
 

 

 





 

Propositions 

 

Accompanying the thesis 

 

TMS-EEG: first steps towards  

a clinical application in epilepsy 

 
 

1) A parameter that is robust only when using a very strict measuring protocol, 

cannot be used in clinical practice 

 

2) Complete understanding of the TEP is not necessary for clinical utility 

 

3) A silent TMS coil is required for optimal N100/P180 evaluation 

 

4) Defining TMS as a non-invasive technique is inexplicable  

 

5) The search for significant differences has nothing to do with clinically 

relevant findings 

 

6) Progress would be faster if scientists would share more with each other 

 

7) Technology develops faster than our ability to adequately use it 

 

8) There is an important task for the Technical Physician in the medical device 

industry 

 

9) Life is what happens to us, while we are making other plans (Allen 

Saunders) 
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Stellingen 

 

Behorende bij het proefschrift 

 

TMS-EEG: first steps towards  

a clinical application in epilepsy 

 
 

1) Een meetrespons die alleen robuust is met een zeer sterk gecontroleerd 

meetprotocol, is niet bruikbaar in de klinische praktijk 

 

2) Volledig begrip van de TEP is niet vereist voor klinisch gebruik 

 

3) Een stille TMS spoel is nodig voor optimale N100/P180 evaluatie 

 

4) TMS definiëren als een niet-invasieve techniek is niet uit te leggen 

 

5) De zoektocht naar significante verschillen heeft niets te maken met klinisch 

relevante resultaten 

 

6) De vooruitgang zou sneller gaan als wetenschappers meer met elkaar zouden 

delen 

 

7) Technologie ontwikkelt zich sneller dan ons vermogen om deze adequaat te 

gebruiken 

 

8) Er ligt een belangrijke taak voor de Technisch Geneeskundige in de 

medische technologie industrie  

 

9) Het leven is wat ons overkomt, terwijl we andere plannen maken (Allen 

Saunders) 
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Epilepsy 

The human brain consists of billions of neurons, which form dedicated neuronal 

networks. Normal physiological brain function depends partly on a balance between 

excitation and inhibition of these different neuronal networks, where the timing and 

level of activation is critical. This complex process is realized through various types 

of neurons, synapses and neurotransmitters, all having specific excitatory or 

inhibitory properties. The balance between excitation and inhibition is delicate, and 

when it is disturbed abnormal brain functioning may arise.  

 

Epilepsy, resulting from such an imbalance in excitation and inhibition (McCormick 

and Contreras 2001), is characterized by the occurrence of seizures during which 

there is a pathologically increased synchronization between neuronal networks. 

Seizures can be categorized as focal, secondary generalized or primary generalized. 

Within the overall classification of focal or generalized epilepsy, different subtypes 

of epilepsy can be distinguished. The prevalence of epilepsy is estimated at 5.8 per 

1000 persons in developed countries, 10.3 per 1000 persons for urban and 15.8 per 

1000 persons for rural areas in developing countries (Ngugi et al. 2010). 

Approximately 10% of the population experiences one or more seizures during their 

lifetime when single unprovoked seizures, acute symptomatic seizures (after trauma, 

stroke, infection etc.), febrile seizures and epilepsy are all included (Annegers et al. 

1995). As seizures are disturbing events, typically associated with mental and 

physical discomfort, preventing seizures is one of the key priorities in epilepsy 

management. It has recently been shown that vasoconstriction and hypoxia occur 

after a seizure, which can lead to postictal sensory, cognitive and motor impairments 

(Farrell et al. 2016). Further, frequent or prolonged seizures in the developing and 

maturing brain can result in long-lasting detrimental effects, including 

epileptogenesis (Ben-Ari and Holmes 2006). In addition, although a single seizure 

may not have damaging effects on the brain, there is evidence that recurring seizures 

result in a decline in cognitive function (Hermann et al. 2006). 

 

A patient is diagnosed with epilepsy when 1) there have been two unprovoked 

seizures with an interval of > 24 hours; or when 2) there has been one seizure but 

there is an increased risk of more seizures; or when 3) the patient's history already 

indicates a specific epilepsy syndrome (Fisher et al. 2014). An increased risk of more 

seizures exists if an interictal electroencephalogram (EEG) shows epileptiform 

discharges, or if structural brain abnormalities are seen on a magnetic resonance 
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imaging (MRI) scan. In patients with a clear history of two or more seizures, or EEG 

or MRI abnormalities, criterion 1, 2 or 3 applies, and in most of these patients 

treatment to prevent further seizures is started.  

 

In the majority of newly diagnosed epilepsy patients an anti-epileptic drug (AED) of 

first choice is prescribed. The patient ideally becomes seizure-free on monotherapy, 

but when a single AED is not effective, a combination of two or more AEDs can be 

used. Approximately 20-30% of epilepsy patients do not become seizure free on 

AEDs and suffer from pharmacoresistant or refractory epilepsy (Kwan and Sander 

2004; Picot et al. 2008). They may spend many months or years trying different 

(combinations of) AEDs with their accompanying side effects. Other treatment 

options are then typically explored, such as a ketogenic diet, epilepsy surgery or 

vagus nerve stimulation. It is important to identify pharmacoresistance as early as 

possible to prevent a decline in cognitive and developmental function (Berg 2009). 

In all patients, evaluation of AED success is based on the absence or recurrence of 

the seizures, so during this trial and error based process additional seizures may 

occur. It can take up to several months to either achieve an effective dosage and/or 

combination of AEDs, meaning that the patient becomes seizure free; or conclude 

that the patient suffers from refractory epilepsy. Hence, a major challenge is to 

shorten the time needed to evaluate the success of AEDs on a single subject level.  

 

In patients with only one seizure, and a normal EEG and MRI, uncertainty remains. 

A seizure is a traumatic experience, and an epilepsy diagnosis has potential serious 

consequences, such as the loss of a driving licence or the need for career changes. 

Currently there is only one option in these patients: wait if a second seizure occurs. 

The estimated probability of seizure recurrence in patients with a normal EEG is 

27.4% (Krumholz et al. 2007). This means that more than a quarter of these patients 

do have epilepsy, but the definite diagnosis is made only at a later stage. Therefore, 

another major challenge is to improve the diagnostic process in patients who present 

with a single seizure and a normal EEG and MRI scan.  

 

When we consider these two major challenges, namely improving diagnostics and 

shortening therapy evaluation, there is a need for a new investigational tool for both 

first seizure patients and newly diagnosed epilepsy patients who start taking AEDs. 

These challenges are part of the research priorities defined by the US National 
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Institute of Neurological Disorders and Stroke in 20141. When we do not want to use 

seizure recurrence as guidance, we need to assess whether there (still) is an increased 

risk of seizures in first seizure patients or patients taking AEDs. The EEG seems to 

be a good candidate: more and longer EEG recordings may reveal more interictal 

events which can give more insight in the disease status (Geut et al. 2017). Another 

option is to assess the (dis)balance between excitation and inhibition, using a 

technique of which its potential use in epilepsy has only recently been recognized: 

Transcranial Magnetic Stimulation (TMS).  

 

 

 

Transcranial magnetic stimulation (TMS) 
TMS is based on the fundamental principles of electromagnetic induction. The TMS 

coil is placed directly on the head of the subject, and the pulse of electric current in 

the coil produces a magnetic field which is oriented perpendicular to the coil. This 

time-varying magnetic field induces electrical currents in the cortex which, if large 

enough, depolarize neurons and initiate action potentials (Barker et al. 1985; Hallett 

2000; Rothwell 1997). As the magnetic field attenuates rapidly with increasing 

distance from the coil, stimulation is focal and limited to the superficial cortical 

layers. TMS is a technique with several possible readouts to measure excitability 

(Figure 1.1), where we define excitability as the strength of the response of cortical 

neurons to an external stimulus.  

 

Stimulation can be applied using single pulses (spTMS), two paired pulses with a 

variable interstimulus interval (ppTMS) or trains of pulses at a specific frequency 

(repetitive TMS: rTMS). Single and paired pulse TMS are used to assess (changes 

in) excitability, while with rTMS changes in excitability can be induced. Although 

in theory any superficial cortical brain area can be stimulated by TMS, the most 

commonly used stimulation site is the primary motor cortex, due to its characteristic 

signature output: the motor evoked potential (MEP).  

 

 

 

 

                                                           

1
https://www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/2014-NINDS-

Benchmarks-Epilepsy-Research  
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Figure 1.1. Outcome measures for TMS-EMG and TMS-EEG 

Upper panels correspond to the single pulse TMS paradigm and the lower panel to the paired pulse TMS 

paradigm. Red straight lines = TMS pulse, red dashed lines = conditioning TMS pulse. MEP = motor evoked 

potential, CSP = cortical silent period, TEP = TMS evoked potential, SICI = short intracortical inhibition, 

ICF = intracortical facilitation, LICI = long intracortical inhibition and ISI = interstimulus interval.  
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TMS combined with EMG 

For spTMS traditional measures are the resting motor threshold, the MEP amplitude, 

and the cortical silent period (CSP). The resting motor threshold (RMT or MT) is 

defined as the minimum TMS intensity needed to elicit at least five out of ten MEPs 

of at least 50 µV in a relaxed target muscle (Rossini et al. 1994). The MEP amplitude 

is the peak-to-peak amplitude of the response measured in the target muscle after a 

TMS pulse. When the target muscle is (slightly) activated, a TMS pulse results in an 

interruption of this voluntary muscle activity, and the duration of the interruption is 

called the CSP.  

 

With the ppTMS paradigm there are three measures available, based on three 

different interstimulus intervals (ISI). The first TMS pulse is a conditioning pulse 

and the MEP after the second TMS pulse is the conditioned MEP. With an ISI of 1-

5 ms short intracortical inhibition (SICI) occurs, which means that the amplitude of 

the conditioned MEP is smaller than the amplitude of the unconditioned MEP. SICI 

is thought to be related to GABA-A mediated inhibition (Hanajima et al. 1998; 

Kujirai et al. 1993). With an ISI of 6-30 ms the conditioned MEP is larger in 

amplitude than the unconditioned MEP; this is known as intracortical facilitation 

(ICF). Facilitation is the net result of N-methyl-D-aspartate (NMDA) mediated 

facilitation and GABA-A mediated inhibition (Hanajima et al. 1998; Inghilleri et al. 

1996; Schwenkreis et al. 1999; Ziemann et al. 1998). Finally, with an ISI of 50-400 

ms, long intracortical inhibition (LICI) is measured, with the conditioned MEP again 

smaller in amplitude than the unconditioned MEP. LICI is related to GABA-B 

mediated inhibition (McDonnell et al. 2006; Pierantozzi et al. 2004; Werhahn et al. 

1999). SICI, ICF and LICI are calculated as a ratio between the amplitudes of the 

conditioned MEP and an unconditioned MEP, and this ratio can be compared within 

a subject or between subjects.  
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TMS combined with EEG 

The effect of a TMS pulse applied to the cortex can also be assessed by measuring 

the neuronal response in the stimulated brain using EEG (Ilmoniemi and Kičić 2010; 

Ilmoniemi et al. 1997). TMS-EEG offers a more direct measure of cortical 

excitability than measures based on TMS-EMG, as it is not influenced by the 

excitability of corticospinal and spinal neurons. Another advantage of TMS-EEG is 

that is also possible to stimulate and measure responses in other brain areas than the 

primary motor cortex. The average EEG response obtained after averaging over 

multiple single TMS pulses is called the TMS evoked potential (TEP). The largest 

TEP amplitudes are measured directly under the TMS coil and diminish with 

increasing distance from the stimulated brain area (Ilmoniemi and Kičić 2010; 

Komssi et al. 2002). The TEP has distinct characteristics (see Figure 1). Negative 

components at 15, 45, and 100 ms and positive components at 30, 60, and 180 ms 

have been reported in several studies (Casarotto et al. 2010; Ilmoniemi and Kičić 

2010; Komssi et al. 2004), with some authors describing even earlier components at 

7-10 ms and 13-14 ms (Bonato et al. 2006; Ferreri et al. 2011). Using a protocol with 

specific GABA-ergic drugs in healthy subjects, it has been shown that the N45 is 

related to GABA-A receptor mediated inhibition, whereas the N100 is linked to 

GABA-B receptor mediated inhibition (Premoli et al. 2014). 

 

TMS-EEG is technically challenging, because the intensity of the TMS pulse is very 

high (1-2 tesla) and stimulation is, although targeted at a pre-defined cortical area, 

not very specific. First of all, dedicated measuring equipment is necessary 

(Ilmoniemi and Kičić 2010). To avoid saturation of the amplifier a sample-and-hold 

amplifier or a DC amplifier should be used. In addition, the EEG electrodes need to 

be TMS compatible, since standard electrodes can heat up with the TMS pulse. After 

collecting the TMS-EEG signals, various artefacts can hamper the interpretation of 

the response. The TMS pulse itself induces a large artefact, with amplitudes in the 

order of mV and duration of < 5 ms. The TMS pulse can also induce scalp muscle 

activity, leading to a second large bipolar artefact which decays slowly and can last 

up to 40-50 ms. A third artefact is the auditory evoked potential (AEP), as each TMS 

pulse is accompanied by a clicking sound. The AEP consists of components which 

overly the TEP, with amplitudes that increase with higher TMS stimulation 

intensities.  
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TMS in epilepsy 
Several studies have been published investigating the difference in excitability 

between epilepsy patients and healthy subjects. It is important to point out that AEDs 

most likely influence excitability (Ziemann et al. 2015). A systematic overview of 

all TMS-EMG studies in drug naive epilepsy patients can be found in a recent review 

(de Goede et al. 2016). Indeed, differences in excitability measures were found in 

epilepsy patients after starting AEDs. When we look at drug naive epilepsy patients, 

spTMS suggests increased cortical excitability along with enhanced inhibitory 

mechanisms for generalized epilepsy, as reflected by a trend towards a decreased 

RMT and a prolonged CSP. However, inconclusive findings for RMT, MEP 

amplitude and CSP indicate the limited applicability of single pulse TMS outcomes 

in focal epilepsy patients. ppTMS (SICI and LICI) shows the most consistent 

findings of increased excitability for both focal and generalized epilepsy. Therefore, 

when the MEP is used as TMS readout, ppTMS seems to be more sensitive to detect 

changes in cortical excitability than spTMS. Although the findings of ppTMS studies 

are the most consistent and promising, it should be noted that the majority of positive 

studies were from a single research group. Even though they have confirmed their 

own findings multiple times for different types of epilepsy, these results have not 

been reproduced by other authors (Bauer et al. 2018).  

 

For TMS-EEG, no studies in drug naive epilepsy patients have been published yet, 

but there are a few reports on epilepsy patients using AEDs. Differences in the TEP 

were found between healthy subjects and patients with Unverricht-Lundborg type 

progressive myoclonus epilepsy (EPM1) and juvenile myoclonic epilepsy (JME) 

(Del Felice et al. 2011; Julkunen et al. 2013). Although both studies show differences 

in the N100 component between patients and controls, the N100 was decreased in 

EPM1 patients and increased in JME patients. A recent study failed to find 

significant differences in the TEP between genetic generalized epilepsy patients and 

healthy controls (Kimiskidis et al. 2017). When stimulating other sites than the motor 

cortex, focal epilepsy patients showed an increase in late activity (300 to 1000 ms 

after TMS) (Shafi et al. 2015; Valentin et al. 2008). These promising results warrant 

further investigations of TMS-EEG in epilepsy patients.  
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Goals 
TMS is used extensively in neuroscience, but clinical applications are limited. This 

thesis explores if it is feasible to use TMS-EEG for the diagnostic process and 

evaluation of treatment response in epilepsy patients. We focus on analysis of TEP 

responses after stimulating the motor cortex with spTMS using a robot-navigated 

TMS-EEG set-up.  

 

The first goal is to investigate two methods to reduce artifacts from the TEP. As 

discussed before, there are at least three recognizable artifacts: the TMS pulse 

artifact, the long-lasting decay muscle artifact, and the auditory evoked potential. 

The latter two artifacts are overlying the TEP components, which makes analysis 

without artifact rejection difficult or even impossible.  

 

The second goal is to study the influence of the time of day on the TEP. For TMS-

EEG to be of use in a clinical setting, the variation due to changes in measurement 

parameters should be small in comparison to the difference in response between 

healthy subjects and epilepsy patients. In addition, if a very strict measurement 

protocol is needed, TMS-EEG may be too difficult to implement in daily practice.  

 

The third and last goal of this thesis is to investigate the differences in the TEP 

between healthy subjects and epilepsy patients. After the promising results from 

ppTMS we explored whether also spTMS-EEG, as an even more direct measurement 

of excitability, has potential clinical use in epilepsy diagnostics.  

 

 

Outline of this thesis 
In chapter 2 we present a method to reduce TMS-induced magnetic and muscle 

artifacts in the EEG, using principal component analysis (PCA). We apply PCA on 

data measured in healthy subjects after stimulating the left and right motor cortex 

and evaluate the effects of removing principal components on the amplitude of the 

artifact and TEP. In chapter 3 we investigate different ways to minimize the auditory 

artifact in the response. In chapter 4 we explore the daytime variation in the TEP. 

We performed five TMS-EEG sessions between 8AM and 6PM in a group of healthy 

subjects. Finally, chapter 5 deals with a first step towards clinical application of 

TMS-EEG. We compare the TEP of epilepsy patients with healthy controls.  
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Abstract 
Co-registration of TMS and EEG is a new, promising method for assessing cortical 

excitability and connectivity. Using this technique, a TMS evoked potential (TEP) 

can be induced and registered with the EEG. However, the TEP contains an early, 

short lasting artifact due to the magnetic pulse, and a second artifact, which depends 

on the location of stimulation and can last up to 40 milliseconds. Different causes 

for this second artifact have been suggested in literature. In this study, we used 

principal component analysis (PCA) to suppress both the first and second artifact in 

TMS-EEG data.  

Single pulse TMS was applied at the motor and visual cortex in 18 healthy subjects. 

PCA using singular value decomposition was applied on single trials to suppress the 

artifactual components. A large artifact suppression was realized after the removal 

of the first 5 PCA components, thereby revealing early TEP peaks, with only a small 

suppression of later TEP components. The spatial distribution of the second artifact 

suggests that it is caused by electrode movement due to activation of the temporal 

musculature.  

In conclusion, we showed that PCA can be used to reduce TMS-induced artifacts in 

EEG, thereby revealing components of the TMS evoked potential.  
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Introduction  
Co-registration of TMS (Barker et al. 1985) and EEG is a relatively new and 

promising method for assessing cortical excitability and connectivity. TMS-EEG 

provides researchers with the opportunity to stimulate the brain and directly measure 

the response of the stimulated area, without the need of detecting a peripheral 

response. When TMS is applied while recording EEG, a characteristic waveform – 

the TMS evoked potential (TEP) – is induced in the EEG. The methodology of 

measuring and analyzing the TEP is similar to other event-related potential 

measurements, such as the visual or auditory evoked potential. Assuming that the 

stimulus always induces a specific response in the EEG, and considering all other 

brain activity as uncorrelated, the response can be extracted by averaging over 

several stimuli.  

 

The TEP shows characteristic components at different latencies, and is most well-

defined on electrode position Cz. Negative components at 15, 45 and 100 ms and 

positive components at 30, 60 and 180 ms have been reported in several studies 

(Bonato et al. 2006; Casarotto et al. 2010; Esser et al. 2006; Ferreri et al. 2011; 

Ilmoniemi and Kičić 2010; Komssi et al. 2004; Levit-Binnun et al. 2010; Paus et al. 

2001). Some authors describe even earlier peaks: a negative component at 7-10 ms 

and a positive component at 13-14 ms (Bonato et al. 2006; Ferreri et al. 2011).   

