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� TMS-EEG is a promising technique to evaluate cortical excitability in epilepsy.
� Epilepsy patients showed larger TMS evoked potentials than healthy subjects.
� Studies in drug-naive patients are needed to further evaluate the clinical value of TMS-EEG.

a b s t r a c t

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 effi-
cacy of anti-epileptic drugs.
� 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Epilepsy is characterized by an enduring predisposition to gen-
erate epileptic seizures (Fisher et al., 2005), resulting from an
imbalance between excitatory and inhibitory activity (McCormick
and Contreras, 2001). This imbalance is also reflected in the pres-
ence of interictal discharges. Such abnormal synchrony may occur
in response to external stimuli, for instance in patients with photo-
sensitive 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 (Tassinari
et al., 2003; Badawy et al., 2012). 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
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also the excitability of the spinal cord, peripheral nerves and mus-
cles; 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., 2013a), 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 differ-
ent underlying mechanisms. The N15–P30 complex shows a corre-
lation with the amplitude of the motor evoked potential (Mäki 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 prepar-
ing for a movement (Nikulin et al., 2003; Kičić et al., 2008). 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 epi-
lepsy 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
Table 1
Patient characteristics.

# Sex Age Type of epilepsy Duration (years) E

1 M 40 Generalized 5 N

2 F 20 Generalized 9 G
L:

3 F 20 Generalized 3 N
4 F 26 Generalized (JME) >10 G
5 M 19 Focal 3 R
6 F 19 Generalized 8 L:
7 F 42 Generalized (possible JME) 4 N

8 F 20 Generalized 7 L
9 F 19 Generalized (JME) 5 G

10 F 31 Generalized 21 G

11 F 31 Focal 1 L:
12 M 31 Generalized 22 L
13 M 25 Generalized 11 N

Duration, duration of epilepsy; JME, juvenile myoclonic epilepsy; SF, seizure free; G, ge
temporal; M, male; F, female; Y, yes; N, No.
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 evalu-
ated the TEP after motor cortex stimulation and compared these
measures between a heterogeneous group of epilepsy patients
and healthy subjects.
2. Methods

The experimental protocol was approved by the local ethics
committee (Medisch Spectrum Twente, Enschede, The Nether-
lands) 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).

2.1. 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 epi-
lepsy 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 1.

2.2. 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 head-
phones at 95 dB to mask the sound of the TMS pulses (Ter Braack
pileptiform abnormalities (scalp EEG) MRI Medication SF

ormal EEG Lesions
L: P + T

Valproic acid Y

T
Glioma
L: T

Lacosamide N

ormal EEG Normal Lamotrigine N
No MRI Lamotrigine Y

: T Normal Valproic acid Y
FT Normal Lamotrigine Y
ormal EEG Normal Lamotrigine

Lacosamide
N

+ R: T Normal Lamotrigine Y
Normal Lamotrigine Y
Normal Ethosuximide

Levetiracetam
Y

FT Normal Valproic acid Y
+ R: CT Normal Oxcarbazepine N
ormal EEG Normal Valproic acid N

neralized; L, left; R, right; P, parietal; T, temporal; FT, fronto-temporal; CT, centro-
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et al., 2013b). In addition, a thin layer of foam was placed between
the coil and head of the subject to minimize bone conduction.

2.3. TMS targeting

Single biphasic TMS pulses, with pulse duration of 400 ls and
inter-pulse interval of approximately 4 s, were delivered manually.
We used a 70 mm figure-of-eight air film coil and a rapid2 stimu-
lator (The Magstim Company Ltd, Whitland, United Kingdom) with
a maximum output of 1.5 T. 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 lat-
erally 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 sys-
tem (Smartmove, ANT Neuro, Enschede, Netherlands), as described
in our previous study (Ter Braack et al., 2013a). In all healthy sub-
jects, a 1.5 T 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 could not be used for TMS tar-
geting 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.

2.4. 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 record-
ings, 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 ms. In the epilepsy patients, a
10-min resting EEG was recorded before and after TMS. To deter-
mine 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 lV out of 10 consecutive stimuli (Rossini et al., 1994).

2.5. 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).

