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Reduction of TMS Induced Artifacts in EEG
Using Principal Component Analysis
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Abstract—Co-registration of transcranial magnetic stimulation
(TMS) and electroencephalography (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 ms. 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 artifac-
tual components. A large artifact suppression was realized after
the removal of the first five PCA components, thereby revealing
early TEP peaks, with only a small suppression of later TEP com-
ponents. 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.

Index Terms—Artifact reduction, electroencephalography, prin-
cipal component analysis (PCA), transcranial magnetic stimula-
tion.

I. INTRODUCTION

C O-REGISTRATION of transcranial magnetic stimula-
tion (TMS) [1] and electroencephalography (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 mea-
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sure 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-re-
lated 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 laten-

cies, and is most well defined on electrode position Cz. Negative
components at 15, 45, and 100 ms and positive components at
30, 60, and 180ms have been reported in several studies [2]–[9].
Some authors describe even earlier peaks: a negative component
at 7–10 ms and a positive component at 13–14 ms [2], [5].
To perform TMS-EEG measurements, special equipment is

required, in particular to avoid saturation of the amplifier due
to the strong electromagnetic pulse [6]. 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 [10], or using an amplifier in which the sensitivity
and operational range can be adapted [2], [11], also referred to
as a slew rate amplifier [12], [13]. Adapting these properties en-
sures 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 sat-
urate after a TMS pulse. The TMS pulse artifact measured by
this amplifier is in the order of millivolts and lasts only approx-
imately 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 positive peak at 5 ms, a large negative peak at
10 ms and lasting up to tens of milliseconds [14], may obscure
the early components of the TEP. As these early components re-
flect 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 preven-
tion 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 re-
gions of the head are stimulated, a possible origin is the acti-
vation of the cranial muscles [14]–[16]. Alternatively, the ar-
tifact may be caused by the capacitive properties of the elec-
trode–gel–skin circuits [17]. A third possibility is the direct in-
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duction of currents in the electrode wires [18]. Although pre-
cautions can be used to limit these contributions to the TEP arti-
facts, ranging from reducing the stimulus intensity and changing
the tilt and rotation of the coil [14], the use of needle electrodes
[17] or rearrangement of electrode wires [18], in various experi-
mental 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 inde-
pendent 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 [19] or ICA [16], [20], [21]. However, thesemethods were
aimed only at the first TMS artifact [19], [21], or did not dis-
cuss a possible effect on the physiological waveforms of the
TEP when artifactual components were removed [20]. Only one
study showed that PCA can be used successfully to remove the
second artifact [15]. However, it was combined with a topo-
graphic projection method and applied to a limited number of
subjects [15]. 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 arti-
fact) were removed by PCA, although the amount of suppres-
sion was exactly known.
We present a method to reduce both the first and second ar-

tifact 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 sig-
nificant 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.

II. MATERIALS AND METHODS

A. Subjects

Eighteen healthy subjects (11 males, mean age 28 years, all
right-handed) participated in this study after giving written in-
formed consent. The experimental protocol was approved by the
local ethical committee (Medisch Spectrum Twente) and was in
accordance with the declaration of Helsinki.

B. Stimulation

Single biphasic TMS pulses, with pulse duration of 400
and inter-pulse interval of 4 s, were delivered manually using a
70 mm figure-of-eight air film coil and a Magstim stim-
ulator. The coil was placed tangentially with the handle pointing
backward and laterally at an angle 45 away from the mid-
line 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 stimu-
lator output was 1.5 T; 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 pro-
duced at least five MEPs of at least 50 out of 10 consecutive

stimuli [22]. There were five sessions for every subject; in each
session we applied 75 pulses at all four targets.

C. TMS Targeting

Positioning of the coil was achieved using a robot-navigated
system (Advanced Neuro Technology, Enschede, The Nether-
lands). 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, Waterloo, ON, Canada). The
robot and the tracking system were registered to a common co-
ordinate 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 T 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 coordi-
nate system by collecting three landmarks and 300 additional
points on the scalp with a tracking pointer.