 

To perform TMS-EEG measurements, special equipment is required, in particular to 

avoid saturation of the amplifier due to the strong electromagnetic pulse (Ilmoniemi 

and Kičić 2010). The two most common used techniques are using a sample-and-

hold circuit that short-circuits the amplifier input to ground for about 5 ms during 

the TMS pulse (Virtanen et al. 1999), or using an amplifier in which the sensitivity 

and operational range can be adapted (Bonato et al. 2006; Veniero et al. 2009), also 

referred to as a slew rate amplifier (Ives et al. 2006; Thut et al. 2005). Adapting these 

properties ensures that the amplifier does not saturate due to the TMS pulse. In the 

present study, we use a third technique: a DC amplifier, which has no capacitive 

elements and therefore does not saturate after a TMS pulse. The TMS pulse artifact 

measured by this amplifier is in the order of millivolts and lasts only approximately 

5 ms. Because of the short duration of this artifact, the early part of the TEP can be 

analyzed, as there is no interference with these early responses. In various cases, 

however, a second large amplitude artifact which slowly recovers is observed as 

well. This second artifact, starting from the time of the TMS pulse with a large 
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positive peak at 5 ms, a large negative peak at 10 ms and lasting up to tens of 

milliseconds (Mutanen et al. 2013), may obscure the early components of the TEP. 

As these early components reflect the excitability of the stimulated area, they have 

potential value as biomarkers for changes in cortical excitability, as may be present 

in epilepsy or stroke. Therefore, successful prevention of occurrence or removal of 

this second artifact is desirable.  

 

Different causes for this second artifact have been suggested in literature. Because 

of its spatial distribution over the scalp and as the artifact occurs more frequently 

when temporal regions of the head are stimulated, a possible origin is the activation 

of the cranial muscles (Korhonen et al. 2011; Mäki and Ilmoniemi 2010; Mutanen et 

al. 2013). Alternatively, the artifact may be caused by the capacitive properties of 

the electrode-gel-skin circuits (Julkunen et al. 2008). A third possibility is the direct 

induction of currents in the electrode wires (Bender et al. 2005). Although 

precautions can be used to limit these contributions to the TEP artifacts, ranging from 

reducing the stimulus intensity and changing the tilt and rotation of the coil (Mutanen 

et al. 2013), using of needle electrodes (Julkunen et al. 2008) or rearranging electrode 

wires (Bender et al. 2005), in various experimental conditions significant artifacts 

remain present. Although the origin is not completely clear, it is agreed that the 

artifact and EEG signal come from independent sources, making independent or 

principal component analysis (ICA or PCA) ideal techniques to suppress this artifact.  

 

A few papers have proposed signal processing techniques to remove the artifact from 

TMS-EEG recordings, such as Kalman filters (Balduzzo et al. 2003) or ICA (Hamidi 

et al. 2010; Iwahashi et al. 2008; Korhonen et al. 2011). However, these methods 

were aimed only at the first TMS artifact (Balduzzo et al. 2003; Hamidi et al. 2010), 

or did not discuss a possible effect on the physiological waveforms of the TEP when 

artifactual components were removed (Iwahashi et al. 2008). Only one study showed 

that PCA can be used successfully to remove the second artifact (Mäki and 

Ilmoniemi 2010). However, it was combined with a topographic projection method 

and applied to a limited number of subjects (n=3) (Mäki and Ilmoniemi 2010). In 

addition, the TEP that was obtained after artifact removal was very low in amplitude, 

because also parts of the TEP (with the same topography as the second artifact) were 

removed by PCA, although the amount of suppression was exactly known. 
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We present a method to reduce both the first and second artifact in TMS-EEG data 

using only PCA, evaluated in a larger number of subjects. In our approach, no 

assumptions are made about the topographical distribution of the artifact. Ideally, the 

artifact removal technique should only reduce the TMS artifact, thereby revealing 

early components of the TEP, without a significant effect on the later components of 

the TEP. Therefore, we also evaluated if PCA attenuated later parts of the response, 

which were not corrupted by artifacts.   

 

Materials and methods 
Subjects 

Eighteen healthy subjects (11 males, mean age 28 years, all right-handed) 

participated in this study after giving written informed consent. The experimental 

protocol was approved by the local ethical committee (Medisch Spectrum Twente) 

and was in accordance with the declaration of Helsinki.  

 

Stimulation 

Single biphasic TMS pulses, with pulse duration of 400 µs and inter-pulse interval 

of 4 seconds, were delivered manually using a 70 mm figure-of-eight air film coil 

and a Magstim Rapid2 stimulator. The coil was placed tangentially with the handle 

pointing backwards and laterally at an angle 45° away from the midline over four 

targets: the hot-spot of the abductor digiti minimi muscle (ADM) in the right and left 

motor cortex; and Brodmann area 19 in the right and left hemisphere. The maximum 

stimulator output was 1.5 tesla; stimulation intensity for the targets in the left 

hemisphere was set at 110% of the resting motor threshold (RMT) of the left ADM 

hot spot and at 110% RMT of the right ADM hot spot for the targets in the right 

hemisphere. The motor threshold was defined as the lowest stimulus intensity that 

produced at least five MEPs of at least 50 µV out of ten consecutive stimuli (Rossini 

et al. 1994). There were 5 sessions for every subject; in each session we applied 75 

pulses at all four targets.   

 
TMS targeting 

Positioning of the coil was achieved using a robot-navigated system (Advanced 

Neuro Technology, Enschede, Netherlands). A headband carrying four passive 

reflective markers was fixed to the head of the subject and tracked by a Polaris 

infrared camera system (Northern Digital Inc., Waterloo, Ontario, Canada). The 

robot and the tracking system were registered to a common coordinate system using 
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a calibration procedure. The robot-guided TMS coil was added to the coordinate 

system by registration of three reference positions on the coil using a tracking 

pointer. In all subjects, a 1.5 tesla MRI scan of the head was available. The MRI scan 

was used to create a subject-specific head model; this model was then registered to 

the subject’s head and the coordinate system by collecting three landmarks and ~ 

300 additional points on the scalp with a tracking pointer.  

 

EEG and EMG recording during TMS 

The EEG was recorded continuously during TMS using a DC amplifier and a TMS-

compatible 64-electrode cap (ANT, Enschede, Netherlands). Impedances were kept 

below 5 kOhm. The ground electrode was placed between electrode positions Fz and 

Fpz. We used a common average reference for the recordings. To determine the 

RMT, we recorded the EMG using an additional amplifier (TMSi, Oldenzaal, 

Netherlands) connected to the EEG amplifier, ensuring synchronized measurements. 

Surface electrodes were placed in a belly-tendon montage over the ADM muscle. 

The ground electrode was placed on the dorsal side of the wrist. EEG and EMG data 

were low-pass filtered with an anti-aliasing filter with a cut-off frequency of 550 Hz 

and sampled at 2048 Hz.  

 

EEG analysis  

We assumed that no differences in artifact were present when recording during 

different sessions, therefore all 375 applied pulses per target per subject were used 

for analysis. The recorded EEG data were divided in trials of 4 seconds (2 seconds 

before and after a TMS pulse). We used the common average reference for analyzing 

the data. Trials with eye blinks were automatically detected and these were rejected 

for further analysis. Principal Component Analysis using Singular Value 

Decomposition was used to decompose the data into different components. 

 
PCA 

Principal Component Analysis (Bestmann 2008) is a well-established multivariate 

data technique which finds the direction in the data with most variation. It is expected 

that the direction with most variation contains the TMS induced artifacts, because of 

the large amplitude difference between artifact and EEG signals.  
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Initially, we subtracted the mean from dataset X, which contains the EEG data, the 

rows being the number of electrodes, and the columns being the number of data 

points. The covariance matrix C was then calculated, given by 

T

n
XXC

1
= ,    (1)    

in which T means transposed. From the covariance matrix C the eigenvectors and 

eigenvalues are calculated and sorted according to their eigenvalue. Singular Value 

Decomposition is now used to decompose dataset X in matrices U, S and V: 

TUSVX = .    (2)    

Orthogonal matrix U captures the eigenvectors calculated in the previous step in each 

column; S contains the singular values (square root of eigenvalues of XXT) and 

orthogonal matrix V contains the eigenvectors of XTX.  

Matrix S is ordered from high to low values. The highest value describes the 

component captured in the eigenvector with the highest variation. We performed 

PCA using 40 calculated components on each individual trial. Using the eigenvector 

matrix U and singular values in S, the number of components to be removed can be 

selected.  

The data can then be reconstructed with only the remaining principal components (

U
~

), which are ideally the components that do not describe the artifact: 

originalcorrected XUUX *
~

*
~ 1−

= .  (3)    

For all subjects, the first 20 principal components were removed, one component at 

a time. After removing each consecutive component, the TEP was obtained by 

averaging over trials.  

 

Evaluation of artifact removal 

For evaluation of the effect of the removal of the PCA components on the amplitude 

of the artifact and TEP, we visually detected the artifact and TEP components for 

every consecutive PCA component that was removed. We chose two electrodes to 

evaluate the artifact removal, one directly at the site of TMS (which was C3 for left 

motor cortex stimulation and C4 for right motor cortex stimulation) and one in an 

area where the TEP is the most well-defined (Cz). The first large - positive or 

negative - peak between 0 ms and 5 ms after TMS administration represents the first 

artifact. The large positive peak between 5 ms and 10 ms was used as a quantitative 

measure for the second artifact. Changes in the absolute values of both artifacts for 

the electrode of stimulation, C3 or C4, using the unfiltered signal, were used as 
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performance measures. In addition, we also analyzed the first artifact at electrode 

Cz. We then applied a low-pass Butterworth filter with a cut-off frequency of 150 

Hz and visually analyzed the TEP at electrode Cz. The P30, N45, P60 and N100 

components of the TEP were visually assessed, both for left and right motor cortex 

stimulation. We subsequently calculated the peak-to-peak amplitudes P30-N45 

(referred to as P30), P60-N45 (referred to as P60) and P60-N100 (referred to as 

N100). All initial amplitudes (artifact and TEP components) were normalized to 1. 

The amplitude changes were subsequently evaluated as a function of the number of 

removed principal components. 

  

Results 
A first, large artifact, with a duration of approximately 5 ms, was seen when 

stimulating the motor cortex and Brodmann area 19. In 16 out of 18 subjects, an 

additional artifact was visible after stimulation of the motor cortex, which was not 

present when Brodmann area 19 was stimulated. This second artifact was located 

temporal from the stimulated target. The topography and average power of the first 

and second artifact are illustrated in figure 2.1, showing a grand average of these 16 

subjects.  

 

  
Figure 2.1. Topoplots of signal power for the first (left) and second (right) artifact, after stimulation at the right 

motor cortex. Note the large difference in amplitude between the first and second artifact. When Brodmann area 

19 was stimulated, no second artifact was observed. Grand average of 16 subjects. X denotes the stimulus 

position. 
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In figure 2.2, responses in channels C4 and Cz from two subjects are shown before 

and after PCA correction. In one of these subjects a large second artifact was seen: 

the first artifact ends at approximately 5 ms; the second artifact shows a positive 

peak at 8 ms and a negative peak at 10 ms, after which it slowly recovers. Since the 

TMS coil was positioned just above electrode C4, this is one of the channels that 

shows the largest second artifact. The TEP, however, is most well-defined at 

electrode Cz. TEP components at 30, 45, 60 and 100 ms are visible at this electrode 

in the uncorrected response. For the two subjects without a second artifact, earlier 

components at Cz can be identified in the uncorrected signal, but for subjects with a 

large second artifact, these only become visible after removing 3-4 principal 

components. These early peaks are similar in latency for all subjects (N10 – P15 – 

N20 for Cz) and correspond to early TEP components reported in literature (Bonato 

et al. 2006; Ferreri et al. 2011). At electrode C4, different early TEP components 

become visible as well (N10 – P15 – N18). After removal of five principal 

components, the amplitude of both first and second artifact is greatly reduced, 

although there is some residual left. After rejection of more PCA components, the 

TEP components at 30, 45 and 60 ms also reduce in amplitude. Latencies of these 

peaks do not change after PCA correction.  
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Figure 2.2. The PCA performance is shown for the unfiltered recordings at electrode C4 and Cz in two subjects. 

Note the different scaling at the y-axes. Subject 1 (top figures) did not show a second artifact, while subject 18 

(bottom figures) had a large second artifact. TEP components at 30, 45 and 60 ms are clearly visible at Cz in the 

uncorrected response in both subjects; earlier components only become visible after PCA correction in subject 

18, while in subject 1 these could be identified without PCA (indicated by the arrows). TMS was targeted at the 

right motor cortex, above electrode position C4.  
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In figure 2.3 the TEP at all electrodes is shown for a single subject after stimulation 

of the left motor cortex. The effects of removing the first 10 principal components 

on the TEP for the same subject is shown in figure 2.4. The artifacts are greatly 

reduced, although there is still some residual artifact in the frontotemporal electrodes 

visible. These remaining artifacts disappear when more components are removed, 

but then the TEP also reduces in amplitude; this trade-off is shown in figure 2.5.  

 

 

The effect of removing 1 to 20 principal components from the data obtained in 16 

subjects after stimulating the right motor cortex is shown in figure 2.5. The reduction 

in amplitude of the first artifact is the largest after removal of the first component, 

resulting in a reduction of amplitude to about 0.25 of the initial value for electrode 

Cz and C4. However, because the original amplitude is very high, the remaining 

artifact is still significantly larger than the TEP components. After removing 

approximately 5 principal components, the artifact amplitude approaches zero. 

Removing the second artifact proves to be more difficult, after five PCA 

components, the amplitude is below 40% of the initial value. For the TEP 

components, there is a large variation between subjects in the amplitude change. 

However, on average the amplitude of the P60 and N100 stays within a 20% decrease 

if the first 5 components are removed. Because the second artifact lasts up to 30-40 

ms, the presence of the P30 becomes more pronounced after PCA components are 

removed, leading in some subjects to an increasing P30 amplitude. The large 

variation in P30 amplitude between subjects is a result of the differences in the 

amount of second artifact that is present in each individual subject, with 

corresponding inter-individual differences in the amount of reduction after PCA.  
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Figure 2.3. TEP before artifact correction using PCA in a subject 10. The left motor cortex (around 

C3) was targeted with TMS.  
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Figure 2.4. TEP after removing 10 principal components in subject 10. The left motor cortex (around 

C3) was targeted with TMS. The artifact is greatly reduced as compared to figure 2.3, while the main 

components of the TEP are preserved. However, there is still some artifact remaining at the left 

frontotemporal electrodes.  
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Figure 2.5. Normalized amplitude of the first and second artifact for electrode C4 (left) and of the 

first artifact, P30, P60 and N100 as a function of the number of removed components for electrode 

Cz (right). Errorbars represent the standard deviation. Grand average of 18 subjects. TMS was 

targeted at the right motor cortex. 
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Discussion 
TMS-EEG is a promising technique to explore cortical excitability by analysis of the 

different waveforms present in the TMS-evoked potential. However, in particular 

during the first 30 ms, artifacts may be present that obscure the interpretation of early 

responses. Here, we explore the nature of the TMS artifacts, and if PCA is a suitable 

method to remove the various artifactual components.  

 

The amplitudes of both first (0-5 ms) and second (5-10 ms) TMS artifact were 

strongly reduced by removing components using PCA. With approximately five 

components removed, the later responses of the TEP (P60 and N100) stayed within 

a 20% decrease. With five removed components, the reduction in artifact amplitude 

is sufficiently large to allow further signal processing, such as filtering and analysis 

of the various latencies of the TEP waveforms. In all subjects, this cut-off number of 

approximately five components was found.  

 

The number of components to be removed has to be considered carefully for each 

individual subject: with too few components the artifact is not reduced enough to see 

the early TEP peaks, and with too many components the later components of the 

TEP become very small. In addition, the electrode of interest is also important. For 

the area directly surrounding the TMS targeting, more principal components have to 

be removed to obtain a sufficient artifact reduction, while for electrodes further away 

from the TMS target the same result is obtained with only a few removed 

components. Although the second artifact is reduced less than the first artifact, the 

artifact suppression by removing five principal components is strong enough to 

reveal early TEP components, which was the aim of this study. Computation time 

was 5-6 minutes for one target in a single subject. 

 

The spatial distribution of the evoked potentials showed that when the motor cortex 

was stimulated, the first artifact is located more frontal to the target, while the second 

artifact can be found at the temporal areas. When the occipital region at Brodmann 

area 19 was stimulated, the first artifact was situated just beneath the target, and no 

second artifact was observed. These findings make a muscular origin for the second 

artifact plausible. However, the duration of the artifact is too long for a compound 

muscle action potential, which lasts only a few milliseconds. A possible explanation 

is that the artifact is not the muscle activation itself, but a subsequent movement of 

the electrodes that are located above the muscle, induced by the muscle contraction. 
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This would also explain why some authors achieved better results with needle 

electrodes (Julkunen et al. 2008), because then the amount of electrode movement is 

presumably limited.  

 

Another possible cause for the second artifact is an induction effect in the wires of 

the EEG cap (Bender et al. 2005); the specific distribution of the artifact may be 

caused by a different position of the wires at the temporal sides of our EEG cap. 

Indeed, in our subjects we do not observe the second artifact when stimulating the 

top of the head or the occipital regions. In measurements using a phantom with a 

TMS-compatible EEG cap, stimulating at different locations, a second artifact was 

never observed, providing further evidence that wiring is not responsible for the 

second artifact. A similar technique was already used in literature to investigate the 

first TMS artifact (Veniero et al. 2009), and Mutanen et al. also showed that the 

second artifact was not present using a phantom head (Mutanen et al. 2013). 

Although the contribution of a capacitive effect of the electrode-skin interface 

(Julkunen et al. 2008) cannot be excluded in our experiments, this is unlikely as well, 

as the second artifact was not present during stimulation over the occipital electrodes.  

 

Recently, PCA combined with a topography-based method has been reported to be 

able to completely remove TMS induced artifacts, which were assumed to originate 

from a muscle contraction (Mäki and Ilmoniemi 2010). These authors determined 

the components to be taken out based on the topography of this muscle activity, 

acknowledging the fact that also brain activity with the same topography is strongly 

suppressed. This implies that brain activity generated by sources just underneath the 

coil – most likely the areas activated first by the pulse, and therefore the areas 

responsible for the earliest components of the TEP – will be reduced. This is 

especially important when the area activated by TMS is located at the site where the 

artifact is most visible, for example at temporal regions, although the amount of 

attenuation is known. The TEP components were found to be significant in the 

calculated global mean field potential (GMFA) after artifact reduction, but the 

presence of early TEP components before and after artifact reduction was not shown.  

 

In our implementation, no assumptions about topography are made, resulting in an 

evenly reduction of the artifact (and TEP when too many components are removed) 

over the cortex. Furthermore, in the approach described in (Mäki and Ilmoniemi 

2010), the PCA components were calculated after initial averaging of the TEP, while 
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we apply PCA on single trials. At present, it is not clear which method is most 

suitable. An additional improvement in topography-based PCA may result from 

removing less principal components. 

 

After applying PCA, removing approximately 5 principal components results in an 

artifact suppression of more than 10 times. Early components of the TEP, which 

were initially obscured by the second artifact, are revealed using this technique. 

There were only minor effects on the later components of the TEP, except for the 

P30 which showed large variations in amplitude, probably because this TEP 

component is largely affected by the second artifact. Although both artifacts are 

strongly reduced by PCA, complete removal cannot be guaranteed with our 

approach. The low-amplitude peaks that remain, may still be small remainders of the 

artifacts, this may indeed be true for the negative peak around 10 ms in Cz, which is 

at the same latency as the large negative peak in the second artifact (Mutanen et al. 

2013). On the other hand, it is likely that reducing the amplitude of both artifacts did 

reveal true brain responses that were initially hidden, especially because latencies of 

these emerging early peaks – also the N10 – were similar to early TEP components 

reported in literature (Bonato et al. 2006; Ferreri et al. 2011). In these studies, no 

second artifact was observed in the data, and no artifact rejection technique was used 

that could have induced small fluctuations resembling TEP components. In any case, 

small effects on the response itself have to be taken into account as well when 

analyzing the data further, especially when applying source analysis.  

 

In conclusion, the TEP response obtained in TMS-EEG measurements contains an 

early artifact due to the magnetic pulse, and a second artifact. The second artifact 

depends on the location of stimulation, and is most likely caused by muscle 

activation due to the TMS pulse, possibly followed by electrode movements. We 

showed that PCA can be used to reduce TMS artifacts so that interpretation of early 

responses is possible, without the need for additional or complex signal analysis 

methods. This is particularly relevant when the TMS is targeted at the temporal 

regions of the brain, for example in research concerning auditory or speech 

functions, or when the seizure onset zone is stimulated in patients with temporal lobe 

epilepsy.  
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Abstract  
There is growing interest in combining transcranial magnetic stimulation (TMS) 

with electroencephalography (EEG). Because TMS pulses are accompanied by a 

clicking sound, it is very likely that part of the response in the EEG consists of an 

auditory evoked potential (AEP). Different methods have been applied to mask the 

sound of TMS. However, it is unclear which masking method is most effective in 

reducing the AEP. In this study we explore the presumed contribution of the AEP to 

the response and evaluate different ways to mask the TMS clicking sound. Twelve 

healthy subjects and one completely deaf subject participated in this study. Eight 

different masking conditions were evaluated in nine hearing subjects. The amplitude 

of the N100-P180 complex was compared between the different masking conditions. 

