 2010; Ilmoniemi et 

al., 1997). As was the case with TMS-EMG, TMS-EEG has since been used in the 

investigation of cortical imbalances associated with neuropsychiatric disorders, as well 

as in the investigation of pharmacological effects of drugs acting on the central nervous 

system and neuromodulatory therapeutic interventions (Tremblay et al., 2019). 
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Analogous to pharmacological TMS-EMG experiments, TMS-EEG signatures have 

also been associated with specific changes in cortical functioning (Belardinelli et al., 

2021; Cash et al., 2017; Premoli, Biondi, et al., 2017; Premoli et al., 2014). Measures 

of whole cortex responsivity also provide information of the global state of the central 

nervous system, with potential clinical applications for diagnosis and prognosis of 

disorders of consciousness (Casarotto et al., 2016).  

Despite these advances, there is still considerable controversy regarding the 

interpretation of TMS-EEG response signals. Of particular importance, there is 

evidence that the observed EEG responses are not only caused by direct cortical 

activation by TMS, but also contain cortical responses to sensory input (Nikouline et 

al., 1999; Paus et al., 2001). This occurs because triggering the TMS device also 

generates sensory stimuli: the TMS coil activation causes a high pitch “click” sound, 

while the induced electric field aimed at stimulating the cortex also traverses superficial 

tissues, activating cranial nerves and muscles close to the TMS target. These auditory 

and somatosensory stimuli have been consistently found to elicit peripheral evoked 

potentials (PEP) in the TMS-EEG response signal (Ilmoniemi & Kicic, 2010). The 

superposition of these 2 responses, TEP and PEP, pose a considerable challenge for 

TMS-EEG experiments, as failure to take sensory inputs into account can lead to 

misinterpretation of the results. Likewise, given the possibility that different cortical 

states and modulatory interventions can also change the responses to sensory input, 

some of the results observed in TMS-EEG measurements might simply reflect a 

change in PEP, which can severely compromise the relevance of the method (Siebner 

et al., 2019). 

The ideal solution for this issue would be to block all possible sensory inputs from the 

TMS activation. To tackle the auditory input, the use of masking noise through 

headphones or earbuds can be used to blur the perception of the TMS click sound, 

thus not resulting in an event potential (Massimini et al., 2005; Russo et al., 2022). 

There is some evidence that this method is effective in suppressing the auditory PEP 

(Gosseries et al., 2015; Russo et al., 2022; ter Braack et al., 2015), although others 

report that the method could not completely block the sound perception for a 

considerable proportion of subjects (Conde et al., 2019). Moreover, tackling the 

somatosensory input is a considerably more challenging endeavor, and until the 
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present date no successful attempt to block the somatosensory input has been 

described, frustrating the solution of blocking all TMS generated sensory inputs.  

An alternative solution is to apply a control condition, a sham TMS which would 

recreate the same sensory inputs as the real TMS, but without the direct cortical 

activation caused by TMS. In this design, the matching response signals caused by 

sham and real TMS are attributed to PEPs, whereas components only observed in the 

real TMS are then the “true” TEPs, as has been attempted in several experiments 

(Conde et al., 2019; Du et al., 2017; Gordon et al., 2018; Herring et al., 2015; Rocchi 

et al., 2021). Unfortunately, this endeavor has proven to be considerably more 

challenging than first thought, with repeated failures in the sham design. Some studies 

have only used auditory control while neglecting the somatosensory input (Du et al., 

2017; Harquel et al., 2016), others have used somatosensory stimuli outside the head 

and thus not properly matching the sensory input from sham and real TMS (Biabani et 

al., 2019; Herring et al., 2015), and even those that used somatosensory stimuli on the 

same region of TMS application still failed to elicit PEPs that properly matched those 

from real TMS conditions (Conde et al., 2019; Gordon et al., 2018; Rocchi et al., 2021). 

Until this matter is resolved it is not possible to attribute results from TMS-EEG 

measurements to the cortical response to direct activation by TMS or PEPs, or both 

(Conde et al., 2019; Siebner et al., 2019).  