D. 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, En-
schede, The Netherlands). Impedances were kept below 5 k .
The ground electrodewas placed between electrode positions Fz
and Fpz. We used a common average reference for the record-
ings. To determine the RMT, we recorded the EMG using an
additional amplifier (TMSi, Oldenzaal, The Netherlands) con-
nected to the EEG amplifier, ensuring synchronized measure-
ments. Surface electrodes were placed in a belly–tendon mon-
tage over the ADMmuscle. 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 cutoff frequency of 550
Hz and sampled at 2048 Hz.

E. 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 s (2 s 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. PCA
using singular value decomposition was used to decompose the
data into different components.

F. Principal Component Analysis

PCA [23] is a well-established multivariate data technique
which finds the direction in the data with most variation. It is ex-
pected that the direction with most variation contains the TMS
induced artifacts, because of the large amplitude difference be-
tween artifact and EEG signals.
Initially, we subtracted the mean from dataset , which con-

tains the EEG data, the rows being the number of electrodes,
and the columns being the number of data points. The covari-
ance matrix was then calculated, given by

(1)
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in which is the number of channels, and means transposed.
From the covariance matrix the eigenvectors and eigenvalues
are calculated and sorted according to their eigenvalue. Singular
value decomposition is now used to decompose dataset in
matrices , , and

(2)

Orthogonal matrix captures the eigenvectors calculated in
the previous step in each column; contains the singular values
(square root of eigenvalues of ) and orthogonal matrix
contains the eigenvectors of .
Matrix 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 ma-
trix and singular values in , the number of components to
be removed can be selected.
The data can then be reconstructed with only the remaining

principal components , which are ideally the components
that do not describe the artifact

(3)

For all subjects, the first 20 principal components were re-
moved, one component at a time. After removing each consec-
utive component, the TEPwas obtained by averaging over trials.

G. Evaluation of Artifact Removal

For evaluation of the effect of the removal of the PCA com-
ponents on the amplitude of the artifact and TEP, we visually
detected the artifact and TEP components for every consecu-
tive PCA component that was removed. We chose two elec-
trodes 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—posi-
tive or negative—peak between 0 and 5 ms after TMS admin-
istration represents the first artifact. The large positive peak be-
tween 5 and 10 ms was used as a quantitative measure for the
second artifact. Changes in the absolute values of both arti-
facts for the electrode of stimulation, C3 or C4, using the un-
filtered signal, were used as performance measures. In addition,
we also analyzed the first artifact at electrode Cz. We then ap-
plied 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 as-
sessed, both for left and right motor cortex stimulation. We sub-
sequently calculated the peak-to-peak amplitudes P30-N45 (re-
ferred 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.

III. 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

Fig. 1. Topoplots of signal power for the first (left) and second (right) artefact,
after stimulation at the right motor cortex. Note the large difference in amplitude
between the first and second artefact. When Brodmann area 19 was stimulated,
no second artefact was observed. Grand average of 16 subjects. X denotes the
stimulus position.

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 topog-
raphy and average power of the first and second artifact are il-
lustrated in Fig. 1, showing a grand average of these 16 subjects.
In Fig. 2, responses in channels C4 and Cz from two subjects

are shown before and after PCA correction. In one of these sub-
jects 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 re-
covers. 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 iden-
tified in the uncorrected signal, but for subjects with a large
second artifact, these only become visible after removing three
to four principal components. These early peaks are similar in
latency for all subjects (N10—P15—N20 for Cz) and corre-
spond to early TEP components reported in literature [2], [5].
At electrode C4, different early TEP components become vis-
ible 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 re-
jection 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.
In Fig. 3, the TEP at all electrodes is shown for a single sub-

ject after stimulation of the left motor cortex. The effects of re-
moving the first 10 principal components on the TEP for the
same subject is shown in Fig. 4. The artifacts are greatly re-
duced, although there is still some residual artifact in the fron-
totemporal electrodes visible. These remaining artifacts disap-
pear when more components are removed, but then the TEP also
reduces in amplitude; this trade-off is shown in Fig. 5.
The effect of removing 1–20 principal components from the

data obtained in 16 subjects after stimulating the right motor
cortex is shown in Fig. 5. The reduction in amplitude of the first
artifact is the largest after removal of the first component, re-
sulting 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
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Fig. 2. PCA performance is shown for the unfiltered recordings at electrode C4 (top) and Cz (bottom) in two subjects. Note the different scaling at the y-axes.
Subject 1 (left) did not show a second artefact, while subject 18 (right) had a large second artefact. 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.