We were not able to completely suppress the N100-P180 when the coil was placed 

on top of the head. Using an earmuff or exposing the subjects to white or adapted 

noise caused a small but significant reduction in N100-P180 amplitude, but the 

largest reduction was achieved when combining a layer of foam, placed between coil 

and head, with white or adapted noise. The deaf subject also showed a N100-P180 

complex. We conclude that both the TMS clicking sound and cortical activation by 

the magnetic pulse contribute to the N100-P180 amplitude.  
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Introduction 
Transcranial magnetic stimulation (TMS) is a widely used technique to 

noninvasively activate the human cortex. After the introduction in the mid-eighties 

(Barker et al. 1985), TMS has developed into a method that is used to study motor 

cortical excitation (resting motor threshold) and inhibition (short and long interval 

cortical inhibition) by measuring modulation of the motor evoked potential. In 

addition, various diagnostic and therapeutic applications have emerged, including 

determining the central motor conduction time for diagnosing spinal cord 

compression, amyotrophic lateral sclerosis or multiple sclerosis (Chen et al. 2008), 

and applying repetitive TMS for treating depression (Padberg and George 2009).  

 

Recently, there is a growing interest in combining TMS with electroencephalography 

(EEG), because it is a more direct measurement of the brain’s reaction to a pulse 

than the motor evoked potential. In addition, the response of other areas than the 

motor cortex can be studied with TMS-EEG. When TMS is applied while recording 

EEG, a characteristic waveform – the TMS evoked potential (TEP) – is induced in 

the EEG (Ilmoniemi and Kičić 2010). The methodology of measuring and analyzing 

the TEP is similar to other event-related potential measurements, such as the visual 

or auditory evoked potential. Assuming that the stimulus always induces a specific 

response in the EEG, and considering all other brain activity as uncorrelated, the 

response can be extracted by averaging over several stimuli. Combining TMS with 

EEG can give more insight into the connectivity between different brain areas, by 

evaluating the TEP at different electrode positions while stimulating a specific target.  

 

The response shows characteristic components at different latencies. Negative 

components at 15, 45 and 100 ms and positive components at 30, 60 and 180 ms, 

which are specific for the TEP at electrode Cz after motor cortex stimulation, have 

been reported in several studies (Bonato et al. 2006; Esser et al. 2006; Ferreri et al. 

2011; Ilmoniemi and Kičić 2010; Komssi et al. 2004; Levit-Binnun et al. 2010; Paus 

et al. 2001; ter Braack et al. 2013). The TEP has shown to be reproducible within a 

one-week interval (Lioumis et al. 2009) and changes shape when different parts of 

the cortex are stimulated (Casarotto et al. 2010). The physiological processes 

responsible for the different components are still largely unknown (Bonato et al. 

2006), although some studies suggested that the N100 reflects cortical inhibitory 

processes (Kičić et al. 2008; Nikulin et al. 2003). The variation in the amplitude of 
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the motor evoked potential (MEP) has also been shown to correspond to variations 

in the amplitude of earlier TEP peaks (N15 and P30) (Mäki and Ilmoniemi 2010).  

 

Because a TMS pulse is accompanied by a clicking sound, it is very likely that at 

least part of the TEP consists of an auditory evoked potential (AEP) (Ilmoniemi and 

Kičić 2010; Miniussi and Thut 2010; Nikouline et al. 1999). The AEP consists of 

several peaks (Picton et al. 1974), of which the long latency components P50, N100 

and P180 could potentially interfere with the TEP. At present, it is not completely 

known which components of the TEP may be corrupted by components of the AEP. 

Although it has been shown that especially the N100 and P180 of the TEP are 

strongly correlated to auditory stimuli (Nikouline et al. 1999; Tiitinen et al. 1999), 

the magnitude of the contribution of the TMS click to the TEP is still unclear.  

 

To reduce the presence of the AEP, different methods have been applied to mask the 

sound of the TMS pulse. In some studies, earplugs alone (Julkunen et al. 2008; 

Kähkönen et al. 2001; Kähkönen et al. 2005a; Kähkönen et al. 2005b), or a 

combination of earplugs with an earmuff (Bikmullina et al. 2009; Kičić et al. 2008; 

Nikulin et al. 2003), have been used. Other studies report the administration of sound 

through (regular or inserted) headphones to make sure that the subject does not hear 

the TMS click. In these studies, either white noise (Fuggetta et al. 2005; Hamidi et 

al. 2010; Levit-Binnun et al. 2010; Paus et al. 2001; Veniero et al. 2010; Werf and 

Paus 2006) or noise created from the TMS click itself (adapted noise) (Ferrarelli et 

al. 2010) was used. It has been recognized that sound also travels via bone 

conduction and not via air alone (Nikouline et al. 1999). Therefore, in addition to 

playing white or adapted noise, different authors placed a thin layer of foam between 

the TMS coil and the head of the subject (Casali et al. 2010; Casarotto et al. 2010; 

Esser et al. 2006; Ferrarelli et al. 2010; Mäki and Ilmoniemi 2010; Massimini et al. 

2005; Massimini et al. 2010; Rosanova et al. 2009).  

 

Despite these various studies, it is still not clear which sound masking method is the 

most effective in reducing the AEP and which TEP components are possibly 

contaminated by it. In this study we further explore the presumed contribution of the 

AEP to the TEP, and evaluate different ways to mask the TMS clicking sound by 

comparing the presence of the P50 and the amplitude of the N100-P180 complex in 

both normal hearing subjects and a completely deaf person.  
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Materials and Methods 
Subjects 

Twelve healthy subjects (8 males, mean age 25 years, range 23-27 years, 11 right-

handed) participated in this study after given written informed consent. We also 

included one subject who was born completely deaf (1 female, age 37 years, right-

handed), which was confirmed with an audiogram. Whether the deafness was due to 

central or peripheral deficits has not been determined. The experimental protocol 

was approved by the local ethics committee (Medisch Spectrum Twente) and was in 

accordance with the declaration of Helsinki. We followed the guidelines for the use 

of TMS in clinical practice and research (Rossi et al. 2009).  

 

Experimental conditions  

Subjects were seated in a chair, with their hands pronated in a relaxed position. They 

kept their eyes open and focussed on a marked point on the wall. There were two 

experiments.  

 

In experiment 1, we evaluated the effect of 8 different masking conditions on the 

TEP in nine hearing subjects (subject 10 only participated in experiment 2, subjects 

11 and 12 only participated in the control measurements, see below). These 8 

conditions, in which earplugs, an earmuff, two types of noise and a layer of foam 

were combined, are listed in table 3.1. The acronyms used are NM (no masking), E 

(earplugs), EE (earplugs/earmuff), EEF (earplugs/earmuff/foam), EW 

(earplugs/white noise), EWF (earplugs/white noise/foam), EA (earplugs/adapted 

noise) and EAF (earplugs/adapted noise/foam). The white and adapted noise were 

applied using external headphones. In addition, we tested the influence of various 

masking methods on the motor threshold, by determining the threshold in conditions 

NM, EA and EAF (see table 3.1). This threshold was also determined without 

masking, but with the layer of foam between coil and head (condition F, see table 

3.1). The motor threshold was defined as the lowest stimulus intensity which 

produced at least five MEPs of 50 µV out of ten consecutive stimuli (Rossini et al. 

1994), and is presented as a percentage of the maximal output of the TMS stimulator. 

Conditions NM, E, EE, EW, EA (see table 3.1) were also evaluated when the coil 

was held at 10 cm from the head. At this distance, there is no brain activation induced 

by the magnetic pulse, which falls off with square of the distance from the coil 

(Griffiths 2008), but only an auditory stimulus due to the TMS clicking sound.  
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Table 3.1. Experiment 1: Masking conditions and motor threshold determination 

 

Condition Masking Motor threshold 10 centimeter 

NM None Yes Yes 

E Earplugs  No Yes 

EE Earplugs + earmuff No Yes 

EEF Earplugs + earmuff + foam No No 

EW Earplugs + white noise No Yes 

EWF Earplugs + white noise + foam No No 

EA Earplugs + adapted noise Yes Yes 

EAF Earplugs + adapted noise + foam Yes No 

Fa Foam  Yes No 

a) Condition F was only used for evaluating the effect of the layer of foam on the motor threshold. 

 

 

In experiment 2, we evaluated conditions NM (no masking) and EA (masking with 

earplugs/adapted noise) in the deaf subject and in a hearing subject (subject 10). The 

coil was now positioned at four different distances from the head; at 10 cm, at 6 cm 

and 2 cm with Plexiglas between coil and head to mimic bone conduction of sound, 

and at 0.5 cm with a layer of foam between coil and head. This resulted in 8 

conditions, listed in table 3.2. 

 

 

Table 3.2. Experiment 2: Masking conditions at various distances 

 

Condition Masking 

10 cm no masking 

10 cm earplugs + adapted noise 

6 cm with Plexiglas no masking 

6 cm with Plexiglas earplugs + adapted noise 

2 cm with Plexiglas no masking 

2 cm with Plexiglas earplugs + adapted noise 

0.5 cm with foam no masking 

0.5 cm with foam earplugs + adapted noise 
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We performed additional control measurements in two hearing subjects (subject 11 

and 12). In these measurements, we compared (1) external headphones with inserted 

earphones; (2) the effect of using foam alone; (3) the response to sham stimulation, 

where we held the coil sideways on top of the head, i.e. tilted by 90°. For 

measurement 1 we tested all conditions from the original experiment 1, using 

external headphones as well as inserted earphones. For measurement 2 we tested 

conditions NM (no masking), F (foam), E and EF (earplugs without and with foam), 

W and WF (white noise without and with foam), A and AF (adapted noise without 

and with foam), using both external headphones and inserted earphones. For 

measurement 3 we tested all conditions from the original experiment 1 using both 

external headphones and inserted earphones, with the coil tilted sideways.  

 

Masking strategies 

The earplugs (3M, St. Paul, Minnesota, United States) had an SNR (single number 

rating) of 37 dB and the earmuff (also from 3M) had an SNR of 35 dB. The layer of 

foam was 0.5 cm thick, but when placed between coil and head it was pushed in 

substantially by the coil, with a remaining thickness of approximately 2 mm. To 

create the adapted noise, we recorded the sound of the coil click and generated noise 

which contained the same frequency content as the coil click itself. The intensity of 

the white noise and adapted noise was set for each subject individually, by increasing 

the volume until the subject reported that he or she could no longer hear the coil 

click, or until the maximum volume of our equipment (95 dB) was reached. For the 

conditions with the coil placed directly on top of the head or with foam between coil 

and head, all subjects required this maximum volume of 95 dB.  

 

TMS targeting 

Single biphasic TMS pulses, with pulse duration of 400 µs and a random inter-pulse 

interval between 2 and 4 seconds, were delivered manually, using a 70 mm figure-

of-eight air film coil and a Rapid2 stimulator (The Magstim Company Ltd, Whitland, 

United Kingdom). The coil was placed tangentially over the hot-spot of the abductor 

digiti minimi muscle (ADM) in the left hemisphere, with the handle pointing 

backward and laterally at an angle 45° away from the midline. The maximum 

stimulator output was 1.5 tesla; stimulation intensity during the masking conditions 

was always set at 80% of this output to ensure the same TMS clicking sound intensity 

for all subjects. For each masking condition we applied 50 TMS pulses. 
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Positioning of the coil was achieved using a robot-navigated system (Advanced 

Neuro Technology, Enschede, Netherlands). A headband carrying four passive 

reflective markers was fixed to the head of the subject and tracked by a Polaris 

infrared camera system (Northern Digital Inc., Waterloo, Ontario, Canada). The 

robot and the tracking system were registered to a common coordinate system using 

a calibration procedure. The robot-guided TMS coil was added to the coordinate 

system by registration of three reference positions on the coil using a tracking 

pointer. A standard 1.5 tesla MRI scan was used to create a head model; this model 

was then registered to the subject’s head and the coordinate system by collecting 

three landmarks and ~ 300 additional points with a tracking pointer.  

 

Electromyography 

To determine the motor threshold, surface electrodes were placed in a belly-tendon 

montage over the right ADM muscle. The ground electrode was placed on the dorsal 

side of the wrist. We recorded the EMG using an additional amplifier (TMSi, 

Oldenzaal, Netherlands) connected to the EEG amplifier, ensuring synchronized 

measurements. EMG was sampled at 2048 Hz and low-pass filtered with an anti-

aliasing filter with a cut-off frequency of 550 Hz.  

 

EEG recording and analysis 

The EEG was recorded continuously during TMS using a 64-channel DC amplifier 

(TMSi, Oldenzaal, Netherlands) and a TMS-compatible 64-electrode cap (ANT, 

Enschede, Netherlands). Electrode impedances were kept below 5 kOhm. The EEG-

signals were low-pass filtered using an anti-aliasing filter with a cut-off frequency 

of 550 Hz and sampled at 2048 Hz. The ground electrode was placed between 

electrode positions Fz and Fpz. We used a common average reference for the 

recordings. A single TMS pulse produced a stimulation artefact of 1-2 mV, lasting 

approximately 5 samples (2.5 ms). For analysis, the signal was re-referenced to the 

average of the left and right mastoid bone. Trials were defined from one second 

before to one second after every TMS pulse, resulting in 50 trials of two seconds for 

each masking condition per subject. Trials with eye-blinks were automatically 

rejected using a fixed threshold of 150 µV for electrode channel Cz, which resulted 

in at least 45 accepted trials for all subjects. In the remaining trials, we removed the 

offset by subtracting the baseline. Then, we replaced the samples of the TMS artefact 

with a linear interpolation between six samples preceding and fourteen samples 

following the start of the TMS artefact. After this, trials were band-pass filtered 
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between 1 and 50 Hz using a fourth order Butterworth filter. The filtered trials were 

then averaged to obtain the TEP, and the response measured at electrode Cz was 

selected for further analysis. After manually selecting a specific latency window for 

each subject, condition and peak, based on visual inspection of the TEP, we 

determined the amplitude of the N100 and P180 component automatically and 

compared the peak-to-peak amplitude between masking conditions for all subjects, 

normalized with respect to the no masking condition. When no clear peaks or 

multiple peaks were visible, we used the latencies of previous selected peaks in that 

subject to select a data point showing the highest amplitude within that latency range. 

Because the P50 could not be identified in all subjects, we evaluated the presence of 

this component before and after masking through visual inspection.  

 

Statistical analysis 

The motor thresholds and determined peak-to-peak amplitude of the N100-P180 

complex for each masking condition were compared with the no masking condition 

for each subject. This was also done for the foam conditions with respect to the no-

foam conditions. A paired t-test was used to test for statistical significance. 

Differences with p<0.05 were considered significant.  

 

Results 
There were no adverse events during the TMS measurements. All subjects showed a 

characteristic TEP response, although there was a variation in amplitude, caused by 

the difference in each subject’s MT and the stimulation intensity of 80% that was 

used for the experimental conditions. In all subjects, the N100-P180 complex 

reduced in amplitude when masking was applied. One of the other components of 

the AEP, the P50, could be identified in 4 subjects, and was completely suppressed 

in 3 of these subjects in the adapted noise (+ foam) masking condition (EAF). Figure 

3.1, presenting the TEP in a single subject, shows the reduction in amplitude of the 

N100-P180 complex, and the disappearance of the P50 when the earmuff (EEF) was 

replaced by headphones playing adapted noise (EAF).  
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Figure 3.1. TEP response at electrode Cz in a single subject in two different masking conditions. 

When an earmuff with a layer of foam is used, there is a P50 visible (indicated with the arrow), 

which is part of the AEP. When the earmuff is replaced with earphones playing adapted noise, the 

P50 disappears. EEF: masking condition with earplugs/earmuff/foam; EAF: masking condition with 

earplugs/adapted noise/foam.  
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The effect of different masking techniques on the normalized N100-P180 amplitude 

when the coil is held at 10 cm from the head is shown in figure 3.2 (upper panel). 

Earplugs alone, or in combination with an earmuff, reduced the amplitude 

significantly. The N100-P180 was removed completely in all subjects when either 

white or adapted noise was used, demonstrated by a response amplitude that 

resembled baseline activity.  

 

 

Figure 3.2. Amplitude of the 100-180 complex when different masking conditions are used, average 

of 9 hearing subjects. All amplitudes are shown relative to the baseline condition (NM). Results are 

shown for when the coil was held at 10 cm from the head (top figure) and when the coil was held on 

top of the head (bottom figure). Errorbars represent the standard deviation. * p<0.05 and ** p<0.001 

when compared to the baseline condition (NM). Abbreviations indicating the different masking 

conditions can be found in table 3.1.  
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Reducing the N100-P180 complex proved to be much more difficult when the coil 

was held on top of the head (figure 3.2, lower panel). Earplugs alone caused no 

significant reduction in N100-P180 amplitude. The earmuff did reduce the amplitude 

significantly, but the amount of reduction was small. Exposing the subjects to either 

white or adapted noise also caused a significant reduction in N100-P180, but the 

largest reduction was achieved when adding a layer of foam between coil and head 

(p<0.01 for all foam conditions compared to no foam conditions: EEF/EE, EWF/EW 

and EAF/EA). However, we were not able to completely suppress the N100-P180 

complex when the coil was held on top of the head. The intensity of the masking 

sound (white or adapted noise) was 95 dB for all subjects when the coil was held on 

top of the head, but four of the twelve hearing subjects (including subject 10, 11 and 

12) reported still hearing the clicking sound. With the coil in the 10 cm position, a 

lower intensity of the masking sound sufficed; none of the subjects still heard the 

clicking sound.  

 

In the nine hearing subjects, the motor threshold significantly increased when a layer 

of foam was placed between coil and head (NM 59% vs. foam 70%, p<0.001, and 

EA 57% vs. EAF 70%, p<0.001), which is most likely caused by the small increase 

in distance between coil and the target brain area. Using adapted noise did not change 

the motor threshold (NM 59% vs. EA 57%, p=0.08).  

 

In figure 3.3, we show the results from experiment 2. The hearing subject showed a 

clear AEP, both when the coil was placed at 10 cm and 6 cm from the head. The 

AEP components disappeared after masking was applied. The deaf subject did not 

show an AEP at these two distances. When the coil was kept closer to the head, the 

deaf subject showed a TEP with characteristic components at 30, 45, 60, 100 and 

180 ms. The TEP in the hearing subject did respond to the applied masking 

condition: the N100-P180 amplitude decreased, and the P60 was reduced after 

masking. Visually, it seems that the amplitude of the P180 is reduced more easily 

than the N100 amplitude. The P180 increased as the coil was positioned closer to the 

head, ranging from 17 µV at 10 cm to 60 µV at 0.5 cm. For the 0.5 cm condition, 

there appears to be a small modulation in the deaf subject, comparable to the change 

observed in the hearing subject. 
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Figure 3.3. TMS evoked potential in a hearing subject and a deaf subject for experiment 2. The deaf 

subject shows no response to only auditory stimuli (top figures, red lines), but when the coil is held 

close to the head (bottom figures, red lines), there is a TEP visible with characteristic components 

(P30-N45-P60-N100-P180). The hearing subject (black lines) shows an AEP when the coil is held 

at 10 cm and 6 cm from the head, which disappears when masking is applied. The P60, marked with 

arrows, reduces in amplitude when masking is applied. The amplitude of the N100-P180 complex 

reduces as well after masking. Arrows indicate the P60 in the hearing subject in the no masking 

condition. Note, that the amplitude of the P180 in the hearing subject after masking is of similar 

amplitude as the P180 in the deaf subject (bottom right panel). 
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When we applied sham stimulation as a control measurement in the two hearing 

subjects, we found a P50-N100-P180 (see figure 3.4). These AEP components were 

reduced by masking. When we applied white or adapted noise during sham 

stimulation, the response was completely suppressed, even without using foam, as 

can be seen in figure 3.4. We found no differences in the response using external 

headphones or inserted headphones. Foam alone did reduce the N100-P180 

amplitude, but not as much as using white or adapted noise alone. 