1.4 Aims/Objectives  

The objective of this project is to design and test an optimized sham procedure for 

TMS-EEG experiments that would overcome the limitations of previously proposed 

sham procedures. This optimized sham procedure for TMS-EEG needs to satisfy 2 

conditions: 1) It should reliably recreate the same sensory inputs as the real TMS 

pulse, and 2) it should evoke the same electrophysiological responses to sensory 

inputs from the real TMS. By having precisely matched PEPs, the response signal from 

the sham could then be subtracted from the EEG response to real TMS, thus revealing 

the specific electrophysiological signature to direct cortical activation by TMS, the true 

TEPs. 

The objective of the project is also to apply this method to disentangle modulatory 

effects of an intervention on TEPs from effects on PEPs. For this purpose, the aim is 

to reproduce the findings of a previous TMS-EEG study, specifically a report that 
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investigated the neuromodulatory effects of Diazepam on TMS-EEG responses 

(Premoli et al., 2014), and ascertain to what extent these neuromodulatory effects are 

attributed to changes in TEPs or PEPs.  

Specific Aims: 

1) To design an optimized sham method for TMS-EEG that recreates the same 

sensory inputs and evokes the same electrophysiological responses as real 

TMS. 

2) To apply the optimized sham in a TMS-EEG experiment to identify and remove 

all responses attributed to PEPs, allowing the description of the true TEPs. 

3) To apply the optimized sham in a pharmacological TMS-EEG experiment, 

aiming at isolating the modulatory effects of the drug on PEPs from the effects 

on the responses to direct cortical activation by TMS (TEPs).  
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2. Results 

To attain the objectives of this project, three experiments were conducted and 

described in the following publications. 

2.1 Recording brain responses to TMS of primary motor cortex by EEG –utility 

of an optimized sham procedure (by Pedro C. Gordon, D. Blair Jovellar, YuFei Song, 

Christoph Zrenner, Paolo Belardinelli, Hartwig Roman Siebner and Ulf Ziemann; 

published in Neuroimage. 2021 Dec 15:245:118708. doi: 

10.1016/j.neuroimage.2021.118708.) 
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2.2 Untangling TMS-EEG responses caused by TMS versus sensory input using 

optimized sham control and GABAergic challenge (by Pedro C. Gordon, Yu Fei 

Song, D. Blair Jovellar, Maryam Rostami, Paolo Belardinelli and Ulf Ziemann; 

published in J Physiol. 2023 May;601(10):1981-1998. doi: 10.1113/JP283986.) 
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2.3 No evidence for interaction between TMS-EEG responses and sensory inputs 

(by Pedro C. Gordon, Yu Fei Song, D. Blair Jovellar, Paolo Belardinelli and Ulf 

Ziemann; published in Brain Stimul. 2023 Jan-Feb;16(1):25-27. doi: 

10.1016/j.brs.2022.12.010.) 
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3. Discussion 

3.1 Designing the optimized sham procedure for TMS-EEG 

As stated in the Aims/Objectives, the optimized sham procedure for TMS-EEG needed 

to both reliably recreate the same sensory inputs as the real TMS pulse and evoke the 

same electrophysiological responses to its sensory inputs. We reasoned that the 

optimized sham should contain an auditory and a somatosensory component, with the 

auditory component being generated by a sham coil and the somatosensory 

component by electric stimulation (ES) to the scalp, as applied in several previous 

studies (Biabani et al., 2019; Conde et al., 2019; Gordon et al., 2018; Raffin et al., 

2020; Rocchi et al., 2021). Differently from these previous attempts, however, we 

aimed to test several possible configurations of sensory stimuli that would make the 

sham condition optimal according to our stated criteria and, thus, succeeding where 

others have failed.  

To evaluate whether the sham condition evokes the same sensorial perception as the 

real TMS we applied two measures: a quantitative assessment of perceived stimuli 

from the sham and the real TMS, in the form of a visual analogue scale, and the 

accuracy with which one can distinguish between these two, in the form of a series of 

two-alternative forced choice trials that blindly presented either the sham or real TMS.  

In the pilot phase of the first experiment, we ascertained through sound pressure 

measurements that the incoming sound from both the real and sham TMS were 

reaching the subject’s ears with the same intensity, then calibrating the sham coil 

intensity accordingly. To further blur the auditory inputs from these two sources we 

also added the delivery of masking noise, a standard procedure in TMS-EEG (Russo 

et al., 2022; ter Braack et al., 2015). The pilot measurements suggested that the 

conditions for an optimized sham procedure were easily satisfied with regards to the 

auditory stimulus. However, the same could not be said for the somatosensory input. 