Fig. 3. TEP before artefact correction using PCA in a subject 10. The left motor cortex (around C3) was targeted with TMS.

larger than the TEP components. After removing approximately
five 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 five 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 vari-
ation in P30 amplitude between subjects is a result of the differ-
ences in the amount of second artifact that is present in each
individual subject, with corresponding inter-individual differ-
ences in the amount of reduction after PCA.

IV. DISCUSSION

TMS-EEG is a promising technique to explore cortical ex-
citability by analysis of the different waveforms present in the
TMS-evoked potential. However, in particular during the first
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Fig. 4. TEP after removing 10 principal components in subject 10. The left motor cortex (around C3) was targeted with TMS. The artefact is greatly reduced as
compared to Fig. 3, while the main components of the TEP are preserved. However, there is still some artefact remaining at the left frontotemporal electrodes.

30 ms, artifacts may be present that obscure the interpretation
of early responses. Here, we explore the nature of the TMS ar-
tifacts, 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 arti-
fact amplitude is sufficiently large to allow further signal pro-
cessing, such as filtering and analysis of the various latencies of
the TEP waveforms. In all subjects, this cutoff number of ap-
proximately five components was found.
The number of components to be removed has to be consid-

ered carefully for each individual subject: with too few com-
ponents 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 tar-
geting, 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 min for one target in a single subject.

The spatial distribution of the evoked potentials showed that
when themotor 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 19was 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. How-
ever, 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 acti-
vation itself, but a subsequent movement of the electrodes that
are located above the muscle, induced by the muscle contrac-
tion. This would also explain why some authors achieved better
results with needle electrodes [17], 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 [18]; 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 dif-
ferent 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 [11], and Mutanen et al. also
showed that the second artifact was not present using a phantom
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Fig. 5. Normalized amplitude of the first and second artefact for electrode C4 (left) and of the first artefact, 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.

head [14]. Although the contribution of a capacitive effect of the
electrode–skin interface [17] cannot be excluded in our exper-
iments, 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 con-
traction [15]. These authors determined the components to be
taken out based on the topography of this muscle activity, ac-
knowledging the fact that also brain activity with the same to-
pography 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 respon-
sible for the earliest components of the TEP—will be reduced,
although the amount of attenuation is known. 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 re-
gions. The TEP components were found to be significant in the
calculated global mean field potential (GMFA) after artifact re-
duction, 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. Fur-
thermore, in the approach described in [15], the PCA compo-
nents were calculated after initial averaging of the TEP, while
we apply PCA on single trials. At present, it is not clear which
method is most suitable. An additional improvement in topog-
raphy-based PCA may be achieved when less principal compo-
nents are removed.
After applying PCA, removing approximately five principal

components results in an artifact suppression of more than 10
times. Early components of the TEP, which were initially ob-
scured 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 ampli-
tude, probably because this TEP component is largely affected
by the second artifact. Although both artifacts are strongly re-
duced 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 [14].
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 [2], [5]. In these two studies, no second
artifact was observed in the data, and no artifact rejection tech-
nique was used that could have induced small fluctuations re-
sembling TEP components. In any case, small effects on the
response itself have to be taken into account as well when an-
alyzing the data further, especially when applying source anal-
ysis.
In conclusion, the TEP response obtained in TMS-EEG mea-

surements contains an early artifact due to the magnetic pulse,
and a second artifact. The second artifact depends on the loca-
tion of stimulation, and is most likely caused by muscle activa-
tion due to the TMS pulse, possibly followed by electrodemove-
ments.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 tem-
poral 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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