 

 

 

 

Figure 3.4. Auditory evoked responses in the control measurements (coil tilted sideways on top of 

the head) in a hearing subject. Foam alone causes a small reduction in N100-P180 amplitude, 

comparable to using earplugs alone. Adding white noise (so without foam) completely suppresses 

the AEP, including the P50.  
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Discussion 
The physiological processes responsible for the different components of the TEP are 

still unknown (Ilmoniemi and Kičić 2010). However, it is very likely that the TEP 

is, at least partly, influenced by the clicking sound of the TMS coil (Nikouline et al. 

1999). Therefore, an adequate masking technique may reduce the contribution of the 

AEP to the TMS evoked response. In this study, we compared different types of 

masking used in TMS-EEG experiments. Furthermore, we performed measurements 

in a deaf subject to obtain a TEP that is not at all influenced by auditory stimuli.  

 

The AEP that is evoked by the TMS clicking sound can be identified by the N100-

P180 complex, but also, in some subjects, by the presence of the P50 in the TEP. We 

show that white or adapted noise is able to completely remove the AEP caused by 

the TMS sound, when the coil is held at 10 cm from the head. At this distance the 

TMS magnetic pulse does not induce any activation in the brain, so the AEP is the 

only response visible in the EEG.  

 

Using white or adapted noise also removed the AEP when the coil was positioned at 

6 cm from the head, with a piece of Plexiglas between coil and head to mimic bone 

conduction of sound. This condition has been used before to prove that playing noise 

removes all auditory evoked activity from the response (Massimini et al. 2005). In 

another study, it was shown that no auditory evoked potential was measured when 

playing white noise and positioning the coil 2 cm from the head (Paus et al. 2001), 

but this study did not explore the bone conduction of sound. In our measurements, 

the auditory response was smaller when we removed the piece of Plexiglas (results 

not shown), confirming that bone conduction did increase the amplitude of the AEP. 

As the coil was moved closer to the head (10 - 6 - 2 - 0.5 cm), the intensity of the 

clicking sound may have also increased, adding to the gradual increase in amplitude 

of the N100-P180.   

 

When the coil was touching the head, the N100-P180 amplitude is also modulated 

by the use of various masking methods, but it always remains present in the evoked 

response. This suggests that these components are also partly induced by the 

magnetic field of the pulse. Using white or adapted noise decreases the N100-P180 

considerably, but adding a layer of foam between coil and head resulted in the largest 

attenuation of the AEP, reducing to half of its amplitude compared to noise alone. 

Using this additional layer of foam is therefore essential in minimizing the auditory 
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components of the AEP, most likely because it minimizes bone-conduction. Foam 

alone did not reduce the AEP as much as listening to white or adapted noise alone, 

so the strength of successful masking lies in combining both foam and noise. It has 

to be noted that with foam the motor threshold increases significantly, which is most 

likely due to the increased distance between the coil and targeted brain area. This 

agrees with a previous report of an increased motor threshold when an EEG cap was 

placed between coil and head compared to measurements without the cap. This 

increase was also caused by an increase in the distance between coil and head 

(Julkunen et al. 2009). In addition, the focality of stimulation may also change for 

different stimulation distances.  

 

The amplitude of the different TEP components may be influenced by numerous 

factors, such as a decrease in N100 amplitude when preparing a voluntary movement 

(Kičić et al. 2008; Nikulin et al. 2003). However, it is possible that observed 

variations in N100 or P180 partly reflect variations in auditory processing in addition 

to a TMS effect, and therefore N100 and P180 (and perhaps even P60) modulation 

should be used carefully as an outcome measure when no masking or a non-sufficient 

masking method is used. For example, in one of our subjects parts of the AEP 

remained in the TEP after masking, illustrated by the remaining presence of a P50 

component. This may have been the case as well for other subjects, as the P50 latency 

may overlap with the P60 of the TEP. Figure 3.3 shows that the P60 reduces in 

amplitude after masking is applied, suggesting a hidden P50 auditory component. As 

a matter of fact, in five hearing subjects we could not even identify the P50 before 

masking. Still, the P50 should not be visible after successful masking, and its 

presence after masking indicates that the AEP is not sufficiently reduced.  

 

Some of our subjects reported still hearing the TMS clicking sound with a headphone 

playing white or adapted noise, which may have been caused by the fact that subjects 

were instructed to listen closely to the TMS sound while adapting the noise intensity. 

This possibly led them to also focus more on the TMS sound during the rest of the 

experiment, thereby increasing the amplitude of the AEP (Schiff et al. 2008). The 

presence of the AEP during protocols in which subjects focus on a specific (non-

auditory) task may therefore be less prominent. On the other hand, it could also be 

that the subjects found it difficult to differentiate between hearing and feeling the 

TMS pulse: we were unable to assess this possible difference. 
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We performed a TMS-EEG experiment in a deaf subject to further differentiate 

between the TEP and AEP, as our measurements in the hearing subjects could not 

fully reveal what the exact contribution of the AEP is to the N100-P180 complex. 

The results from this additional experiment showed that the N100 and P180 were 

also present in the deaf subject, confirming that these components in hearing subjects 

are indeed largely induced by the magnetic pulse. There appears to be a small 

modulation in the deaf subject as well, comparable to the change observed in the 

hearing subject. This change may result from normal variation or noise between 

different measurements, and/or a minimal hearing ability in the deaf subject although 

she showed no response on the audiogram nor reported any awareness of the sound. 

In either case, the presence of this large N100-P180 component in the deaf subject 

strongly suggests a non-auditory contribution. In the hearing subject, the other 

characteristic TEP components (P30-N45) were not modulated by masking, and 

therefore these peaks are certainly solely TMS induced. Although this was a single 

case comparison, it proves that it is indeed highly unlikely that the N100 and P180 

are only induced by auditory effects.  

 

In the control measurement using sham stimulation with the coil sideways touching 

the head, we found no early TEP components, but only a P50, N100 and P180. When 

we applied masking, this response was completely suppressed. The sham stimulation 

aimed at mimicking the clicking sound with bone conduction. However, no foam 

was required in this sham condition to eliminate the response (see figure 3.4), 

suggesting that bone conduction did not play an important part in the auditory 

processing. This corresponds to the results of the Plexiglas condition at 6 cm, where 

the response was also already eliminated with only noise masking, so without 

applying foam. Conversely, when the coil is held in a normal position (directly on 

top of the head), foam does further reduce the amplitude of the N100 and P180 

components. Because foam increases the distance between coil and head, the 

amplitude reduction using foam may be partly due to a small decrease in intensity of 

the magnetic field. Another possible explanation for this discrepancy could be that 

the Plexiglas condition, as well as the sham condition, does not mimic bone 

conduction that well after all. However, the response did decrease in amplitude when 

we removed the Plexiglas layer, suggesting that there was indeed bone conduction, 

although possibly less pronounced than with the coil touching the head. With the 

Plexiglas layer, the intensity of the masking sound was probably high enough to 

mask this less pronounced bone conduction component so no foam was needed.  
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The noise masking might have been more efficient with the use of inserted 

headphones, as used by previous authors (Fuggetta et al. 2005; Massimini et al. 2005; 

Paus et al. 2001; Veniero et al. 2010; Werf and Paus 2006). Therefore, we compared 

external and inserted headphones in two subjects. We found no differences in the 

evoked potentials between these two conditions, although one of the subjects 

reported that the inserted earphones provided better masking. The intensity of the 

masking sound in the external headphone and inserted headphone was the same, 

which may be the most important feature to successfully mask the TMS clicking 

sound. A disadvantage of regular headphones is that they may interfere with the coil 

positioning when stimulating the temporal regions. 

 

There are limitations in our study. We applied TMS at the same stimulus intensity 

for all subjects, independent of their motor threshold. This was done to evaluate the 

performance of the masking conditions in a more standardized way. However, for 

every individual subject this stimulation intensity related differently to the motor 

threshold, which could be higher or lower than the used settings. This introduces 

variations in TEP amplitudes, including the TMS induced part of the N100-P180 

complex.  

 

We did not evaluate the amplitude change of the N100 and P180 separately, but it 

appeared that the N100 was less influenced by masking than the P180. This could 

indicate that the N100 is largely induced by TMS activation, meaning that the 

auditory components only account for a small part of the N100, making the N100 a 

more stable output measure than the P180 when evaluating TEP modulation.  

 

With a relatively small number of averaged responses we obtained well-defined 

TEPs, which showed large differences in N100-P180 amplitude. However, using 

more trials may further improve the signal-to-noise ratio, which could be necessary 

to evaluate very small changes in the TEP between groups or experimental 

conditions.  

 

As Nikouline et al suggested (Nikouline et al. 1999), there could be some sensory 

effects caused by activation of the skin by the magnetic pulse, so called 

somatosensory evoked potentials (SSEP). When the coil is held directly on top of 

the head, there may still be a SSEP present, adding to the TEP in both the hearing 
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subjects and the deaf subject. Our measurements did not enable us to differentiate 

between the SSEP and magnetic activation of the cortex.  

 

To summarize, masking strongly diminishes the AEP components in the TMS 

evoked responses. Using white or adapted noise combined with a layer of foam 

between coil and head results in the largest reduction of these auditory responses. 

Although the TMS clicking sound contributes to the N100-P180 amplitude, our 

results confirm that this response is for the most part induced by the magnetic pulse 

itself.  
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Abstract 
Background: Humans show a variation in physiological processes during the day. 

To reliably assess (changes in) cortical excitability with transcranial magnetic 

stimulation (TMS), it is relevant to know the natural variation in TMS readouts 

during the day. In case of significant daytime variations, this should be taken into 

account when scheduling (follow-up) measurements. 

Objective: To study the influence of the time of day on the resting motor threshold 

(RMT), motor evoked potential (MEP and TMS evoked potential (TEP) in healthy 

controls.  

Methods: TMS-EMG-EEG was recorded in 16 healthy subjects. At both motor 

cortices, we administered 75 pulses at an intensity of 110% RMT. Subjects were 

stimulated during five sessions in one day (8:00AM, 10:30AM, 1:00PM, 3:30PM 

and 6:00PM) while keeping the stimulation intensity constant. We compared the 

TEP waveforms between the five sessions with a cluster-based permutation analysis, 

and the RMT and MEP amplitude with rmANOVA.  

Results: In general there were no significant differences between the five sessions in 

the RMT, MEP amplitude or TEP. Only for the left side, N100 amplitude was larger 

at 3:30PM than 10:30AM. The standard deviation of the P30 and N100 amplitude 

was significantly higher between subjects within one session than within single 

subjects during the day.  

Conclusion: The TEP is highly reproducible during the day, with a low intra-

individual variation compared to the inter-individual variation. In addition, we found 

no significant variation of the motor threshold and MEP amplitude between multiple 

sessions on one day.  
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Introduction 
Humans, and animals and plants as well, show a variation in physiological processes 

during the day. This circadian rhythm is regulated by our biological clock, resulting 

in diurnal fluctuations in for instance hormone secretion, blood pressure, but also 

alertness (Nobelprize.org). Some epilepsies show a relationship with sleep stages or 

the transition between sleep and wakefulness, of which juvenile myoclonic epilepsy 

(JME) is the most typical example where seizures occur predominantly after 

awakening in the morning. Besides the interaction between sleep and epilepsy, the 

time of day is also correlated with seizure occurrence in some focal epilepsy types 

(Hofstra and de Weerd 2009; Mirzoev et al. 2012; van Campen et al. 2015). This 

diurnal distribution of seizures is mainly evident for temporal lobe epilepsy, with a 

peak in seizure occurrence in the late afternoon (Durazzo et al. 2008; Hofstra et al. 

2009; Pavlova et al. 2004).  

 

Epilepsy can be characterized as a disease resulting from an imbalance between 

cortical excitation and inhibition. Transcranial magnetic stimulation (TMS) is a well-

established technique to non-invasively activate brain areas (Barker et al. 1985), and 

is a promising method to assess cortical excitability, which we here define as the 

strength of the response of cortical neurons to an external input. The resting motor 

threshold (RMT) or the MEP amplitude following a neuromodulatory paradigm 

(paired-pulse TMS) can be used as readouts of cortical excitability. Combining TMS 

with EEG has also become available (Ilmoniemi and Kičić 2010; Miniussi and Thut 

2010), opening novel possibilities to study cortical excitability. A single TMS pulse 

induces a response in the EEG, and after averaging over multiple pulses, the TMS 

evoked potential (TEP) is obtained. TMS-EEG could provide a more direct measure 

of cortical excitability than measuring the MEP (Bonato et al. 2006; Ferreri et al. 

2011; Ilmoniemi and Kičić 2010), as it is not influenced by the excitability of 

corticospinal and spinal neurons. The TEP has been shown to change after 

administration of GABA-ergic drugs as well as anti-epileptic drugs (Premoli et al. 

2017; Premoli et al. 2014). 

 

TMS is considered to be a candidate tool for a new biomarker in epilepsy (Bauer et 

al. 2014; Chen et al. 2008; Engel 2008; Kimiskidis 2016; Manganotti and del Felice 

2013). To reliably assess (changes in) cortical excitability, it is relevant to know the 

natural variation in TMS readouts during the day. When there is a significant effect 

of time-of-day, scheduling follow-up measurements should be performed at 
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approximately the same time in the morning or afternoon. Previous studies have 

shown that the RMT and MEP remain constant during the day (Doeltgen and Ridding 

2010; Koski et al. 2005; Lang et al. 2011; Strutton et al. 2003). It is known that the 

TEP changes when different brain areas are stimulated, and also when the 

stimulation intensity or stimulation angle is varied (Casarotto et al. 2010). While the 

TEP after stimulating the motor cortex shows high repeatability comparing the first 

and last part of a TMS-EEG session (Casarotto et al. 2010; Kerwin et al. 2018) and 

high reproducibility after one week when stimulating parameters are kept constant 

(Casarotto et al. 2010; Lioumis et al. 2009), diurnal variations of the TEP have not 

been systematically studied.  

 

The variation of one component of the TEP during daytime has been studied in 

healthy subjects as a part of larger experimental protocols focusing on the effects of 

sleep deprivation. The P30 of the TEP did not differ between 9AM and 3PM, but 

was significantly higher at 9PM compared to 9AM in five out of six subjects (Huber 

et al. 2012). In a subsequent study by the same research group, the amplitude and 

slope of the P30 was significantly lower at 9PM compared to 5PM, but no difference 

was found between 11AM and 5PM (Ly et al. 2016).  

 

The variation of the TEP using multiple measurements during daytime has not been 

reported before. In this study we investigated the daytime variation of the RMT, 

MEP amplitude and the TEP after motor cortex stimulation by measuring these 

responses at 2.5 hour intervals between 8AM and 6PM in a group of healthy 

volunteers.  

 

Material and methods 
The experimental protocol was approved by the local ethics committee (Medisch 

Spectrum Twente, Enschede, the Netherlands) and was in accordance with the 

declaration of Helsinki and the guidelines for the use of TMS in clinical practice and 

research (Rossi et al. 2009). All subjects gave written informed consent.  

 

Subjects 

Nineteen healthy subjects participated in this study. One of these nineteen subjects 

had a syncope at the start of the first TMS session and was excluded from the study. 

The remaining eighteen subjects tolerated the TMS protocol well. Part of the data 

from these eighteen subjects was previously presented, for a different objective (ter 
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Braack et al. 2013; ter Braack et al. 2016). Another two subjects were excluded from 

the analysis, since one subject had a missing session for both targets, and one subject 

had two missing sessions for one target, both due to technical problems with the 

navigation system. Sixteen subjects (11 males, mean age 28 years, all right-handed) 

were therefore included in the analysis. 

 

Experimental protocol 

Subjects were seated in a chair, with their hands pronated in a relaxed position. They 

kept their eyes open, focusing on a marked point on the wall. Subjects were asked to 

refrain from alcohol two days and from caffeinated drinks twelve hours prior to 

measurements. Subjects were only measured if they had a good night of sleep. Each 

subject underwent one day of measurements, divided in 5 sessions. The sessions took 

place at 8:00AM, 10:30AM, 1:00PM, 3:30PM and 6:00PM. In three subjects we 

repeated the first session a week later to confirm previous findings of a good 

reproducibility (Lioumis et al. 2009). 

 

Stimulation 

Single biphasic TMS pulses, with pulse duration of 400 µs and inter-pulse interval 

of ~4 seconds, were delivered manually using a 70 mm figure-of-eight air film coil 

and a Magstim Rapid2 stimulator (The Magstim Company Ltd, Whitland, United 

Kingdom). The maximum stimulator output was 1.5 tesla. The coil was placed 

tangentially over the hot-spot of the abductor digiti minimi muscle (ADM) in the left 

and right hemisphere. The handle was pointing backwards and laterally at a 45° angle 

away from the midline. At both targets we applied 75 TMS pulses at a stimulation 

intensity of 110% of the RMT of the ADM hotspot. This stimulation intensity was 

kept constant during the day. The motor threshold was defined as the lowest stimulus 

intensity that produced at least five MEPs of at least 50 µV out of 10 consecutive 

stimuli (Rossini et al. 1994). In four of the sixteen subjects, a TMS intensity of 110% 

RMT could not be given due to a too high threshold in session 1. In those subjects, 

the TMS intensity during the protocol was set to the maximum output of the 

stimulator (1.5 tesla), corresponding to 100-108% RMT. During TMS-EEG, all 

subjects wore protective earplugs, and noise created from the coil click was played 

through headphones at 95 dB to mask the sound of the TMS pulses (ter Braack et al. 

2015). In addition, a thin layer of foam was placed between the coil and head of the 

subject to minimize bone conduction. 
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TMS targeting 

Positioning of the coil was achieved using a robot-navigated system (Smartmove, 

ANT Neuro, Enschede, Netherlands), with an accuracy of 1 mm in every direction. 

A headband carrying four passive reflective markers was fixed to the head of the 

subject and tracked by a Polaris infrared camera system (Northern Digital Inc., 

Waterloo, Ontario, Canada). The robot and the tracking system were registered to a 

common coordinate system using a calibration procedure. The robot-guided TMS 

coil was added to the coordinate system by registration of three reference positions 

on the coil using a tracking pointer. In all subjects, a 1.5 tesla MRI scan of the head 

was available. The MRI scan was used to create a subject-specific head model; this 

model was then registered to the subject’s head and the coordinate system by 

collecting three landmarks and 300 additional points on the scalp with a tracking 

pointer.  

 

EEG and EMG recording during TMS 

The EEG was recorded continuously during TMS using a DC amplifier (TMSi, 

Oldenzaal, Netherlands) and a TMS-compatible 64-electrode cap (ANT Neuro, 

Enschede, Netherlands). The EEG cap stayed in place during the whole day. 

Impedances were kept below 5 kΩ. The ground electrode was placed between 

electrode positions Fz and Fpz. We used a common average reference for the 

recordings. A single TMS pulse produced a stimulation artifact of 1-2 millivolts, 

lasting approximately 3 ms. To determine the hotspot and RMT, surface electrodes 

were placed in a belly-tendon montage over the right and left ADM muscle. The 

ground electrode was placed on the upper side of the wrist. We recorded the EMG 

using an additional amplifier (TMSi, Oldenzaal, Netherlands) connected to the EEG 

amplifier, ensuring synchronized measurements. The EEG and EMG signals were 

low-pass filtered with an anti-aliasing filter with a cut-off frequency of 550 Hz and 

sampled at 2048 Hz. 
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Evoked potential analysis 

EMG and EEG analysis was performed using Matlab (The Mathworks, Natick, MA, 

USA). To analyze the MEP, peak-to-peak amplitudes were calculated and averaged 

per session. Trials containing muscle pre-activation, defined as EMG activity larger 

than 50 µV in the 50 ms preceding a single pulse, were excluded. 

 

TMS evoked potentials were analyzed using the common average reference. Trials 

were defined from 50 ms before to 300 ms after every TMS pulse, resulting in 75 

trials for both targets and each session. We applied single-trial principal component 

analysis (PCA) to remove the first large TMS artifact, caused by the magnetic pulse, 

and the second TMS artifact, believed to be caused by muscle activation on the scalp. 