Regardless of the set-up arrangement tested, be it electrode array disposition on the 

scalp, pulse width, ES intensity used, or even with precisely calibrated intensity to try 

to match the real TMS sensation; most subjects could still effortlessly distinguish real 

and sham TMS. This sobering realization clarifies a possible reason why previous 

attempts have failed.  
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Our solution to this problem was to apply high-intensity ES in the sham condition as 

well as in the real TMS condition, forcing the two conditions to be indistinguishable. 

This is based on the psychophysical principle that states that the „noticeable 

difference“ threshold to distinguish between two stimuli of increasing intensity rises in 

a fractional way, not absolute (Gescheider, 1997). For instance, given a condition in 

which the first stimulus with a pressure of 100 kPa can be discriminated from a second 

stimulus when the latter reaches a pressure of 110 kPa (10% higher), then if the first 

stimulus is increased to 1000 kPa the second stimulus will only be discriminated with 

intensities around 1100kPa (fractional difference of 10%), and not 1010 kPa (which 

would be the case for absolute differences). That means that by delivering high-

intensity ES in both conditions, any further small somatosensory inputs would not result 

in a detectable increase in the SEP amplitude, including the somatosensory input from 

real TMS. Moreover, the same principle applies for electrophysiological responses, so 

that the constant increasing of a given stimulus intensity pushes the PEP amplitudes 

closer to a saturation point in which small stimuli differences do not lead to a 

measurable difference in response (Lin et al., 2003; Torquati et al., 2002). These 

properties could yield an optimized sham procedure for TMS-EEG that could satisfy 

our established necessary criteria for optimized sham. 

3.2 Testing the optimized sham procedure for TMS-EEG  

We first attempted to ascertain whether our optimized sham procedure satisfied the 

first criterion, namely that it reliably recreates the same sensory inputs as the real TMS. 

On the quantitative assessment of perceived stimuli, the reported perception showed 

no statistical difference between the sham and real TMS conditions, regardless of the 

sensory modality (2.1 Figure 3A), suggesting a satisfactory match. However, when 

testing the accuracy of distinguishing the 2 conditions, 44% of subjects had an 

accuracy above the level for random answers, with 3 subjects having an accuracy 

above 95%, thus clearly being able to distinguish the two conditions (2.1 Figure 3B).  

A possible explanation for some subjects being able to distinguish the two conditions 

might be that, in their cases, there was a trend towards different perceived sensorial 

stimuli, which might have not been observable in the analysis of the whole population. 

However, by dividing the quantitative assessment of perceived stimuli between 

individuals who were able to distinguish the conditions and those who were not, there 

was no significant difference (2.1 Figure 3E). Interestingly, this is in line with our 
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observations from the pilot measurements, in which no matter how we designed an ES 

condition to be similar to the real TMS, subjects were still able to tell them apart, even 

if they could not clearly formulate what sensorial phenomenon indicated the difference. 

This should not come as a surprise, given that the resulting electric fields from TMS 

and electric stimuli to the scalp have very different conformations and most certainly 

activate peripheral nerves differently, likely resulting in the individual identifying the 

nature of each condition, even if only at a subliminal level.  

In summary, regarding the attempt to fulfill the first criterion, our optimized sham 

procedure was a partial success. While the perceived sensory input between the two 

conditions was highly comparable, almost half the sample could, to some extent, detect 

slight differences between the sham and real TMS, indicating some difference in 

sensory inputs between the real and sham conditions.  

Regarding the second criterion, we reasoned that for our current design of optimized 

sham procedure to elicit the same PEPs as the real TMS, both containing high intensity 

ES, any further increase in sensory stimulus above the set ES intensity (3 times higher 

than the sensory threshold) should not lead to a change in PEP amplitude. We verified 

that increasing the intensity of the somatosensory input indeed reaches a saturation 

around the intensities we applied in the experiment (2.1 Figure 2). This suggests that 

the addition of extra sensory input, as is the case of the real TMS condition, should not 

result in detectable changes in the PEP. This, however, is an indirect test. To confirm 

the second criterion, the PEP from the sham condition should match that from the real 

TMS, so that the true TEP should contain no PEP component that cannot be observed 

also in the response to the sham condition.  