2.6. 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 s before to 2 s after every TMS pulse, resulting in 75 trials of
4 s for both targets. Trials with eye-blinks were automatically
rejected using a fixed threshold of 150 lV 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 acti-
vation 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.,
2013a). In short, we performed PCA using 40 calculated compo-
nents on each individual trial. Based on the results from our previ-
ous study, we then removed the first four components to obtain an
artifact-free signal. Figs. S1–S4 showing the signal before and after
PCA can be found in the supplementary material. After PCA, the tri-
als 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 stimu-
lation intensity and amplitude of TEP components, the response
measured at electrode Cz was selected for further analysis. 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
Figs. S5 and S6 in the supplementary material the individual laten-
cies and amplitudes of the N100 and P180 at electrode Cz are
shown.
2.7. 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 elec-
trode 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 sub-
jects 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 adja-
cent time bins and neighboring electrodes. Within each found clus-
ter, the t-values of the included electrodes were summed, and
these summed t-values were used for statistical comparison. A per-
mutation 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 permu-
tation 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 distri-
bution 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 compo-
nents (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 elec-
trode Cz with the RMT using the Pearson correlation coefficient,
both in healthy subjects and epilepsy patients.
3. Results

There were no adverse events during this study. All healthy sub-
jects 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.

http://fieldtrip.fcdonders.nl/
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3.1. Resting motor threshold

The resting motor thresholds are shown in Table 2 and Fig. 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 ± STD: 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.

3.2. Motor cortex TEPs

All healthy subjects and epilepsy patients showed a characteris-
tic TEP on electrode Cz when stimulating the left and right motor
cortex, with components at 15, 30, 45, 60, 100 and 180 ms. In
Fig. 2 the average TEP over subjects at electrode Cz and the topo-
Table 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 T).

Fig. 1. Resting motor thresholds. Mean left and right resting motor thresholds
(RMTs) for the healthy subjects (black square) and epilepsy patients (open square).
Error bars represent the standard deviation. ⁄p < 0.05.
graphical distribution of each TEP component is shown for left
and right motor cortex stimulation. The distribution of the differ-
ent TEP components is similar for healthy subjects and epilepsy
patients, and shows the same pattern for both left and right stim-
ulation. 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 sub-
jects we performed a cluster-based permutation analysis of the TEP
amplitude between 0 and 300 ms. Only clusters with a p-value
<0.025 reflect significant differences in amplitude.

For left motor cortex stimulation, the N100 was larger in ampli-
tude in epilepsy patients than in healthy subjects. There was a pos-
itive 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 lV; healthy: �1.91 lV),
see Fig. 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 lV; healthy:
3.16 lV), see Fig. 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 Fig. 4 both significant clusters are
shown together with the topographical map of TMS induced activ-
ity at the N100 and P180 latency.
4. 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 poten-
tial between these two groups.

We found a significantly higher left RMT in patients with epi-
lepsy 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 out-
put. 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 out-
put (1.5 T), 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 (Tassinari et al., 2003; Badawy
et al., 2012). However, previous findings, as 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 intra-
cortical inhibition and facilitation (Ziemann et al., 1996). In partic-
ular, Lamotrigine consistently increases RMT in healthy subjects
(Ziemann et al., 1996; Boroojerdi et al., 2001; Tergau et al., 2003;
Li et al., 2009; Heidegger et al., 2010; Delvendahl et al., 2013),
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,



Fig. 2. Average TMS evoked potential at Cz and topographical distribution. TMS evoked potential measured at electrode Cz for left (left panel) and right (right panel) 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.

Fig. 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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which was the dominant hemisphere in all subjects. Previous stud-
ies found a lower RMT in the dominant hemisphere compared to
the non-dominant hemisphere (Macdonell et al., 1991; Triggs
et al., 1994; De Gennaro et al., 2004). In our study, such asymme-
tries 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 per-
fectly 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 (Nikulin et al., 2003; Kičić et al., 2008;
Casula et al., 2014): an increase in N100 reflects an increase in inhi-
bition. A previous study in EPM1 patients showed a higher ampli-
tude 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 inhi-
bition, 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 com-
pare 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.

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, zolpi-
dem 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



Fig. 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.
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channel-blocker AEDs (9/13 patients in our study) affect N100 TEP
amplitude. Our findings of a 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., 2013b). 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 pos-
sible 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
and subsequently higher stimulation intensities during the
protocol.

There are a number of important limitations in our study. First
of all, because we did not study drug-naïve 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 (pre-
sumed) working mechanisms, which may also have different
effects on the TMS measures.

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-EEGmay 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.,
2013b). 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., 2013a). 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,
2012). This increased excitability reduces, both in focal and gener-
alized epilepsy patients, after successful AED treatment is applied
(Badawy et al., 2010, 2013). Therefore, it might be interesting to
evaluate the TEP 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 inter-
stimulus intervals (especially 250 ms) consistently showed the lar-
gest 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
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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 laten-
cies of the TEP components could have been evaluated as well. Per-
haps 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 sug-
gest 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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