A detailed description of this PCA method can be found in a previous study (ter 

Braack et al. 2013). In short, we performed PCA using 40 calculated components on 

each individual trial, with the first component having the largest variance and the 

40th component having the lowest variance. We then removed the first four 

components, containing the large amplitude artifacts, from the trial to obtain a signal 

which is almost artifact-free. After PCA, the trials were filtered with a fourth order 

Butterworth bandpass filter between 1 and 45 Hz and averaged per session.  

 

To investigate the variation of the P30 and N100 amplitude during the day, we 

determined the standard deviation at the latency of the maximum amplitude of both 

components at electrode Cz. The standard deviation was determined for the response 

on group level for each session and then averaged over sessions, resulting in an 

average inter-individual variation of the P30 and N100 amplitude during the day. We 

also determined this standard deviation for each individual subject for the average 

response over all five sessions and then averaged over subjects, resulting in an 

average intra-individual variation of the P30 and N100 amplitude during the day.  

 

Statistical analysis 
For all statistical analyses a p-value below 0.05 was considered statistically 

significant, except when a correction for multiple comparisons was applied.  

 

RMT and mean MEP amplitude between the five sessions were compared using one-

way repeated measures ANOVA with Greenhouse-Geisser correction for both left 

and right motor cortex stimulation. Two-way repeated measures ANOVA was used 

to test for differences between both hemispheres. Since RMT was occasionally 
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above the maximum output of the stimulator, and statistical analysis of bounded 

variables is challenging, those subjects were excluded for RMT statistics. A total of 

thirteen and fifteen subjects were included in the RMT analysis for the left and right 

hemispheres, respectively. 

 

We compared the standard deviation of the P30 and N100 on group level (five 

sessions) with the standard deviation of the P30 and N100 on single subject level 

during the day (16 subjects) using an independent t-test.  

 

All subjects were included in the TEP statistics. To compare the reproducibility of 

the total TEP waveform (0-300 ms) between the five sessions, we used multiple 

dependent t-tests at the electrode level. A cluster-based permutation analysis (Maris 

and Oostenveld 2007) was applied, as implemented in FieldTrip 

(http://fieldtrip.fcdonders.nl/). In short, a dependent t-test comparing the TEPs from 

the five sessions was performed for each time sample and each EEG electrode. Only 

t-values with a clustering p-value <0.05 were considered for clustering. Clustering 

of t-values was based on adjacent time bins and neighboring electrodes. Within each 

cluster, the t-values of the included electrodes were summed, and this sum was used 

for statistical comparison. A permutation test was performed, randomly assigning 

the TEPs from the 16 subjects to two different groups (for example session 1 and 

session 2 are now randomly shuffled) and repeating statistical testing for 1500 times. 

These permutation results are then combined to form a distribution of summed 

clusters t-values. Clusters in the original data set were considered to show a non-

significant trend if less than 5% of the permutations in the distribution had a cluster-

level statistic larger than the statistic in the original data set, i.e. with an alpha p-

value of <0.05. Only clusters with a p-value <0.005 were only considered statistically 

significant, as p-values were afterwards Bonferroni corrected for 10 comparisons (all 

sessions were compared to each other). The same procedure was repeated for the 

time-intervals 20-35 ms and 80-140 ms to evaluate the P30 and N100 components 

of the TEP in further detail.  

 
Results 
The mean RMT for the first session was 79% for the left hemisphere and 78% for 

the right hemisphere (table 4.1). The RMT normalized with respect to the first 

session is presented in figure 4.1. The RMT showed no differences between the left 

and right hemisphere (F(1.91,22.86)=0.09, p=0.90) and did not change significantly 
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during the day (left hemisphere: F(1.97,23.66)=0.41, p=0.67; right hemisphere: 

F(2.08,29.11)=1.99, p=0.15). The MEP amplitude showed no differences between 

the left and right hemisphere (F(2.26,33.82)=0.16, p=0.88) and did not change 

significantly during the day (left hemisphere: F(1.94,29.11)=1.50, p=0.24; right 

hemisphere: F(2.34,35.18)=1.94, p=0.15). In all subjects MEPs were evoked 

continuously, except in one where MEPs were absent (amplitude <50 µV) for left 

hemisphere stimulation at 3:30PM and 6:00PM. The mean MEP amplitude 

normalized with respect to the first session is presented in figure 4.1. 

 

Table 4.1. Resting motor thresholds and used TMS intensity (left / right) for all subjects. 

Subj. Session 1 Session 2 Session 3 Session 4 Session 5 
TMS 

intensity 

1 87 / 78 89 / 77 92 / 77 95 / 76 93 / 73 96 / 86 

2 80 /65 76 / 68 86 / 67 85 / 68 84 / 68 88 / 71 

3 70 / 67 72 / 67 72 / 68 71 / 72 72 / 72 77 / 74 

4 70 / 82 72 / 81 72 / 80 73 / 78 73 / 83 77 / 91 

5 86 / 87 79 / 88 75 / 93 75 / 93 76 / 100 95 / 96 

6 65 / 61 58 / 60 62 / 61 59 / 60 58 / 57 72 / 68 

7* 97* / 97* 95 / 99 93 / 100 95 / 99 96 / 100 100 / 100 

8 80 / 84 84 / 83 80 / 81 79 / 86 78 / 86 88 / 93 

9*† 94* / 75 100 / 75 >100 / 85 >100 / 82 >100 / 90 100 / 83 

10 88 / 91 89 / 85 85 / 85 87 / 82 89 / 83 97 / 100 

11*†‡ 
93* / 

>100* 
96 / 100 

>100 / 

>100 
94 / >100 95 / 88 100 / 100 

12 74 / 70 75 / 73 77 / 71 78 / 71 83 / 70 82 / 77 

13 77 / 76 64 / 65 68 / 71 66 / 76 64 / 73 85 / 85 

14 84 / 73 86 / 73 88 / 74 86 / 76 92 / 74 93 / 81 

15 74 / 75 78 / 74 78 / 78 80 / 78 79 / 80 82 / 83 

16*† 98* / 93* >100 / 93 100 / 93 100 / 93 >100 / 94 100 / 100 

Resting motor threshold and applied TMS intensity during the protocol in % of maximal 

stimulator output (1.5 tesla) for left / right hemisphere. * Protocol intensity of 110% RMT not 

possible, † subject not included in RMT analysis left hemisphere, ‡ subject not included in RMT 

analysis right hemisphere. 
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Figure 4.1. RMT and MEP variation during the day. The normalized RMT (top) and the normalized 

mean MEP amplitude (bottom) for the left (squares) and right (circles) hemisphere for all five 

sessions. The RMT and MEP amplitude were normalized with respect to the first session for every 

subject and then averaged over subjects. For RMT we excluded subjects with an RMT higher than 

100% maximum stimulator output during one or more sessions, resulting in 13 subjects for the left 

hemisphere and 15 subjects for the right hemisphere. Errorbars indicate the standard deviation.  
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Figure 4.2 shows the TEP for all five sessions at electrode Cz averaged over subjects 

after stimulating the left motor cortex. The response was very constant during the 

day, showing a similar waveform in all five sessions in each subject. We found no 

significant differences in the TEP between the five sessions for MCR stimulation on 

a group level. Also for MCL stimulation, the majority of sessions showed no 

significant differences, except for 10:30AM compared to 3:30PM (p=0.0046). One 

significant positive cluster was found left occipitally around 110-120 ms, 

corresponding to a larger (more negative) amplitude of the N100 component at 

3:30PM. When focusing on the N100, the same positive cluster was found to be 

significant (10:30AM compared to 3:30PM for MCL, p=0.001), located left 

occipitally.  

 

 

 

Figure 4.2. TEP on group level during the day. The TEP at electrode Cz on a group level during five 

sessions on one day after stimulating the left motor cortex. The TEP looks very similar during all 

five sessions, showing the typical components N15, P30, N45, P60, N100 and P180. The grey area 

represents the standard deviation on group level for the first session at 8:00AM.  
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The electrode with the largest amplitude difference within the cluster (PO3) is shown 

in figure 4.3. When focusing on the P30, no additional significant clusters were 

found. In addition we found some non-significant trends for the N100 (8:00AM 

versus 3:30PM for MCL: positive cluster left occipitally (interval 0-300 ms (p=0.02); 

interval 80-140 ms (p=0.01)), and 8:00AM versus 10:30AM for MCR: negative 

cluster left occipitally (interval 80-140 ms (p=0.02)) and the P30 (10:30AM versus 

1:00PM for MCL: negative cluster right frontally (interval 20-35 ms (p=0.02)). The 

TEP after repeating the TMS protocol a week later also closely resembles the TEP 

from a week earlier (see figure 4.4).  

 

 

 

 

 

Figure 4.3. Difference in N100 between session 2 and 4. The TEP on group level in session 2 

(10:30AM, solid line) and session 4 (3:30PM, dotted line) at electrode PO3 after stimulating the left 

motor cortex. The grey area represents the standard error. PO3 is the electrode with the largest 

difference in amplitude within the significant cluster, of which the duration is indicated by the black 

bar at the N100 component.  
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Figure 4.4. TEP after 1 week. The TEP at electrode Cz in 3 subjects after stimulating the right motor 

cortex at 8AM and 6PM on day 1, and at 8AM after 1 week (day 8).  

 

 

 

We calculated the mean TEP with standard deviation over all subjects in the five 

sessions. In figure 4.2 the mean TEP with SD at Cz is shown for left motor 

stimulation for session 1. The average standard deviation of the N100 component at 

Cz on a group level during the day was 4.53 µV (range 3.99-5.19 µV) for MCL and 

6.16 µV (range 5.40-7.02 µV) for MCR. The mean TEP with SD over five sessions 

for each single subject is shown in figure 4.5. The average standard deviation of the 

N100 component at Cz on a single subject level during the day was 2.01 µV (range 

0.40-4.27 µV) for MCL and 1.35 µV (range 0.27-3.11 µV) for MCR. The average 

standard deviation of the P30 component at Cz on a group level during the day was 

5.45 µV (range 4.36-6.98 µV) for MCL and 4.42 µV (range 4.04-4.71 µV) for MCR. 

The average standard deviation of the P30 component at Cz on a single subject level 

during the day was 2.98 µV (range 0.58-8.48 µV) for MCL and 1.14 µV (range 0.36-

2.73 µV) for MCR. Both for the N100 and the P30 the standard deviation on group 

level was significantly higher than the standard deviation on single subject level 

during the day (P30 MCL: p = 0.002; P30 MCR, N100 MCL, N100 MCR: all p < 

0.001).  
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Figure 4.5. TEP on single subject level during the day. The mean TEP on electrode Cz during the 

day for all single subjects after stimulating the right motor cortex. The dotted lines represents the 

standard deviation. Numbers above the graphs indicate the subject number.  

 

 

  



 

69 

4 

Discussion 
In this study we applied TMS-EEG five times during the day in healthy volunteers, 

and measured the RMT, MEP amplitude and the TEP. We found that both RMT and 

MEP amplitude do not change significantly during the day. The TEP remained 

largely constant, except for the N100 which was more pronounced at 3:30PM 

compared to 10:30AM. The inter-individual variation of the TEP within one session 

is significantly larger than the intra-individual variation during the day.  

 

The absence of significant variation of the RMT between two sessions on one day 

has been reported before (Doeltgen and Ridding 2010; Lang et al. 2011; Tamm et al. 

2009). Measurements at multiple time points in a 10h period showed that the RMT 

stays constant (Koski et al. 2005), and this stability of the RMT during daytime is 

now confirmed by our results. Practically, this means that in healthy volunteers the 

RMT only has to be determined at the start of a TMS session, even when this TMS 

session takes very long or consists of multiple measurements within a day. In our 

data the MEP amplitude did not change over sessions, in line with a previous report 

measuring the MEP over a 24h period (Strutton et al. 2003). 

 

The TEP had a characteristic waveform in all subjects with recognizable components 

at 15-30-45-60-100-180 ms. This response was very constant during the day, with 

only the N100 after MCL stimulation showing a significant difference between the 

session at 10:30AM and 3:30PM on a group level. This cluster was located left 

occipitally, just as the two other N100 clusters that turned out to be non-significant 

after correction. Two earlier reports did not find a significant change of the first large 

component of the TEP (P30) during daytime (Huber et al. 2012; Ly et al. 2016). 

However, these authors did not analyze any other components. We evaluated the 

whole TEP waveform on all electrodes, and found a significant difference in a 

different component, the N100. All other components, including the P30, did not 

show significant differences. We only found a non-significant trend for the P30, with 

a larger amplitude at 1:00PM compared to 10:30AM, which is in line with previous 

findings of a non-significant increase of P30 amplitude during daytime (Huber et al. 

2012; Ly et al. 2016). The TEP has shown to be reproducible after 1 week (Casarotto 

et al. 2010; Lioumis et al. 2009), similar to our observations in three subjects.  
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Other TMS measures were also reported as being constant during the day, such as 

SICI (short interval cortical inhibition) and ICF (intra cortical facilitation) (Doeltgen 

and Ridding 2010; Lang et al. 2011; Pfutze et al. 2007). Both SICI and ICF are 

GABA-A mediated responses (Hanajima et al. 1998; Inghilleri et al. 1996; Kujirai 

et al. 1993). On the contrary, LICI (long interval cortical inhibition) as well as the 

CSP (cortical silent period) decreased in length during three sessions at 8AM, 2PM 

and 8PM (Lang et al. 2011), suggesting that the amount of inhibition decreases 

during the day. Earlier studies did not find a significant change in CSP during seven 

sessions between 8AM and 8PM (Koski et al. 2005) or between an evening and a 

morning session (Pfutze et al. 2007). LICI is a GABA-B mediated response 

(McDonnell et al. 2006; Pierantozzi et al. 2004; Werhahn et al. 1999), while CSP is 

thought to consist of a GABA-A mediated part and a GABA-B mediated part 

(Inghilleri et al. 1996; Kimiskidis et al. 2006; Siebner et al. 1998; Stetkarova and 

Kofler 2013). The N100 has also shown to be GABA-B mediated (Premoli et al. 

2014), and in our results the N100 was larger in amplitude in the afternoon compared 

to the morning, suggesting an increase instead of decrease in inhibition. Taking these 

results together, it appears that GABA-A mediated TMS responses do not fluctuate 

during the day, while for the GABA-B mediated LICI and N100, and the partly 

GABA-B mediated CSP, inconsistent results are found.  

 

Contradicting results are reported for the time-dependency of cortical excitability 

measured by LICI (long-interval cortical inhibition) in JME. Excitability was 

decreased in the afternoon compared to the morning in drug naive JME patients 

(Badawy et al. 2009), but no difference in excitability was reported in an earlier study 

(Pfutze et al. 2007). In addition, a difference in excitability between morning and 

afternoon could not be found in a group of focal epilepsy (mainly temporal lobe 

epilepsy) patients (Badawy et al. 2009). This inconsistency in TMS findings in 

healthy subjects and epilepsy patients may be explained by differences in 

methodology, for example the (lack of) control of different Zeitgebers or the 

heterogeneity of subjects with regard to morning type and evening type. True 

circadian or daytime variations may only be found using a constant routine 

methodology (Duffy and Dijk 2002). In any case, for a TMS readout to be of clinical 

use, the influence of normal, daily variations should be small compared to the 

influence of a disease or a medication.  
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We further show that intra-individual variation during the day of the N100 and P30 

amplitude was significantly smaller compared to the inter-individual variation within 

a session. This is in line with a previous report describing a large inter-individual 

variation in TMS measures (Koski et al. 2005). Large differences between subjects 

have also been described in recent publications evaluating the TEP before and after 

different (anti-epileptic) drugs (Premoli et al. 2017; Premoli et al. 2014).  

 

Our study has a few limitations. Some subjects had a very high RMT at the start and 

therefore it was not possible to use a relative stimulation intensity of 110% during 

session 1. Because we compared the TEP between sessions, and not between 

subjects, and the TEP is also present at stimulation intensities below RMT (Komssi 

et al. 2004), this most likely had no effect on the results. We used the same 

stimulation intensity during all five sessions, even though there were small (non-

significant) changes in RMT between sessions. MEP amplitude, directly dependent 

on RMT, has been related to the amplitude of the N15-P30 and N100 component 

(Mäki and Ilmoniemi 2010b; Paus et al. 2001) and to a late response around 300 ms 

(Fecchio et al. 2017). However, there were no significant differences in MEP 

amplitude between sessions. On the one hand the constant stimulation intensity may 

have influenced the TEP amplitude, since the relative stimulation intensity deviated 

from 110% in sessions 2-5. Still, this did not result in a difference in TEP waveform 

during the day, probably also because the relative stimulation intensity was 

sometimes above and sometimes below 110%. On the other hand, keeping the 

stimulation intensity constant ensured that the contribution of auditory and 

somatosensory evoked potentials and muscle activation artifacts was similar for all 

sessions and did not influence our findings.  

 

We used PCA to reduce the TMS pulse artifact and the muscle artifact from our data. 

At present, a large number of artifact rejection techniques have been used in TMS-

EEG. These consist of ICA (Hamidi et al. 2010; Iwahashi et al. 2008; Korhonen et 

al. 2011; Rogasch et al. 2014), PCA (Hernandez-Pavon et al. 2012; Mäki and 

Ilmoniemi 2010a; Rogasch et al. 2017) and other techniques (Casula et al. 2017; 

Litvak et al. 2007; Morbidi et al. 2007), all resulting in a reduction of TMS-related 

artifacts and thereby enabling TEP analysis. Although we have shown that with PCA 

the TMS pulse artifact and the muscle artifact can be reduced simultaneously (ter 

Braack et al. 2013), it may be worthwhile investigating whether the method can be 

further optimized. When increasingly more PCA components are removed, the TEP 
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components are also decreased in amplitude (Mäki and Ilmoniemi 2010a; ter Braack 

et al. 2013). We now removed the first four components in all subjects, but it may 

be better to decide on the number of components to be removed on a single subject 

level, and possibly by also looking at the topographies of the components. The time-

locked nature of both artifact and TEP poses a challenge when using ICA or PCA, 

and it would be interesting to compare these two techniques with other methods to 

decide on the best artifact rejection technique for TMS-EEG data.  

 

In conclusion, we show that the RMT, MEP amplitude and TEP in healthy subjects 

are highly reproducible during daytime. No significant differences were found for 

both RMT and MEP amplitude, while only the N100 amplitude after left motor 

cortex stimulation was significantly larger at 3:30PM compared to 10:30AM. This 

implies that results from different sessions can be compared even though they are 

obtained at a different time of day. Large inter-individual differences still may cause 

difficulties in establishing normal ranges for TMS measures, which is important for 

developing clinical applications.  
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Abstract 
Objective: To explore if the TMS evoked potential is different in patients with 

epilepsy compared to healthy subjects. 

Methods: Eighteen healthy subjects and thirteen epilepsy patients participated in this 

study. Single TMS pulses were applied to the left and right motor cortex. For each 

target we applied 75 pulses at 110% of the resting motor threshold (RMT), and 

continuously measured the EEG. Resting motor threshold and the TMS evoked 

potential (TEP) were compared between patients and healthy subjects.  

Results: Epilepsy patients had a higher left RMT than healthy subjects (88.5% vs. 

81.8%, p=0.048). For left motor cortex stimulation, the N100 was larger in amplitude 

in epilepsy patients than in healthy subjects (p=0.0073). For right motor cortex 

stimulation, the P180 was larger in amplitude in epilepsy patients than in healthy 

subjects (p=0.006). The differences in these late TEP components were localized in 

the centro-parietal areas. No significant differences were found for other TEP 

components. 

Conclusions: In this pilot study, we found a significant higher MT and higher TEP 

amplitudes in epilepsy patients compared to healthy subjects.  

Significance: Changes in cortical excitability may assist in epilepsy diagnostics or 

evaluation of the efficacy of anti-epileptic drugs. 
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Introduction 
Epilepsy is characterized by an enduring predisposition to generate epileptic seizures 

(Fisher et al. 2005), resulting from an imbalance between excitatory and inhibitory 

activity (McCormick and Contreras 2001). This imbalance is also reflected by the 

presence of interictal discharges. Such abnormal synchrony may occur in response 

to external stimuli, for instance in patients with photosensitive epilepsy, showing 

epileptiform discharges during photic stimulation (Verrotti et al. 2012). In this 

context, one may define cortical excitability as the responsiveness of a network of 

cortical neurons to a certain input stimulus, e.g. light, sound or an electrical current.  