By comparing the sham and the real TMS responses we observed a match in late 

components, specifically the frontocentral negative potential around 100ms after the 

pulse, followed by the positive potential around 200ms, strongly suggesting that these 

are PEPs. Indeed, these EEG responses have been several times described as 

sensory evoked potentials, often referred to as the N100–P200 complex. This complex 

can be elicited by a variety of sensory stimuli and is thought to represent supramodal 

processing of perceptual inputs (Downar et al., 2002; Kenemans, 2015; Mouraux & 

Iannetti, 2009; Singhal et al., 2002). Although some have argued that the frontocentral 

N100 in TMS-EEG might represent a generic cortical response to direct stimulation, 
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given that it is observed in probing different cortical regions (Du et al., 2017), it is far 

more likely that, no matter the cortical target, TMS application will involve multisensory 

stimuli that will inevitably elicit PEPs.  

When subtracting the sham response from the real TMS response, the N100–P200 is 

completely removed, in agreement with the notion that it contains only PEP 

components. The remaining responses are EEG potentials between 30-150ms after 

the pulse and are mostly limited to the region around the stimulated primary motor 

cortex (2.1 Figure 4; 2.2 Figure 4). Early components of the TEPs from motor cortex 

stimulation have been properly described in previous studies, including a positive 

potential around 30ms after the pulse (P30) followed by a negative potential around 

45ms (N45) (Hallett et al., 2017; Hill et al., 2016; Komssi & Kähkönen, 2006). This was 

likely possible due to the absence of overlap with PEP in this early time window. 

Conversely, some discrepancies are found with the later P70 potential and the positive 

potential around 100-150ms on the stimulated cortex, with some uncontrolled or 

incompletely sham-controlled studies not properly identifying them (Ahn & Fröhlich, 

2021; Belardinelli et al., 2021; Bonato et al., 2006; Cash et al., 2017; Darmani et al., 

2019; Gordon et al., 2018; Komssi & Kähkönen, 2006; Premoli et al., 2014). 

In summary, the confirmation of true TEPs around 30-70ms after the pulse agrees with 

previous reports, as this time window is mostly free of PEPs (Ahn & Fröhlich, 2021; 

Conde et al., 2019). However, in later time windows the signal overlapping of the PEPs 

hinders the analysis of TEPs, and sham control procedures that do not fully reproduce 

the sensory input from the real TMS may lead to components of PEPs mistakenly 

interpreted as TEPs.  

The analysis of the oscillatory responses induced by TMS also leads to a similar 

conclusion. TMS to the motor cortex has been described to induce a broadband 

oscillatory response that lasts for up to 300ms and encompasses several cortical 

regions (Biabani et al., 2019; Fecchio et al., 2017; Premoli, Bergmann, et al., 2017; 

Rosanova et al., 2009). However, very similar results are obtained by applying solely 

sensory stimuli (2.1 Figure 5), indicating that these cortical oscillatory changes occur 

in response to incoming sensory information, and largely not to direct cortical activation 

by TMS. The result from subtracting the oscillatory response to sham from the 

response to real TMS reveals as a genuine response to TMS only a short increase in 
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the beta band oscillation, that lasts up to 100ms after the stimulus, precisely around 

the stimulated cortical target (2.1 Figure 5). 

3.3 Applying the optimized sham procedure for TMS-EEG in a pharmacological 

study 

It is now evident that a considerable component of the TMS-EEG response is attributed 

to PEPs. This raises the question to what extent previous studies that revealed 

modulation of TMS-EEG responses, be it by neuromodulatory interventions, drugs or 

different brain states, were describing changes of the true TEPs or of PEPs. Also, 

whether we can apply the optimized sham procedure to reliably separate the effects 

on these two responses. To address these questions, we designed an experiment to 

reproduce the findings of previous pharmacological TMS-EEG studies (Premoli, 

Bergmann, et al., 2017; Premoli et al., 2014) while using the optimized sham 

procedure. 

The initial results from our experiment were similar to the findings by Premoli et al, with 

Diazepam modulating the EEG evoked responses to TMS. However, Diazepam intake 

also modulated EEG evoked responses to the sham condition. Specifically, it 

decreased the N100 amplitude, a result also observed by Premoli et al (2.2 Figure 5 

and 6), demonstrating that an intervention (here Diazepam intake) can indeed 

modulate PEPs in TMS-EEG experiments. Not surprisingly, the same modulatory 

effect of benzodiazepines on EEG evoked responses to sensory stimuli had been 

observed in previous studies (Lindhardt et al., 2001; van Leeuwen et al., 1995). 