 

With transcranial magnetic stimulation (TMS), the excitability of the cortex can be 

measured using a short magnetic pulse as the input stimulus. Traditionally, the motor 

cortex is stimulated using single pulses, and the motor threshold (MT) and cortical 

silent period (CSP) are used as measures of excitability (Badawy et al. 2012; 

Tassinari et al. 2003). A recent overview showed that different drugs used in epilepsy 

management result in differences in MT, where excitability was mostly reduced after 

taking AEDs (Ziemann et al. 2015). However, despite a large number of TMS 

studies, no consistent differences in MT or CSP between epilepsy patients and 

healthy subjects were found (Bauer et al. 2014). Importantly, MT and CSP not only 

reflect cortical excitability, but also the excitability of the spinal cord, peripheral 

nerves and muscles; where it is not straightforward to define the contribution of the 

various involved systems.  

 

Combining TMS with EEG (TMS-EEG) has only recently become available. This 

technique offers a more direct measurement of the brain’s response to a TMS pulse 

and gives the opportunity to record responses after stimulating other areas than the 

motor cortex (Ilmoniemi and Kičić 2010). The TMS evoked potential (TEP) is 

obtained by averaging the EEG over a large number of single TMS pulses. When 

stimulating the (left or right) motor cortex, the TEP shows characteristic components 

at 15, 30, 45, 60, 100 and 180 ms after the stimulus (Ilmoniemi and Kičić 2010; ter 

Braack et al. 2013), although earlier components at 7-10 and 13-14 ms have been 

reported as well (Bonato et al. 2006; Ferreri et al. 2011).  

 

The origin of the different TEP components remains largely unclear, although there 

have been attempts to elucidate the different underlying mechanisms. The N15-P30 

complex shows a correlation with the amplitude of the motor evoked potential (Mäki 
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and Ilmoniemi 2010) and probably reflects excitation (Esser et al. 2006). On the 

other hand, the N100 is strongly related to inhibitory processes, with a reduction in 

amplitude when a subject is preparing for a movement (Kičić et al. 2008; Nikulin et 

al. 2003). The N100 correlates with the duration of the CSP (Farzan et al. 2013). The 

P60 and N100 both increased after a repetitive TMS paradigm which was aimed at 

increasing inhibition (Casula et al. 2014). Recently it has been shown that GABA-

ergic drugs that enhance inhibition result in changes in the N45 and N100 (Premoli 

et al. 2014a).  

 

TMS-EEG seems to be a promising technique to explore in epilepsy patients, where 

the various components of the TEP may serve as a new biomarker for cortical 

excitability (Kimiskidis et al. 2014). To our knowledge, only two studies have been 

published which compare the TEP after motor cortex stimulation in epilepsy patients 

and healthy controls (Del Felice et al. 2011; Julkunen et al. 2013). The P30 was 

higher in amplitude and the N100 and P180 were lower in amplitude in patients with 

Unverricht-Lundborg type progressive myoclonus epilepsy (EPM1) compared to 

healthy controls (Julkunen et al. 2013). Patients with juvenile myoclonic epilepsy 

(JME) as well as healthy subjects showed an increase in amplitude of the TEP 

components around 100 and 180 ms after sleep deprivation, but this increase was 

significantly larger in the JME patients (Del Felice et al. 2011). Although both 

studies show differences in the N100 component between patients and controls, the 

N100 was decreased in EPM1 patients and increased in JME patients.   

 

To explore TMS-EEG as a tool for epilepsy research, more basic patient studies are 

needed to explore the specific characteristics of the TEP in epilepsy patients and 

healthy subjects. In this pilot study, we measured the resting motor threshold (RMT) 

and evaluated the TEP after motor cortex stimulation and compared these measures 

between a heterogeneous group of epilepsy patients and healthy subjects.  

 

Methods 
The experimental protocol was approved by the local ethics committee (Medisch 

Spectrum Twente, Enschede, the Netherlands) and was in accordance with the 

declaration of Helsinki. Written informed consent was obtained from all included 

subjects. We followed the guidelines for the use of TMS in clinical practice and 

research (Rossi et al. 2009).  
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Subjects 

Eighteen healthy subjects (11 males, mean age 28 years, range 20-54 years, all right-

handed) and thirteen epilepsy patients (4 males, mean age 26 years, range 19-42 

years, all right-handed) participated in this study. Patients with clinically confirmed 

epilepsy were randomly selected from the database of the department of Clinical 

Neurophysiology at Medisch Spectrum Twente. The diagnosis of epilepsy was made 

by an experienced neurologist based on the patient history and routine EEG 

recordings. We excluded patients who experienced seizures in the month before the 

TMS measurement. Subjects with implanted devices or metal objects in their body 

were excluded. In addition, we excluded healthy subjects with a history of epilepsy 

or epileptic events, as well as healthy subjects with family members having epilepsy. 

Patient characteristics are shown in table 5.1.  

 

 

Experimental conditions  

Subjects were seated in a chair, with their hands in a relaxed position. They kept 

their eyes open and focused on a marked point on the wall. During TMS-EEG, all 

subjects wore protective earplugs, and noise created from the coil click was played 

through headphones at 95 dB to mask the sound of the TMS pulses (ter Braack et al. 

2015). In addition, a thin layer of foam was placed between the coil and head of the 

subject to minimize bone conduction.  

 

 

TMS targeting 

Single biphasic TMS pulses, with pulse duration of 400 µs and inter-pulse interval 

of approximately 4 seconds, were delivered manually. We used a 70 mm figure-of-

eight air film coil and a Rapid2 stimulator (The Magstim Company Ltd, Whitland, 

United Kingdom) with a maximum output of 1.5 tesla. The coil was placed 

tangentially over the hot-spot of the abductor digiti minimi (ADM) muscle in the left 

and right hemisphere, with the handle pointing backwards and laterally at an angle 

45° away from the midline. We applied 75 TMS pulses at both targets with a 

stimulation intensity of 110% RMT. Positioning of the coil was achieved using a 

robot-navigated system (Smartmove, ANT Neuro, Enschede, Netherlands), as 

described in our previous study (ter Braack et al. 2013). In all healthy subjects, a 1.5 

tesla MRI scan of the head was available to create a subject-specific head model, 

making the set-up procedure more rapid. In the patients, the available MRI scans 
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could not be used for TMS targeting due to technical problems, and a standard head 

model was used for navigating the TMS coil. This had no consequences for 

determining the hot spot, as this was done manually, or automatic placement of the 

coil.  

 

Table 5.1. Patient characteristics.  

# Sex Age Type of 

epilepsy 

Duration 

(years) 

Epileptiform 

abnormalities 

(scalp EEG) 

MRI Medication SF 

1 M 40 Generalized 5 Normal EEG Lesions  

L: P+T 

Valproic acid Y 

2 F 20 Generalized 9 G 

L: T 

Glioma  

L: T 

Lacosamide N 

3 F 20 Generalized 3 Normal EEG Normal Lamotrigine N 

4 F 26 Generalized 

(JME)  

>10 G No 

MRI 

Lamotrigine Y 

5 M 19 Focal  3 R: T Normal Valproic acid Y 

6 F 19 Generalized 8 L: FT Normal Lamotrigine Y 

7 F 42 Generalized 

(possible 

JME) 

4 Normal EEG Normal Lamotrigine 

Lacosamide 

N 

8 F 20 Generalized 7 L+R: T Normal Lamotrigine Y 

9 F 19 Generalized 

(JME)  

5 G Normal Lamotrigine Y 

10 F 31 Generalized 21 G Normal Ethosuximide 

Levetiracetam 

Y 

11 F 31 Focal 1 L: FT Normal Valproic acid Y 

12 M 31 Generalized 22 L+R: CT Normal Oxcarbazepine N 

13 M 25 Generalized 11 Normal EEG Normal Valproic acid N 

Duration = duration of epilepsy; JME = Juvenile myoclonic epilepsy; SF = seizure free. G= 

generalized; L = left; R = right; P = parietal; T = temporal; FT = fronto-temporal; CT = centro-

temporal; M = male; F = female; Y = yes; N = no. 

 

EEG and EMG recordings 

A 64-channel EEG was recorded continuously during TMS using a TMS compatible 

EEG cap (ANT Neuro, Enschede, the Netherlands) and full-band EEG amplifier 

(TMSi, Oldenzaal, the Netherlands). Electrode impedances were kept below 5 

kOhm. For the recordings, we used a sample frequency of 2048 Hz and the common 

average reference. The ground electrode was placed between Fz and FPz. A single 

TMS pulse produced a stimulation artifact of 1-2 mV, lasting for approximately 3 
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ms. In the epilepsy patients, a 10-minute resting EEG was recorded before and after 

TMS. To determine the hot spot and RMT, surface electrodes were placed in a belly-

tendon montage over the left and right ADM muscle. The ground electrode was 

placed on the dorsal side of the wrist. The EMG was sampled at 2048 Hz and 

recorded using an additional amplifier (TMSi, Oldenzaal, Netherlands). RMT was 

defined as the lowest stimulus intensity that produced at least five MEPs of at least 

50 µV out of 10 consecutive stimuli (Rossini et al. 1994).  

 

Resting EEG analysis 

The resting EEGs in the epilepsy patients, and the EEGs during TMS in both epilepsy 

patients and healthy controls, were reviewed by an experienced EEG technician and 

a clinical neurophysiologist (MvP). They scored the EEGs for epileptiform 

abnormalities and had to reach consensus. Both reviewers were blinded to the subject 

category (patient or healthy subject).  

 

Evoked potential analysis 

EEG analysis was performed using Matlab (The Mathworks, Natick, MA, USA). 

The common average reference was used for analyzing the TMS evoked potentials. 

Trials were defined from 2 seconds before to 2 seconds after every TMS pulse, 

resulting in 75 trials of 4 seconds for both targets. Trials with eye-blinks were 

automatically rejected using a fixed threshold of 150 µV for electrode channel Cz, 

which resulted in at least 70 accepted trials for all targets.  

 

We applied single-trial principal component analysis (PCA) to remove the first large 

TMS artifact, caused by the magnetic pulse, and the second TMS artifact, believed 

to be caused by muscle activation on the scalp (Mutanen et al. 2013). A detailed 

description of this PCA method can be found in a previous study (ter Braack et al. 

2013). In short, we performed PCA using 40 calculated components on each 

individual trial. Based on the results from our previous study, we then removed the 

first four components to obtain an artifact-free signal. Figures S1-S4 showing the 

signal before and after PCA can be found in the supplemental material.  

 

After PCA, the trials were averaged and filtered with a fourth order Butterworth 

bandpass filter between 1 and 80 Hz with an additional 50 Hz bandstop filter. To 

evaluate a possible relationship between stimulation intensity and amplitude of TEP 

components, the response measured at electrode Cz was selected for further analysis. 
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The amplitudes of the TEP components P30, N100 and P180 were determined by 

manually selecting a latency window for each peak, based on visual inspection of 

the TEP, and then automatically detecting the largest absolute amplitude within that 

range. In figure S5-S6 in the supplemental material the individual latencies and 

amplitudes of the N100 and P180 at electrode Cz are shown.  

 

Statistical analysis 

An independent one-sided t-test was used to compare the RMT between patients and 

healthy subjects, with the hypothesis that the RMT is higher in patients because of 

AED use. When the RMT was higher than 100% of the stimulator output, we 

assumed that the RMT had a value of 101%.  

 

To compare the TEP waveform between healthy subjects and epilepsy patients, we 

used multiple independent t-tests at the electrode level. To correct for multiple 

comparisons, a cluster-based permutation analysis (Maris and Oostenveld 2007) was 

applied, as implemented in FieldTrip (http://fieldtrip.fcdonders.nl/). In short, an 

independent t-test comparing the TEPs from healthy subjects and epilepsy patients 

was performed for each time sample and each EEG electrode. Only t-values with a 

p-value <0.01 were considered for clustering. Clustering of t-values was based on 

adjacent time bins and neighboring electrodes. Within each found cluster, the t-

values of the included electrodes were summed, and these summed t-values were 

used for statistical comparison. A permutation test was performed, meaning that all 

data was randomly assigned to the two different groups (healthy or patient) and the 

statistical test was performed again for 1500 times. These permutation results are 

then combined to form a distribution of summed clusters t-values. Clusters in the 

original data set were considered to be significant if less than 2.5% of the 

permutations in the distribution had a cluster-level statistic larger than the statistic in 

the original data set, i.e. with a p-value < 0.025. We performed this analysis for the 

whole time-period (0-300 ms), but also using specific time regions of interest 

corresponding to the TEP components (20-35 ms – P30; 35-60 ms – N45; 60-80 ms 

– P60; 85-140 ms – N100; 150-230 ms – P180). For the specific time regions of 

interest we used a Bonferroni-corrected p-value of 0.005.  

 

We correlated the amplitude of the P30, N100 and P180 at electrode Cz with the 

RMT using the Pearson correlation coefficient, both in healthy subjects and epilepsy 

patients.  
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Results 
There were no adverse events during this study. All healthy subjects and epilepsy 

patients tolerated the TMS protocol well. Only one patient (patient 5) showed 

epileptiform abnormalities (spike-wave discharges) on the resting EEG, these 

discharges did not occur more frequently during or after TMS. None of the patients 

experienced any symptoms or signs associated with their seizures during the TMS 

protocol or EEG recordings.  

 

 

 

Table 5.2. Motor Thresholds in patients and controls. 

 Healthy subjects Epilepsy patients 

# MT left MT right MT left MT right 

1 87 78 >100 97 

2 65 62 100 70 

3 80 65 74 93 

4 70 67 87 >100 

5 70 82 >100 >100 

6 86 87 >100 90 

7 65 61 80 80 

8 97 97 93 83 

9 80 85 73 88 

10 94 75 79 80 

11 88 91 80 72 

12 91 95 94 71 

13 93 >100 87 78 

14 74 70  

15 77 76  

16 84 73  

17 74 75 

18 98 93 

Mean 

± SD 

81.8 ±10.7 79.6 ±12.4 88.5 ±10.6 84.9 ±11.0 

Resting motor thresholds as a percentage of the maximal stimulator output 

(1.5 tesla). 
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Resting motor threshold 

The resting motor thresholds are shown in table 5.2 and figure 5.1. Both left and 

right RMT were higher in the patient group compared to the healthy subjects, 

reaching statistical significance over the left hemisphere (mean ± SD: 88.5% ± 

10.6% vs. 81.8% ± 10.7%, p=0.048). There was no significant difference when we 

compared the left and right RMT within each group (healthy or patient). We also 

found no difference in RMT between the patients using a pure channel-blocker AED 

(n=9) and the patients using a mixed AED (n=4), but it has to be noted that these 

subgroups are very small. 

Figure 5.1. Resting motor thresholds. Mean left and right resting motor thresholds (RMT) for the 

healthy subjects (black square) and epilepsy patients (open square). Error bars represent the standard 

deviation. * = p<0.05.  
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Motor cortex TEPs 

All healthy subjects and epilepsy patients showed a characteristic TEP on electrode 

Cz when stimulating the left and right motor cortex, with components at 15, 30, 45, 

60, 100 and 180 ms. In figure 5.2A and 5.2B the average TEP over subjects at 

electrode Cz and the topographical distribution of each TEP component is shown for 

left (5.2A) and right (5.2B) motor cortex stimulation. The distribution of the different 

TEP components is similar for healthy subjects and epilepsy patients, and shows the 

same pattern for both left and right stimulation. Activity starts in the stimulated 

hemisphere at parietal and frontal regions. Between 45 and 60 ms activity spreads to 

the non-stimulated hemisphere, reaching large amplitudes at centro-parietal areas at 

100 and 180 ms. There was no correlation between the amplitude of the P30, N100 

or P180 with RMT.  

 

To compare the TEP between epilepsy patients and healthy subjects we performed a 

cluster-based permutation analysis of the TEP amplitude between 0 and 300 msec. 

Only clusters with a p-value<0.025 reflect significant differences in amplitude.  

 

For left motor cortex stimulation, the N100 was larger in amplitude in epilepsy 

patients than in healthy subjects. There was a positive cluster consisting of 8 

electrodes: P1, Pz, P2, P4, P6, POz, PO4, PO6 (p=0.0073). The largest difference in 

N100 amplitude was located at electrode Pz (epilepsy: -7.00 µV; healthy: -1.91 µV), 

see figure 5.3 (left panel). No significant clusters were found for the other TEP 

components.  

 

For right motor cortex stimulation, the P180 was larger in amplitude in epilepsy 

patients than in healthy subjects. There was a negative cluster consisting of 6 

electrodes: CP3, CP1, CPz, P3, P1, Pz (p=0.006). The largest difference in P180 

amplitude was located at electrode CPz (epilepsy: 4.96 µV; healthy: 3.16 µV), see 

figure 5.3 (right panel). No significant clusters were found for the other TEP 

components.  

 

The analysis using specific time regions of interest did not reveal additional clusters. 

In figure 5.4 both significant clusters are shown together with the topographical map 

of TMS induced activity at the N100 and P180 latency.  
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Figure 5.2A. Average TMS evoked potential at Cz and topographical distribution. TMS evoked 

potential measured at electrode Cz for left motor cortex stimulation for healthy subjects (blue) and 

epilepsy patients (red). The response is an average over all subjects. The cross represents the stimulus 

location. The topographical distribution of characteristic components P30, N45, P60, N100 and P180 

are shown, corresponding to the time point where the component amplitude was the largest in the 

healthy subjects.  
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Figure 5.2B. Average TMS evoked potential at Cz and topographical distribution. TMS evoked 

potential measured at electrode Cz for right motor cortex stimulation for healthy subjects (blue) and 

epilepsy patients (red). The response is an average over all subjects. The cross represents the stimulus 

location. The topographical distribution of characteristic components P30, N45, P60, N100 and P180 

are shown, corresponding to the time point where the component amplitude was the largest in the 

healthy subjects.  
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Figure 5.3. Differences in TEP components between epilepsy patients and healthy subjects. The 

TEP for healthy subjects (solid line) and epilepsy patients (dotted line) is shown for MCL stimulation 

(left) and MCR stimulation (right). Black bars underneath represent significant differences between 

epilepsy patients and healthy subjects. Grey areas reflect the standard error. The electrode with the 

largest difference between patients and healthy subjects is shown (Pz for MCL stimulation and CPz 

for MCR stimulation).  
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Figure 5.4. Topographical plots for TEP components N100 and P180. Topographical distribution of 

TEP amplitude N100 after stimulating the left motor cortex (top) and P180 after stimulating the right 

motor cortex (bottom) for healthy subjects (left column) and epilepsy patients (middle column). The 

cross represents the stimulus location. In the right column the difference between the TEP 

distribution is shown (healthy minus epilepsy). Black dots represent channels that show a significant 

difference between both groups. 

 

Discussion 
In this pilot study we stimulated the left and right motor cortex in both healthy 

subjects and epilepsy patients, and compared the resting motor threshold and 

amplitudes of the TMS evoked potential between these two groups.  

 

We found a significantly higher left RMT in patients with epilepsy using AEDs 

compared to healthy controls. There were four patients and one healthy subject in 

whom we could not measure the RMT, because it was higher than our maximal 

stimulator output. Besides natural variations in RMT, this could be due to the 

increased distance between coil and head surface when using an EEG cap and a layer 

of foam, the limited maximum stimulator output (1.5 tesla), and of course the use of 

AEDs in the patient group. In these subjects we assumed an RMT of 101%, which 

probably underestimates the ‘true’ RMT in these subjects. Previous studies reported 

conflicting results, ranging from a normal to an increased RMT in treated epilepsy 

patients (Badawy et al. 2012; Tassinari et al. 2003). However, previous findings, as 



 

  

94 

5 

well as the results in our patient group, are most likely influenced by the use of 

AEDs. Channel-blocker AEDs are known to increase the RMT, while mixed GABA-

ergic/channel-blocker AEDs do not, but rather affect intracortical inhibition and 

facilitation (Ziemann et al. 1996). In particular, Lamotrigine consistently increases 

RMT in healthy subjects (Boroojerdi et al. 2001; Delvendahl et al. 2013; Heidegger 

et al. 2010; Li et al. 2009; Tergau et al. 2003; Ziemann et al. 1996), whereas RMT 

changes varied for Valproic acid, showing an increase in RMT in epilepsy patients 

(Cantello et al. 2006), and no change in RMT in healthy subjects (Li et al. 2009; 

Zunhammer et al. 2010). The higher RMT in our patient group is therefore very 

likely to be caused by AED use. The RMT was increased for epilepsy patients 

compared to healthy controls, but this difference reached significance only for the 

left hemisphere, which was the dominant hemisphere in all subjects. Previous studies 

found a lower RMT in the dominant hemisphere compared to the non-dominant 

hemisphere (De Gennaro et al. 2004; Macdonell et al. 1991; Triggs et al. 1994). In 

our study, such asymmetries within the groups were not observed. Two related 

studies also found asymmetrical differences in RMT between epilepsy patients and 

healthy subjects (Cantello et al. 2000; Goyal et al. 2004). We – nor the authors of 

these two studies – have an explanation for these findings, but one could speculate 

that as the brain is not perfectly symmetrical, anatomical or functional asymmetries 

may be involved. 