Accordingly, after subtracting the EEG response to sham from that of the real TMS the 

N100-P200 complex is thoroughly removed before and after Diazepam intake. What is 

left is the modulation of potentials mostly contained in the stimulated cortical area, 

which included an increase in negativity of the potential around 50ms after the pulse 

(2.2 Figure 5 and 6), which was also described in the previous studies (Premoli, 

Bergmann, et al., 2017; Premoli et al., 2014).  

An analogous issue affects TMS-EEG studies that claimed to have identified 

signatures of focal disturbance to direct cortical activation by TMS in neuropsychiatric 

disorders. This is the case of TMS-EEG studies that have shown an abnormally low 

N100 amplitude in neuropsychiatric disorders such as ADHD, schizophrenia and 

substance abuse (Bruckmann et al., 2012; Loheswaran et al., 2018; Noda et al., 2018). 
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However, these neuropsychiatric conditions have also been associated with 

pathologically low sensory evoked responses’ amplitudes (Cheng et al., 2016; 

Rangaswamy & Porjesz, 2014; Rosburg, 2018). 

In summary, there is a real risk that studies applying TMS-EEG are simply observing 

the effects on PEP. Since TMS-EEG aims at probing the responses of specific cortical 

regions to direct activation by TMS, this exposes a severe limitation of the method. 

Nevertheless, in this process we demonstrated that it is possible to use an optimized 

sham procedure to reliably remove the PEPs from the EEG response signal and reveal 

the true TEPs, and consequently disentangle the modulatory effect of an intervention 

(in this case Diazepam intake) on the true TEPs.  

3.4 Do high intensity somatosensory inputs modulate TEPs?  

In the development of the optimized sham procedure for TMS-EEG we were faced with 

a potential limitation of the method, namely the possibility that the high intensity 

somatosensory stimulus could have a modulatory effect over the motor cortex 

response evoked by TMS. If this were the case, then the delivery of high-intensity 

multisensory inputs in the real TMS sham conditions might warp the true TEP, thus 

further obscuring the real EEG response signature to direct cortical activation by TMS. 

This possibility has gained support by evidence that sensory inputs modulate motor 

cortex excitability measured by MEP amplitudes (Novembre et al., 2019).  

To test this hypothesis, we conducted a third experiment, in which we obtained TEPs 

(EEG response to TMS after subtraction of the EEG response to sham) using the 

optimized sham procedure of high-intensity ES in both sham and real TMS conditions 

(as in 2.1 and 2.2), and compared with the TEP from the same conditions but with ES 

of double the intensity. If the TEPs are modulated by somatosensory input intensity, 

the results from these two measurements should differ. However, we observed that 

the resulting TEPs from these conditions were not significantly different (2.3 Figure 1).  

A limitation of this approach is that in both conditions a higher than usual ES intensity 

was used. It might be that the modulatory effects of somatosensory inputs over motor 

cortex excitability are also subject to a saturating effect. In other words, there might be 

an observable modulatory effect when using high-intensity ES as compared to 

“standard” TMS (without concomitant ES), however, using a “double” high-intensity ES 
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would not recruit further observable modulation. We addressed this issue by creating 

another sham design, in which the ES intensity is carefully calibrated so that the elicited 

PEP has the same amplitudes as the PEP elicited by the real TMS. This guarantees 

that the PEPs from both sham and real TMS are matched, making it possible to obtain 

the true TEPs by subtracting the sham response from the real TMS response, without 

the need of high-intensity ES. As before, we observed that the resulting TEPs from all 

these conditions were not significantly different (2.3 Figure 1), indicating that the 

optimized sham with high-intensity ES does not significantly modulate the true TEPs, 

and is thus valid. 

It should be noted that this approach of PEP-calibrated sham procedure does not 

satisfy the first criterion for an optimized sham, as subjects are clearly able to 

distinguish between the real and the sham conditions. In fact, the lengthy calibration 

procedure offers enough opportunity for the subjects to learn the differences between 

the conditions. However, this introduces the question of whether being able to identify 

the two conditions is relevant in the present setting. It is evident that being able to 

distinguish between two stimuli involves different neurophysiological processes, yet 

these might be too subtle to be identified by TMS-EEG. Ultimately our goal was to 

apply a control condition that elicits PEPs in the EEG that are equal to those elicited 

by the real TMS, so that these could be subtracted and reveal the true TEP. In this 

regard, both optimized sham and PEP-calibrated sham were successful. 

3.5 Conclusion 

Our project describes two methods of controlling TMS-EEG responses for PEPs using 

a sham procedure: an optimized sham and PEP-calibrated sham. The PEP-calibrated 

sham offers a more elegant solution and might be preferred for targets that require 

TMS pulses of high intensity, and thus harder to find a corresponding saturating 

somatosensory stimulus. The drawback, however, is the lengthy and careful calibration 

procedure, which involves repeated measures of stimulus response needed to attain 

an ES intensity that elicits a matching PEP amplitude with respect to the real TMS. 

Still, both procedures were shown to reliably remove the PEPs from the TMS-EEG 

signal and reveal the genuine TEP response to direct cortical activation by TMS. 

The application of these sham procedures conclusively confirmed the superposition of 

PEPs on the TMS-EEG response, which to a concerning degree had been 
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misinterpreted as true TEP components in several previous publications. The use of a 

proper sham is also imperative for TMS-EEG experiments aimed at testing the effects 

of interventions, as these can also modulate PEPs. Therefore, the use of an optimized 

sham control is indispensable for obtaining reliable responses from direct cortical 

activation by TMS, and assuring appropriate interpretation of TMS-EEG results.   
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4. Summary 

The combination of transcranial magnetic stimulation (TMS) and 

electroencephalography (EEG) is increasingly used to investigate changes in cortical 

excitability and responsivity caused by neuropsychiatric disorders, drug intake and 

neuromodulatory interventions. However, TMS-EEG suffers from a considerable 

methodological challenge posed by peripherally evoked potentials (PEPs) in the 

response signal, which are elicited by auditory and somatosensory stimuli from the 

TMS device activation. This represents a considerable limitation, as it is unclear to 

what extent the results observed in TMS-EEG measurements refer to specific 

responses to TMS indicating direct cortical activation or simply unspecific cortical 

responses to sensory input. Attempts to tackle this issue have not been able to reliably 

remove the PEP components from the TMS-EEG response signal, leaving the issue 

unresolved. 

The objective of the present project was to design an optimized sham procedure that 

reliably recreates all sensory inputs generated by the TMS application. Being able to 

elicit matching PEPs will allow the subtraction of the sham condition response from the 

real TMS response, thus revealing the true TMS-evoked potentials (TEPs). A further 

objective was the application of the optimized sham to a pharmacological TMS-EEG 

experiment using Diazepam, which in previous studies has been shown to modulate 

TMS-EEG responses. The aim was to test whether it is possible to use the optimized 

sham procedure to disentangle the modulatory effects on PEPs from the effects on 

TEPs.  

The experiments described in the published articles reveal the successful design of a 

sham procedure for TMS-EEG, which recreates matching electrophysiological 

responses elicited by TMS-related sensory inputs. This was possible with the delivery 

of a high-intensity somatosensory stimulus to both the sham and the real TMS 

conditions. The procedure allowed the subtraction of the PEP components in the sham 

condition from the EEG signal to TMS, thus revealing the specific electrophysiological 

signatures of direct cortical activation by TMS, the true TEPs.  

By applying this sham procedure to a pharmacological TMS-EEG experiment it 

became evident that both TEPs and PEPs are modulated by Diazepam intake. In 
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addition to demonstrating the feasibility and utility of the method, it also constitutes a 

warning that studies that do not apply proper sham procedures to TMS-EEG 

experiments might be simply observing modulation of PEPs. Finally, a possible 

shortcoming of the method was addressed, namely the possibility that the sham 

procedure might alter the true TEP conformation. An additional experiment to test this 

hypothesis could dismiss this possibility, indicating the validity of the optimized sham 

procedure. 