 

The TEP showed larger amplitudes for the late components (N100 and P180) in 

epilepsy patients. The N100 has been related to inhibitory circuits (Casula et al. 

2014; Kičić et al. 2008; Nikulin et al. 2003): an increase in N100 reflects an increase 

in inhibition. A previous study in EPM1 patients showed a higher amplitude of the 

P30 and a lower amplitude of the N100 and P180 compared to healthy controls 

(Julkunen et al. 2013). The authors claim that the lower later components are related 

to impaired inhibition, although an earlier study by the same group showed that 

inhibition was higher in EPM1 patients (Danner et al. 2009). Del Felice et al found 

that the TEP component around 100 ms increases in amplitude after sleep 

deprivation and during sleep, and that this increase was larger in JME patients than 

in healthy controls (Del Felice et al. 2011). Unfortunately, they did not compare the 

TEP during the wake state between patients and controls. However, the authors state 

that the increase in amplitude during sleep suggests an increased excitability, instead 

of an increased inhibition as reported in earlier literature. These studies evaluated 

different epilepsy types, but both found changes at 100 ms. 
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It has been shown recently that GABA-ergic drugs influence the TEP, with an 

increased N100 after taking baclofen (GABA-B), and an increased N45 and reduced 

N100 after taking alprazolam, zolpidem or diazepam (GABA-A) (Premoli et al. 

2014a). Although the patients in the previous studies used a GABA-ergic AED with 

added channel-blocker (Julkunen et al. 2013) or a single mixed GABA-

ergic/channel-blocker AED (Del Felice et al. 2011), the authors did not discuss the 

possible confounding effect of AEDs. In our patient group all patients were using 

AEDs, and it could very well be that besides GABA-ergic drugs (4/13 patients in our 

study) also channel-blocker AEDs (9/13 patients in our study) affect N100 TEP 

amplitude. Our findings of larger N100 amplitude in the epilepsy patients could 

therefore be explained by increased activation of inhibitory circuits, possibly because 

of AED use. 

 

The origin of the P180 is not known, although the N100-P180 complex is partly 

caused by auditory activation due to the coil click (Nikouline et al. 1999; ter Braack 

et al. 2015). The left motor threshold was significantly higher in the patient group, 

leading to a higher stimulation intensity for the left hemisphere. Although we used 

the same sound masking techniques in all subjects, we cannot exclude that the higher 

N100 amplitude after stimulating the left motor cortex results from this difference in 

stimulation intensity. However, the P180 amplitude was larger in the patient group 

after stimulating the right motor cortex, whereas the right RMT was not significantly 

higher in patients. We evaluated a possible relationship between TEP amplitudes 

(P30-N100-P180) and RMT, but both in healthy subjects and patients we did not find 

any significant correlations. Therefore, it is not likely that the increased TEP 

amplitudes in patients are caused by a higher RMT.  

 

There are a number of important limitations in our study. First of all, because we did 

not study drug naive patients, our results are most likely influenced by the use of 

AEDs. AEDs influence cortical excitability (Premoli et al. 2014a; Ziemann et al. 

2015), and have been shown to reduce excitability in epilepsy, reflected by an 

increase in MT and a decrease in MEP amplitudes in paired pulse TMS, making the 

responses of epilepsy patients more comparable to those measured in healthy 

subjects (Badawy et al. 2010). In addition, the patients used different AEDs, with 

different (presumed) working mechanisms, which may also have different effects on 

the TMS measures.  
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We included a relatively small group of heterogeneous patients, including both 

partial and generalized epilepsy, and patients with and without structural lesions on 

the MRI. However, epilepsy can result from a large variety of causes, and if the 

resulting increase in cortical excitability is comparable between different types of 

epilepsy, TMS-EEG may be a very robust technique in assessing this increased 

excitability. Badawy et al indeed showed that the changes in excitability are similar 

between generalized and focal (affected hemisphere) epilepsy patients (Badawy et 

al. 2010).  

 

Artifacts are a major issue in TMS-EEG recordings. We used a layer of foam 

between coil and head a headphone playing noise to reduce the auditory evoked 

potential (ter Braack et al. 2015). PCA was used to reduce the first TMS artifact, 

originating from the TMS pulse itself, and the second TMS artifact, most likely 

resulting from the activation of scalp muscles (Mutanen et al. 2013; ter Braack et al. 

2013). We rejected trials containing eye blinks using an automated thresholding 

method, but eye blinks could have still been present in our dataset at frontal channels. 

However, the clusters we found are located in the parietal areas, where the influence 

of eye blinks is minimal. Therefore, it is very unlikely that the results from our group 

comparison are affected by potential frontal artifacts by eye blinks. 

 

For future studies, there are a number of issues that need to be addressed. The TEP 

should be evaluated in epilepsy patients before and after they start taking medication, 

to study excitability in drug naive patients and further explore how AEDs influence 

the TEP amplitudes and/or latencies in epilepsy. Additional insight may also be 

obtained by evaluation of the effect of different types of AEDs on the TEP in healthy 

subjects.  

 

The TEP has mostly been measured using a single pulse TMS protocol, but paired-

pulse TMS (ppTMS) is a promising technique to evaluate excitability as well. With 

this relatively new technique, series of paired TMS pulses with specific interstimulus 

intervals are applied to the motor cortex. Recent ppTMS studies show that patients 

with both focal and generalized epilepsy have an increased excitability compared to 

healthy subjects, presumably resulting from failure of inhibitory activity (Badawy et 

al. 2007; Badawy et al. 2012). This increased excitability reduces, both in focal and 

generalized epilepsy patients, after successful AED treatment is applied (Badawy et 

al. 2013; Badawy et al. 2010). Therefore, it might be interesting to evaluate the TEP 
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in epilepsy patients using a ppTMS protocol. The feasibility of measuring the TEP 

in a ppTMS protocol has been demonstrated for short interstimulus intervals (3 and 

11 ms) (Ferreri et al. 2011) as well as long intervals (100 ms) (Premoli et al. 2014b), 

although Badawy et al found that even larger interstimulus intervals (especially 250 

ms) consistently showed the largest difference between epilepsy patients and healthy 

subjects.  

 

Lastly, instead of only looking at the TEP, future studies should also evaluate if there 

are late responses after single or paired pulse TMS. In our study, we found 

differences only in the later components of the TEP. Valentin et al showed late 

responses (between 100 and 1000 ms) in focal epilepsy patients that were not present 

in healthy subjects (Valentin et al. 2008). A recent study investigated TMS-EEG in 

patients with epilepsy from periventricular nodular heterotopias (Shafi et al. 2015). 

In these patients there was an increase in late TMS induced activity (225-700 ms). 

In both studies, other stimulation sites besides the motor cortex were used, which 

may provide complementary information about the cortical excitability. The 

prolonged responses could be caused by ongoing oscillatory activity. An alternative 

explanation could be that multiple excitatory and inhibitory networks become active 

after TMS. Only at longer latencies, as the abnormal responses add up, the imbalance 

can be made visible with TMS-EEG. In addition to a cluster based permutation 

analysis, the latencies of the TEP components could have been evaluated as well. 

Perhaps the time course of the activity spread can differentiate between controls and 

epilepsy patients. In the current study, this was not explored. 

 

In conclusion, we have shown that it is safe and feasible to apply TMS-EEG in 

epilepsy patients. TMS evoked potentials can be used as a relatively straight-forward 

method to evaluate the brain’s response to single pulse TMS. In this pilot study, we 

found a significant higher left-sided RMT in epilepsy patients using anti-epileptic 

drugs compared to healthy subjects. Epilepsy patients also showed higher N100 and 

P180 TEP amplitudes than healthy subjects when stimulating the motor cortex. 

These findings suggest that TMS-EEG is a promising technique to assess the cortical 

excitability in epilepsy patients, although more studies are needed to evaluate the 

clinical relevance in epilepsy research.  
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Supplemental material 
 

Figure S1. PCA correction after left motor cortex TMS. TMS evoked potential measured at 

electrode Cz for left motor cortex stimulation for healthy subjects (top) and epilepsy patients 

(bottom). The response is averaged over all subjects. Red: raw data, blue: data after removal of 4 

PCA components.  
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Figure S2. PCA correction after right motor cortex TMS. TMS evoked potential measured at 

electrode Cz for right motor cortex stimulation for healthy subjects (top) and epilepsy patients 

(bottom). The response is averaged over all subjects. Red: raw data, blue: data after removal of 4 

PCA components.  
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Figure S3. PCA correction for a single healthy subject. TMS evoked potential measured at 9 

electrodes for a single healthy subject (subject 13) after left motor cortex stimulation. Red: raw data, 

blue: data after removal of 4 PCA components. 

 

 
Figure S4. PCA correction for a single epilepsy patient. TMS evoked potential measured at 9 

electrodes for a single epilepsy patient (patient 11) after left motor cortex stimulation. Red: raw data, 

blue: data after removal of 4 PCA components. 
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Figure S5. N100 latencies and amplitudes for Motor Cortex Left (left panel) and Motor Cortex Right 

(right panel) for individual healthy subjects (blue) and epilepsy patients (red) at electrode Cz. Error 

bars indicate the standard deviation.  

 

 
Figure S6. P180 latencies and amplitudes for Motor Cortex Left (left panel) and Motor Cortex Right 

(right panel) for individual healthy subjects (blue) and epilepsy patients (red) at electrode Cz. Error 

bars indicate the standard deviation.  
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Epilepsy is characterized by the occurrence of seizures, and results from an 

imbalance in excitation and inhibition (McCormick and Contreras 2001). A patient 

is diagnosed with epilepsy when 1) there have been two unprovoked seizures with 

an interval of > 24 hours; or when 2) there has been one seizure but there is an 

increased risk of more seizures; or when 3) the patient's history already indicates a 

specific epilepsy syndrome (Fisher et al. 2014). Approximately 10% of the 

population experiences one or more seizures during their lifetime when single 

seizures are also included (Annegers et al. 1995). There is often uncertainty 

regarding epilepsy diagnosis, especially when only one seizure occurred without 

abnormalities in the EEG or MRI scan. When epilepsy has been diagnosed, it can 

take up to several months to achieve seizure freedom with AEDs or to conclude that 

the patient has refractory epilepsy. When we do not want to use seizure recurrence 

as guidance to epilepsy diagnosis or evaluation of AED success, we need another 

method to assess whether there (still) is an increased risk of seizures. TMS is 

considered to be a candidate tool for a new biomarker in epilepsy by assessing the 

excitability of the cortex (Bauer et al. 2014; Chen et al. 2008; Engel 2008; Kimiskidis 

2016; Manganotti and del Felice 2013).  

 

In this thesis we used a dedicated robot-navigated TMS-EEG setup to measure the 

TEP after stimulating the motor cortex. We investigated PCA (chapter 2) and noise 

masking (chapter 3) to remove and prevent artifacts. We evaluated the RMT and 

TEP in healthy subjects during the day (chapter 4). Finally, we compared the TEP 

between healthy subjects and epilepsy patients (chapter 5). In this final chapter the 

results from the previous chapters will be discussed and we will give possible 

directions for future research.  

 

TMS-EEG and artifacts 
Artifacts in TMS-EEG measurements are a major challenge, and need to be 

addressed before TEP analysis can be performed. Besides common EEG artifacts 

such as 50 Hz noise and eye blinks, there are multiple TMS related artifacts that can 

be present in a TMS-EEG recording, having both technical and physiological causes 

(Ilmoniemi et al. 2015; Rogasch et al. 2017). The artifact of the TMS pulse itself can 

be considered as a minor issue: with a dedicated amplifier this artifact is very large, 

but it only lasts for 1-2 ms. Therefore it does not interfere with the TEP. To eliminate 

this artifact, simple interpolation can be used, where the artifact is removed from the 

single trials and replaced by a smooth line.  
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However, physiological artifacts induced by the TMS pulse remain a major concern 

for TEP analysis, since these artifacts overlap with the TEP. First, TMS can activate 

scalp muscles, resulting in a large bipolar artifact in the EEG (Mutanen et al. 2013; 

Rogasch et al. 2013). Second, the TMS pulse induces an auditory evoked potential 

(AEP), because the pulse is accompanied by a clicking sound. With higher TMS 

intensities the clicking sound is also louder, and the amplitude of the AEP 

components increases. Third, TMS stimulates sensory nerves located underneath the 

coil, resulting in a somatosensory evoked potential (SSEP) in the EEG. The 

amplitude of the SSEP is likely dependent on the TMS stimulation intensity as well. 

There are two ways of dealing with these physiological artifacts: removing them 

from the recording afterwards using signal processing techniques, or preventing 

(reducing) the artifact by changing aspects of the TMS protocol.  

 

Artifact removal: TMS pulse artifact and muscle artifact 

At present, several artifact rejection techniques have been used in TMS-EEG. These 

consist of Independent Component Analysis (ICA) (Hamidi et al. 2010; Iwahashi et 

al. 2008; Korhonen et al. 2011; Rogasch et al. 2014), Principal Component Analysis 

(PCA) (Hernandez-Pavon et al. 2012; Mäki and Ilmoniemi 2010; Rogasch et al. 

2017) and other techniques (Casula et al. 2017; Litvak et al. 2007; Morbidi et al. 

2007). To assist researchers, attempts have been made to create dedicated artifact 

rejection toolboxes (Atluri et al. 2016; Rogasch et al. 2017; Wu et al. 2018).  

 

We have shown that with PCA the TMS pulse artifact and the muscle artifact can be 

removed simultaneously (chapter 2). These two artifacts have very large amplitudes 

compared to neural data, and exactly this characteristic makes PCA very suitable for 

removing them. An advantage is that it allows for semi-automatic component 

removal, because the components are automatically ordered based on their variance. 

However, the method needs to be further optimized. We noticed that the (early) TEP 

components were also gradually more influenced after removing increasing numbers 

of PCA components. This can occur when neural components have the same 

direction as the artifactual components, since PCA is designed to separate the data 

into components that lie orthogonal to each other. Instead of removing the whole 

principal component, it can also only be removed for the duration of the artifacts, i.e. 

from TMS pulse to around 50 ms, thereby preventing distortion of the later TEP 

peaks (Hernandez-Pavon et al. 2012). It may be better to decide on the number of 

components to be removed on a single subject level, and possibly by also looking at 
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the topographies of the components. The drawback is that this makes it subjective 

and labor-intensive. PCA may also be combined with ICA, so first the largest 

artifacts can be reduced with PCA, after which ICA is used to remove smaller 

artifacts and also other disturbances, such as eye blinks (Hernandez-Pavon et al. 

2012; Korhonen et al. 2011; Rogasch et al. 2017).  

 

Since artifact rejection in TMS-EEG is critical, it is of great importance to compare 

the different techniques using a dataset containing recordings with different types of 

artifacts of varying magnitude. Offering such a dataset publicly online may facilitate 

this process. Ideally, the technique, or combination of techniques, should largely 

reduce the artifacts with minimal influence on the TEP components; it should 

perform equally well for recordings with smaller or larger artifacts; and it should 

preferably operate without subjective input from the user. Artifact rejection is most 

important when we are interested in the early components of the TEP, while later 

components (N100 and P180) are not corrupted by artifacts. Therefore the need for 

complex artifact rejection techniques can be questioned when for example the N100 

is the most sensitive and/or robust as a biomarker for excitability.  

 

Artifact prevention: AEP, muscle artifact and SSEP 

Preventing artifacts is better than removing them from the data afterwards. We have 

shown that without any precautions the AEP is a substantial contributor to the TEP, 

but it can be (largely) prevented by using noise masking techniques (chapter 3). 

Using only white noise or noise adapted to resemble the coil click does significantly 

lower the amplitude of the AEP. However, to minimize the AEP a layer of foam 

placed between the coil and head is essential. A minor drawback of using foam is 

that it increases the distance between coil and head, thereby increasing the RMT. 

This so-called noise masking is now standard practice in TMS-EEG research.  

Muscle activation artifacts can be reduced by choosing a different stimulation 

location (where there are no scalp muscles), lowering the stimulation intensity, or 

rotating/tilting the coil (Mutanen et al. 2013). Because it makes signal processing 

less complex, it may be worthwhile to investigate whether changing these 

stimulation parameters result in TEPs that are still able to discriminate between 

different subject groups.  

 

We have not addressed the potential contribution of the SSEP to the TEP in this 

thesis. To evaluate the SSEP, two different experimental setups may be used. First, 
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the skin underneath the coil may be anesthetized to prevent activation of the sensory 

nerves. This way, the SSEP is eliminated from the TEP and the relative contribution 

can be estimated. Second, an experimental protocol can be used where the sensation 

of TMS is imitated without the TMS pulse activating the cortex. Attempts have been 

made placing an electrical stimulator underneath a sham TMS coil, but it is unclear 

whether this gives a similar feeling as the TMS pulse (Conde et al. 2017). Even if 

we are able to define the contribution of the SSEP to the TEP, it would be difficult 

to prevent the SSEP in practice. 

 

TMS-EEG – variation of the TEP 
There are three types of variation that are of importance when evaluating TMS-EEG 

as a biomarker in epilepsy: 1) the inter-individual variation of the TEP; 2) the intra-

individual variation of the TEP; and 3) the variation of the TEP due to small changes 

in the measurement protocol.  

 

Inter-individual variation 

For the TEP to be of diagnostic use there should be a detectable and reliable 

difference between healthy subjects and patients with epilepsy. In addition, there 

should be a difference between epilepsy patients and patients with a single seizure 

who do not have epilepsy. Both these differences have to be larger than the variation 

within one of these subject groups. The inter-individual variation of the TEP is very 

large (see for example chapter 4). Most, but not all, subjects show characteristic TEP 

components, but the amplitudes and latencies show a large variability between 

subjects. For assessing the potential diagnostic use, studies should include larger 

number of subjects in order to establish reference values.  

 

Intra-individual variation 

When the TEP is to be used to evaluate AED success, the difference with healthy 

subjects is less relevant. AEDs have an effect on excitability in general (Ziemann et 

al. 2015), which has also been demonstrated for lamotrigine and levetiracetam with 

TMS-EEG (Premoli et al. 2017). Although the exact mechanisms of AEDs are still 

not completely known, and the effects of AEDs on the TEP need to be further 

explored, a change in the amplitude of TEP components might be related to AED 

success or failure. In this case the variation of the TEP on an individual level is 

important: the change in TEP after AEDs should be larger than the normal intra-

individual variation.  
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In chapter 4 we showed that even though there is a large variation between subjects, 

the TEP is largely reproducible during the day for individual subjects. The TEP is 

also very constant within one measurement session and when repeating the 

measurement after one week (Kerwin et al. 2018; Lioumis et al. 2009). Combining 

our own data with these two studies suggests that the normal intra-individual 

variation of the TEP at different time points is low and that the TEP can be used to 

compare different sessions in a single subject. Therefore, the TEP seems to be well-

suited to evaluate the effect of starting or adding AEDs. However, drug induced 

changes of the TEP are not consistent for healthy subjects (Premoli et al. 2017; 

Premoli et al. 2014); and AED induced changes in LICI could not predict AED 

success on single-subject level (Badawy et al. 2010). It appears that the effect of 

AEDs on these measures of excitability differs between subjects, and that decreased 

excitability as measured by TMS is not the only factor that defines seizure freedom. 

What is also of interest is the minimum change in outcome measure that is required 

to obtain a statistically significant result, also referred to as the smallest detectable 

change (SDC). For the TEP, the lowest SDC values are found for the N100 and P180, 

where an intervention must induce a change of 42% in amplitude to ensure 

significance (Kerwin et al. 2018).  