In summary, the present project emphasizes the limitations of TMS-EEG 

measurements when not properly accounting for the non-specific EEG responses to 

sensory inputs, while also presenting reliable solutions by applying proper sham 

control conditions. These findings are relevant for future TMS-EEG experiments that 

aim at measuring regional brain target engagement.   
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5. German summary 

Die Kombination von transkranieller Magnetstimulation (TMS) und 

Elektroenzephalographie (EEG) wird zunehmend eingesetzt, um Veränderungen der 

kortikalen Erregbarkeit und Reaktivität zu untersuchen, die durch neuropsychiatrische 

Erkrankungen, Medikamenteneinnahme und neuromodulatorische Interventionen 

hervorgerufen werden. TMS-EEG hat jedoch eine wichtige methodologische 

Einschränkung, nämlich die Entstehung von peripher evozierten Potentialen (PEPs) 

im Antwortsignal, die durch auditive und somatosensorische Stimuli von der 

Aktivierung des TMS-Gerätes hervorgerufen werden. Dies ist eine erhebliche 

Herausforderung, da es unklar ist, ob die Ergebnisse einer TMS-EEG-Messung eine 

direkte kortikale TMS-Aktivierung oder eine unspezifische kortikale Reaktion auf 

sensorische Inputs darstellt. Bis dato konnten Studien PEP-Komponenten nicht 

zuverlässig aus dem TMS-EEG-Antwortsignal bereinigen, so dass dieses Problem 

ungelöst blieb.  

Das Ziel dieses Projektes war die Entwicklung eines optimierten Sham-Verfahrens, 

das alle sensorischen Inputs, die durch die TMS-Anwendung erzeugt werden, 

zuverlässig reproduziert. Die Möglichkeit, gleichartige PEPs auszulösen, erlaubt es, 

die EEG-Antwort des Sham-Verfahrens von der EEG-Antwort des TMS zu 

subtrahieren und so die echten TMS-evozierten Potentialen (TEPs) aufzudecken. Ein 

weiteres Ziel dieser Studie ist die Anwendung dieses entwickelten Sham-Verfahrens 

auf ein pharmakologisches TMS-EEG-Experiment mit Diazepam, von dem in früheren 

Studien eine Modulation der TMS-EEG-Antwort gezeigt werden konnte. Hiermit 

untersuchten wir, ob es möglich ist, mit Hilfe des optimierten Sham-Verfahrens die 

modulierenden Effekte von Diazepam auf PEPs von den Effekten auf TEPs zu trennen.  

Die publizierten Artikel beschreiben die erfolgreiche Entwicklung eines TMS-EEG 

Sham-Verfahrens, welches die elektrophysiologischen EEG-Antworten auf TMS-

bezogene sensorische Inputs präzise reproduziert. Dies wurde erreicht, indem 

hochintensive somatosensorische Stimuli sowohl in der Sham-Bedingung als auch in 

der realen TMS-Bedingung appliziert wurden. Das Verfahren erlaubte die Subtraktion 

der PEP-Komponenten in der Sham-Bedingung vom EEG-Signal in der realen TMS-

Bedingung und zeigte die spezifischen elektrophysiologischen Signaturen der direkten 

kortikalen Aktivierung durch TMS (TEPs). 
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Die Anwendung dieser Sham-Verfahren auf ein pharmakologisches TMS-EEG-

Experiment zeigte, dass sowohl TEPs als auch PEPs durch die Einnahme von 

Diazepam moduliert werden können. Dies demonstriert die Anwendbarkeit und den 

Nutzen der Methode. Gleichzeitig sind die Ergebnisse eine Warnung für andere 

Studien, die keine geeigneten Sham-Verfahren bei TMS-EEG-Experimenten 

einsetzen und daher möglicherweise lediglich eine Modulation durch PEPs 

beobachten. Schließlich wurde in der letzten Studie eine mögliche Einschränkung der 

Methode untersucht, nämlich die Möglichkeit, dass die Sham-Verfahren selbst die 

TEPs modulieren könnten. Das Experiment zur Überprüfung dieser Hypothese konnte 

dies nicht bestätigen, was die Validität der optimierten Sham-Verfahren unterstreicht.  

Zusammenfassend unterstreichen die vorliegenden Experimente die Einschränkung 

von TMS-EEG-Messungen, wenn für kortikale EEG-Antworten auf sensorische Inputs 

nicht geeignet kontrolliert wird. Die Experimente zeigen auch eine zuverlässige Lösung 

durch die Anwendung eines optimierten Sham-Verfahrens. Diese Ergebnisse sind 

hoch-relevant für zukünftige TMS-EEG-Experimente, die darauf abzielen, die 

regionale neuronale Erregbarkeit des Gehirns zu untersuchen. 
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