 

Variation due to measurement protocol 

Besides the variation between and within subjects, the TMS-EEG protocol can also 

induce changes in the TEP. It is yet unclear which protocol parameters induce large 

enough changes to warrant strict control. Research has focused mostly on the 

stimulated area, showing that although the TEP is significantly different after 

stimulating different cortical regions (Casarotto et al. 2010; Kähkönen et al. 2004; 

Rosanova et al. 2009); the components of the TEP are very similar for all stimulation 

targets. This may indicate that neuronal processing of an external activation current 

is very generic for different cortical regions. If this is true, stimulation targets for 

TMS-EEG can be selected that cause the least number of artifacts and discomfort 

while still showing differences between healthy subjects and patients.  

 

The need for neuronavigation when stimulating a specific target is still unclear. A 

recent study by our group investigated whether differences in the TEP, LICI and 

MEP exist when stimulating 2mm or 5mm from the determined hotspot, and 

indicates that a high accuracy in coil positioning is especially required to measure 

cortical excitability reliably in individual subjects. On group level no differences 
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were found, and therefore we conclude that neuronavigation is of limited added value 

when analysis is performed on a group level (de Goede et al. submitted). However, 

it may still be that the amount of variation is smaller when neuronavigation is used 

when compared to holding the coil by hand or with a stand.  

 

It has been shown in that the TEP is already visible with stimulation intensities as 

low as 60% of RMT (Komssi et al. 2004), but these authors did not use noise 

masking. We found that the TEP is still visible with TMS pulses at 80-90% RMT 

(unpublished data). However, the reliability of the TEP at these lower intensities still 

needs to be investigated. In addition to a high enough stimulation intensity, the 

number of trials should also be large enough to obtain a reliable response: 

approximately 20-30 single pulses for the MEP (Goldsworthy et al. 2016), 20-25 

conditioned pulses for SICI and ICF (Chang et al. 2016) and 60-100 pulses for the 

TEP (Kerwin et al. 2018).  

 

TMS-EEG in epilepsy 
There have been multiple reports on TMS-EMG in drug naive epilepsy patients. 

Although significant differences were found for various excitability measures, with 

LICI as the most promising measure, TMS-EMG results have been conflicting 

(Bauer et al. 2018; de Goede et al. 2016). For TMS-EEG data is limited, with only a 

handful studies published so far. In chapter 5 we showed that there are significant 

differences between epilepsy patients and healthy subjects in the N100 amplitude, 

similar to findings by other researchers (Del Felice et al. 2011; Julkunen et al. 2013), 

as well as in the P180 amplitude. Changes in the N100 and P180 were also 

demonstrated in healthy subjects after single administrations of the AEDs 

levetiracetam and lamotrigine (Premoli et al. 2017). One of these two AEDs were 

used by 7 out of 13 epilepsy patients in our study in chapter 5 and in all seven patients 

from a previous study (Julkunen et al. 2013). It is therefore likely that AEDs 

introduced a bias in these findings in epilepsy patients, and that these results cannot 

be extrapolated to drug naive patients. 

 

The N100 and P180 are of interest as possible biomarkers in TMS-EEG, because 

they have the largest amplitude of all components of the TEP and are not influenced 

by technical artifacts or muscle artifacts. In addition, of all components of the TEP, 

the N100 and P180 showed the highest reliability (Kerwin et al. 2018). The origin of 

the N100 is not yet fully understood, but evidence shows that it is linked to cortical 
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GABA-B mediated inhibition (Bonnard et al. 2009; Farzan et al. 2013; Kähkönen 

and Wilenius 2007; Nikulin et al. 2003; Premoli et al. 2014). An increase in N100 

amplitude corresponds to an increase in inhibition. The origin of the P180 remains 

to be elucidated, but changes in P180 in our patient study (chapter 5) and after 

administration of AEDs (Premoli et al. 2017) suggest that this component may also 

be related to inhibitory processes. It is noteworthy that the P180 amplitude was larger 

in our patients taking AEDs compared to healthy controls, but in healthy subjects the 

amplitude was reduced after administration of AEDs. Both the N100 and P180 are 

part of the AEP, which means that noise masking is necessary when evaluating these 

components.  

 

Besides evaluation of the TEP, TMS-EEG may also be used as a method to induce 

epileptiform activity, similar to photic stimulation or hyperventilation. Following a 

previous study that showed late rhythmic activity after spTMS in 11 out of 15 

epilepsy patients but not in healthy controls (Valentin et al. 2008), recently another 

study was published where epileptic discharges could be induced by ppTMS in 6 out 

of 12 refractory epilepsy patients but not in 12 well-controlled epilepsy patients or 

healthy controls (Kimiskidis et al. 2017). Again, both studies were biased by AED 

use. In our group of 13 epilepsy patients we did not see any induced epileptiform 

activity by spTMS (chapter 5). A large advantage of assessing induced activity is 

that no advanced signal processing is needed as normal EEG evaluation with visual 

analysis would already suffice. These findings warrant further studies in larger 

groups of drug naive epilepsy patients.  

 

Future perspectives 
In this thesis we defined two major challenges in epilepsy: to shorten the time needed 

to evaluate AED success, and to improve the diagnostic process in patients with a 

single seizure without EEG and MRI abnormalities. We have addressed various 

aspects that are important in using TMS-EEG as a biomarker, but several issues still 

need to be investigated.  

 

Currently, increasingly more attention is being paid to assessing the variability and 

repeatability in TMS studies (Beaulieu et al. 2017; Goldsworthy et al. 2016; Guerra 

et al. 2017; Kerwin et al. 2018; Schmidt et al. 2015), which is needed to establish the 

reliability of these excitability measures. The large inter-individual variation seems 

to be a common aspect in both TMS-EMG and TMS-EEG that hampers not only the 



 

115 

6 

clinical use in epilepsy, but also its potential application in other diseases and 

neuroscience research in general. Further studies in large groups of healthy subjects 

are needed to assess the sources of variability. The effect of these sources should 

also be compared to the difference in excitability measures between healthy subjects 

and patients.  

 

For evaluating AED success, studying the effects of AEDs on TMS measures in 

healthy subjects may assist in finding the most promising features suitable for patient 

studies2. This approach will also allow quantification of the confounding effect of 

AEDs on excitability measures. At the same time TMS measurements should be 

performed in epilepsy patients before and after starting AEDs3. TMS measurements 

should take place at baseline and at different time points after starting and increasing 

AEDs. Changes in RMT were already detectable after 15 days of AED use in focal 

epilepsy patients (Manganotti et al. 1999), suggesting that with TMS the time to 

evaluate AED success may be shortened. To evaluate the predictive power of TMS 

measures, the changes in excitability measures need to be compared between 

responders and non-responders. 

 

For the diagnostic process, reference values of TMS markers must be established in 

large groups of healthy subjects. Additionally, studies should focus on patients who 

experienced a first seizure and come to the neurology department or who are brought 

into the emergency department. TMS measurements have to be performed in all 

patients with a possible epileptic seizure4, also in patients in whom the epilepsy 

diagnosis can already be made based on the existing criteria (Fisher et al. 2014). 

Only then four different subcategories can be compared: 1) patients with epilepsy 

according to the ILAE criteria; 2) patients with epilepsy in whom the diagnosis is 

made at later stage; 3) patients with events that do not have epilepsy; and 4) healthy 

subjects.  

 

 

  

                                                           
2 As currently performed at Center for Human Drug Research, study number NTR6824. 
3 As currently performed at Medisch Spectrum Twente, study number NTR4795. 
4 As currently performed at Medisch Spectrum Twente, study number NTR4793. 
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Conclusion 
This thesis focused on the first steps towards a clinical application of TMS-EEG in 

epilepsy. We successfully created a TMS-EEG setup and investigated the TEP in 

healthy subjects. Three artifacts were addressed: the magnetic artifact from the TMS 

pulse itself, the large bipolar artifact from scalp muscle activation, and the auditory 

artifact caused by the clicking sound of the TMS pulse. We showed that PCA can be 

used to remove the TMS pulse artifact and the muscle artifact from TMS-EEG 

recordings. Different types of noise masking were evaluated and we demonstrated 

that the AEP can be largely prevented. We assessed the variation of the TEP and 

found that the TEP is very constant during daytime. The inter-individual variation is 

however large. Lastly, we compared the TEP between healthy subjects and epilepsy 

patients using AEDs, and reported significant higher N100 and P180 amplitudes for 

the patient group.  
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Epilepsy, resulting from an imbalance in excitation and inhibition of brain activity, 

is characterized by the occurrence of seizures. A patient is diagnosed with epilepsy 

when there have been two or more seizures, when there is evidence for a specific 

epilepsy syndrome, or when there has been one seizure with an increased risk of 

more seizures. An increased risk exists when the electroencephalogram (EEG) shows 

epileptiform discharges, or when structural brain abnormalities are seen on a 

magnetic resonance imaging (MRI) scan. In patients presenting with a single seizure 

without evidence for an increased risk of more seizures, uncertainty remains. 

Currently the only option is waiting if a second seizure occurs before there is 

certainty on the epilepsy diagnosis. The first line of treatment in epilepsy is starting 

anti-epileptic drugs (AEDs) to prevent additional seizures. Treatment efficacy is 

determined by seizure recurrence. Searching for an effective dosage of a certain AED 

(or combination of AEDs), or concluding that a patient does not respond to 

medication, can take up to several months.  

 

Two major challenges in epilepsy management are to improve the diagnostic process 

in patients presenting with a single seizure, and to shorten the time needed to evaluate 

the success of AEDs in epilepsy patients. At present we mainly rely on seizure 

recurrence, but since seizures are disturbing events with possible damaging effects, 

there is a need for a new biomarker to assess the disease status.  

 

With Transcranial Magnetic Stimulation (TMS) short magnetic pulses are applied to 

the cortex. The strength of the response of the activated neurons to this stimulus can 

be used as a measure for the balance in excitation and inhibition of brain activity. 

TMS may be a useful new tool to study (changes in) this balance, and is therefore of 

interest in the field of epilepsy. In this thesis we focus on the TMS evoked potential 

(TEP): the EEG response induced by TMS obtained after averaging over multiple 

single TMS pulses. As epilepsy is associated with a higher excitability, the TEP may 

be different in epilepsy patients. If so, the TEP could serve as a potential biomarker 

for epilepsy diagnostics, and as a monitoring tool for evaluating treatment efficacy.  

 

Two large amplitude artifacts hinder the evaluation of the TEP. The short-lasting 

TMS pulse artifact gives rise to filtering problems, whereas the long-lasting muscle 

activation artifact overlies the first TEP components. Principal Component Analysis 

(PCA) applied on single TMS-EEG trials results in a distribution of the large 

amplitude artifacts in the first principal components and the relatively small 
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amplitude neuronal activity in later principal components. After consecutive removal 

of the principal components from the TMS-EEG data, the subsequent reduction in 

artifact amplitude as well as in TEP amplitude can be evaluated. Using PCA both 

artifacts are effectively reduced, thereby revealing the first TEP components and 

allowing further TEP analysis (chapter 2).  

 

TMS pulses are accompanied by a clicking sound, inducing an auditory evoked 

potential (AEP) which is superimposed to the TEP. This AEP can be minimized by 

using a headphone playing noise and with a layer of foam between the coil and head 

(chapter 3). Applying TMS-EEG to a completely deaf person proves that the TEP 

is definitely not only evoked by sound alone. However, the contribution of the 

somatosensory evoked potential (SSEP) to the TEP still needs to be elucidated.  

 

For a clinical application of TMS-EEG, the variation of the TEP is of great 

importance. It appears that the variation between subjects is large, which may make 

it difficult to differentiate healthy from disease. The within subject variation of the 

TEP seems to be smaller, possibly enabling follow-up measurements for therapy 

evaluation. The motor threshold and motor evoked potential do not vary significantly 

during the day, and the TEP is highly reproducible at different TMS-EEG sessions 

during daytime (chapter 4).  

 

A study in a group of 14 epilepsy patients showed a higher motor threshold and a 

larger amplitude of the TEP when compared to healthy controls (chapter 5). Part of 

these differences may possibly be explained by the use of AEDs. Therefore, future 

research to assess the diagnostic utility of the TEP should focus on performing TMS-

EEG studies in first-seizure patients as well as in drug naive epilepsy patients. In 

addition, TMS-EEG should be applied before and after taking AEDs to evaluate the 

utility of the TEP in individual follow-up measurements.  
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Epilepsie, veroorzaakt door een disbalans tussen activatie en remming van 

hersenactiviteit, wordt gekenmerkt door het optreden van insulten. Een patiënt wordt 

gediagnosticeerd met epilepsie als er twee of meer insulten zijn geweest, als er 

aanwijzingen zijn voor een specifiek epilepsie syndroom, of als er één insult is 

geweest met een verhoogde kans op meer insulten. Een verhoogde kans op insulten 

is aanwezig als het electroencefalogram (EEG, hersenfilmpje) epileptiforme 

afwijkingen laat zien, of als er structurele hersenafwijkingen te zien zijn op een MRI 

scan. In patiënten die slechts één insult hebben doorgemaakt, en waarbij er geen 

verhoogd risico op meer insulten wordt gevonden, is de verwachting onzeker. 

Momenteel is de enige optie om af te wachten of er een tweede insult plaatsvindt 

voordat er zekerheid is over de diagnose epilepsie. De normale behandeling bij 

epilepsie bestaat uit het starten met anti-epileptica (AEDs) om verdere insulten te 

voorkomen. De effectiviteit van deze behandeling wordt bepaald door het wel of niet 

opnieuw optreden van insulten. Het zoeken naar een effectieve dosering van een 

AED (of combinatie van AEDs), of het concluderen dat een patiënt niet voldoende 

reageert op medicatie, kan meerdere maanden in beslag nemen.  

 

Twee belangrijke uitdagingen bij epilepsie zijn om de diagnostiek te verbeteren in 

patiënten bij wie slechts één insult heeft opgetreden, en om de tijd te verkorten die 

nodig is om het succes van de behandeling met AEDs te evalueren. We vertrouwen 

hierbij nu vooral op de herhaling van insulten, maar omdat insulten heftig zijn om 

door te maken en ook mogelijk schadelijke effecten hebben, is er een behoefte aan 

een nieuwe biomarker om de ziekte te beoordelen.  

 

Met Transcraniële Magnetische Stimulatie (TMS) worden korte magnetische pulsen 

op de hersenschors gegeven. De sterkte van de reactie van de geactiveerde 

hersencellen op deze stimulus kan gebruikt worden als een maat voor de balans 

tussen activatie en remming. TMS zou een bruikbare nieuwe tool kunnen zijn om 

(veranderingen in) deze balans te bestuderen, en is daarom interessant bij epilepsie. 

In deze thesis leggen we de focus op de TMS evoked potential (TEP): de EEG reactie 

na TMS die wordt verkregen na het middelen over meerdere TMS pulsen. Omdat 

epilepsie geassocieerd is met een hogere prikkelbaarheid, zou de TEP anders kunnen 

zijn bij epilepsie patiënten. Als dat zo is, dan zou de TEP een mogelijke biomarker 

kunnen zijn voor epilepsie diagnostiek, en als een monitoring tool om het succes van 

de behandeling te evalueren.  
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Twee artefacten met een grote amplitude maken de beoordeling van de TEP lastig. 

Het kortdurende TMS puls artefact geeft filterproblemen, en het langdurende spier 

activatie artefact ligt over de eerste componenten van de TEP heen. Bij Principiële 

Component Analyse (PCA), uitgevoerd op individuele TMS-EEG signalen, wordt 

een verdeling gevonden van de artefacten met een grote amplitude in de eerste 

principiële componenten en de activiteit van hersencellen met een lage amplitude in 

latere principiële componenten. Na het één voor één verwijderen van de principiële 

componenten van de TMS-EEG data kan de afname in artefact amplitude en TEP 

amplitude beoordeeld worden. Met PCA kunnen beide artefacten verminderd 

worden, waarbij de eerste TEP componenten zichtbaar worden en verdere TEP 

analyse mogelijk is (hoofdstuk 2).  

 

Het geven van TMS pulsen gaat gepaard met een klikkend geluid, waarmee een 

auditore evoked potential (AEP) wordt veroorzaakt die boven op de TEP ligt. Deze 

AEP kan verminderd worden door een koptelefoon te gebruiken waardoor ruis wordt 

afgespeeld en met een laag schuim tussen de spoel en het hoofd (hoofdstuk 3). 

Toepassing van TMS-EEG bij een doof persoon bewijst dat de TEP zeker niet alleen 

door geluid wordt veroorzaakt. De contributie van de somatosensorische evoked 

potential (SSEP) moet echter nog worden uitgezocht.  

 

De variatie van de TEP is erg belangrijk voor een mogelijke klinische applicatie van 

TMS-EEG. Het lijkt erop dat de variatie tussen proefpersonen groot is, waardoor het 

onderscheiden van gezond en ziek lastig zou kunnen worden. De variatie binnen een 

proefpersoon lijkt kleiner te zijn, dus vervolgmetingen voor het evalueren van de 

behandeling zijn wellicht wel mogelijk. De motor drempel en motor evoked potential 

variëren niet gedurende de dag, en de TEP is erg reproduceerbaar tussen 

verschillende TMS-EEG sessies gedurende de dag (hoofdstuk 4).  

 

Een studie in veertien epilepsie patiënten liet zien dat ze in vergelijking met 

gezonden een hogere motor drempel en een hogere amplitude van de TEP hadden 

(hoofdstuk 5). Een deel van deze verschillen zou wellicht verklaard kunnen worden 

door het gebruik van AEDs. Daarom moet toekomstig onderzoek naar de mogelijke 

diagnostische toepassing van de TEP zich focussen op het uitvoeren van TMS-EEG 

studies in patiënten met een eerste insult en in patiënten met epilepsie die geen AEDs 

gebruiken. Daarnaast zou TMS-EEG toegepast moeten worden voor en na het starten 

van AEDs om te bekijken of de TEP bruikbaar is voor individuele vervolgmetingen.  
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Het heeft even geduurd, maar eindelijk schrijf ik dan mijn dankwoord. Zonder twijfel 

het meest gelezen onderdeel van een proefschrift. Ik wil graag de mensen noemen 

die hebben bijgedragen aan dit onderzoek en me hebben gesteund de afgelopen jaren. 

 

Michel, bedankt dat je mij de kans hebt gegeven om bij jou te komen promoveren in 

de vakgroep Clinical Neurophysiology. Je enthousiasme over de neurologie en de 

wetenschap heeft me altijd erg geïnspireerd. Ik kreeg bij jou de vrijheid en ruimte 

om mezelf in diverse aspecten van onderzoek en onderwijs te ontwikkelen, wat mij 

betreft essentieel bij het opleiden van een zelfstandig wetenschapper. Je hebt me 

steeds gemotiveerd om het promotietraject alsnog af te ronden, en gaf me altijd het 

gevoel dat dit binnen handbereik lag. Uiteindelijk had je (uiteraard) gelijk, en ben ik 

heel blij dat ik nu mijn proefschrift mag verdedigen. Bedankt!  

 

Alle proefpersonen en epilepsie patiënten: ik waardeer het heel erg dat jullie mee 

wilden doen met mijn onderzoek. Dankzij jullie zijn de resultaten van dit proefschrift 

tot stand gekomen. Bedankt voor jullie vrijwillige deelname.  

 

Prof. Vonck, prof. Stegeman, dr. Schelhaas, prof. van Gils en dr. van Asseldonk, 

bedankt voor het plaatsnemen in de promotiecommissie.  

 

Ik wil graag de neurologen van het Medisch Spectrum Twente bedanken voor de 

medewerking bij het includeren van de epilepsie patiënten. Dr. Bezooijen van de 

radiologie heeft gedurende twee avonden zelf de MRI scans van de gezonde 

proefpersonen gemaakt, en prof. dr. Van der Palen heeft meerdere malen advies 

gegeven over de METC protocollen en statistische analyses. Dank daarvoor.  

 

De KNF van het MST was een fijne plek om te werken, tijdens mijn stage, afstuderen 

en promotie. Bedankt voor de leuke gesprekken in de koffiekamer en uitgebreide 

uitleg bij de KNF onderzoeken. In het bijzonder wil ik Carin noemen. Ik ben heel 
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