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Abstract: Navigated transcranial magnetic stimulation combined with electroencephalography (nTMS-
EEG), allows noninvasive studies of cortical excitability and connectivity in humans. We investigated
the reproducibility of nTMS-EEG in seven healthy subjects by repeating left motor and prefrontal
cortical stimulation with a 1-week interval. TMS was applied at three intensities: 90, 100, and 110% of
subjects’ motor threshold (MT). The TMS-compatible neuronavigation system guaranteed precise
repositioning of the stimulation coil. The responses were recorded by a 60-channel whole head TMS-
compatible EEG amplifier. A high overall reproducibility (r > 0.80) was evident in nTMS-EEG
responses over both hemispheres for both motor and prefrontal cortical stimulation. The results suggest
that nTMS-EEG is a reliable tool for studies investigating cortical excitability changes in the test-retest
designs. Hum Brain Mapp 30:1387–1396, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Noninvasive transcranial magnetic stimulation (TMS)
[Barker et al., 1985] has been used to investigate cortical

functions in humans and has become an important tool in

the evaluation of central motor pathways [Meyer, 2002;

Ziemann, 2002]. Cortical-spinal excitability can be eval-

uated by recording electromyographic (EMG) responses

elicited by TMS pulses from different muscles, and by esti-

mating the pulse strength needed to elicit responses

(motor threshold; MT). Both repetitive (rTMS) and single

pulse TMS applied to association cortices may disturb

[Amassian et al., 1989; Beckers and Homberg, 1991; Graf-

man et al., 1994; Pascual-Leone et al., 1991, 2000] or

enhance [Evers et al., 2001; Klimesch et al., 2003; Kohler

et al., 2004; Luber et al., 2007; Topper et al., 1998] perform-

ance during cognitive tasks. In addition, rTMS over the

dorsolateral prefrontal cortex may ameliorate depression

[Fitzgerald et al., 2006; Gross et al., 2007; Klein et al., 1999;

Pascual-Leone et al., 1996]. The high reproducibility of
TMS motor evoked potentials (MEPs) in single and
paired-pulse paradigms is well established [Carroll et al.,
2001; Conforto et al., 2004; Corneal et al., 2005; de Carvalho
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et al., 1999; Humm et al., 2004; Kimiskidis et al., 2004; Maeda
et al., 2002; Mills and Nithi, 1997; Wolf et al., 2004].
TMS combined with electroencephalography (EEG) ena-

bles the noninvasive evaluation of functional connections
between brain areas [Ilmoniemi et al., 1997; Massimini
et al., 2005; Paus, 1999; Paus et al., 1997, 1998] and pro-
vides a tool in investigating cortical excitability [Bailey
et al., 2001; Bender et al., 2005; Bonato et al., 2006; Ilmo-
niemi et al., 1999; Kähkönen et al., 2001, 2003, 2004, 2005;
Komssi et al., 2002, 2004; Nikouline et al., 1999; Nikulin
et al., 2003; Paus et al., 2001; Schürmann et al., 2001;
Tiitinen et al., 1999; Virtanen et al., 1997, 1999].
In navigated TMS (nTMS), the location of the TMS coil

is shown over the individual MRI reconstruction of the
subject’s brain in real time. The locations of the stimulation
sites can be saved for repeated measurements. Conse-
quently, nTMS has been suggested as a precise tool for
brain mapping studies, particularly for repeated measure-
ments, as it allows reliable coil re-placement [Neggers
et al., 2004; Schonfeldt-Lecuona et al., 2005]. nTMS
combined with EEG (nTMS-EEG) allows recordings of
neuronal responses elicited by stimulation of cortical sites
outside the primary motor cortex, e.g., in the prefrontal
cortices [Kähkönen et al., 2001, 2003, 2005]. Applying
nTMS in prefrontal cortex minimizes the variations in cort-
ical target selection between the subjects.
Reproducibility of the TMS-evoked EEG responses is an

essential prerequisite for studies with test-retest design,
and it has not yet been reported. We investigated the
reproducibility of nTMS-EEG responses elicited by pri-
mary motor and dorsolateral prefrontal cortical (M1 and
DLPFC respectively) stimulation in healthy subjects.
Reproducibility of MT measurements has been investi-
gated both with the ‘‘hot spot method’’ searching the maxi-
mum MEP strength [Conforto et al., 2004; Rossini et al.,
1994], and the ‘‘fixed point’’ technique using fixed skull
landmarks [Kimiskidis et al., 2004]. We have inspected the
MT reproducibility by employing the ‘‘hot spot’’ method
in nTMS.

METHODS

Seven healthy subjects (age 23–34 years, 4 men and 3
women, all right handed) participated in the study. The
ethical committee of the Helsinki University Central Hospital
approved the experimental procedures of the study. A writ-
ten informed consent was obtained from all subjects.
A Magstim-200 stimulator, connected to a co-planar fig-

ure-of-eight Magstim-P/N9925 induction coil of 70-mm
wing radius (The Magstim Company Ltd., Whitland, UK)
was used to produce the TMS pulses. An eXimia NBS nav-
igation system (Nexstim Ltd., Helsinki, Finland) was used
for MRI-guided neuronavigation. Our target was to mini-
mize the stimulated cortical area and to ensure that the
same cortical location was stimulated in repeated experi-
ments (see Fig. 1).

The individual MRIs required for the 3D reconstruction
and navigation were scanned with 1.5 T or 3 T devices (T1
weighted; 0 mm slice gap; 1 mm thickness; sagittal orienta-
tion; acquisition matrix 256 3 256; GE Healthcare, UK;
Philips Medical Systems, Eindhoven, The Netherlands; Sie-
mens Medical Solutions, Erlangen, Germany).
Two measurements with a 1-week interval were con-

ducted for each subject. The subjects were comfortably sit-
ting in a chair with their eyes open and fixated on a point
in the experiment room. The left primary motor cortex
stimulation targeted the representation of the right abduc-
tor pollicis brevis (APB) muscle in the left hemisphere. The
starting target point was located by the X-or the reversed
e-shaped structure in precentral gyrus [‘‘motor knob,’’
Yousry et al., 1997] and then optimized by maximizing the
MEPs recorded from the APB with a Keypoint electromyo-
graph (Medtronic, Inc., MN). The MT was determined as a
TMS intensity evoking contralateral MEPs of minimum
50 lV in resting APB, in 5 out of 10 given stimuli [Rossini
et al., 1999, 1994]. The left middle frontal gyrus was
located from a 3D MRI reconstruction, based on anatomical
sketches [Yousry et al., 1997]. The average Talairach coordi-
nates for DLPFC stimulation siteswere2256 4, 366 8, 426 7
(x, y, z; mean 6 SD). Each site was stimulated at intensities of
90, 100, and 110% of theMT.MT is an appropriate measure for
determining the stimulus intensity for targets in the prefrontal
cortex [Kahkönen et al., 2004, 2005].
A hundred pulses were applied with each intensity. The

interstimulus interval was 3.3 s and the inter-session inter-
val varied between 2 and 5 min. The order of the stimula-
tion sites and stimulus intensities was kept the same for
both measurements for each subject, but varied randomly
between the subjects. The MR image-guided navigation
guaranteed that the coil orientation eliciting maximal
MEPs was defined on the first measurement and kept the
same in the M1 stimulation. This allowed the measure-
ment of MT from exactly the same point in the second
measurement for all subjects. In addition, in the beginning
of the second measurement, a possible shift of the site elic-
iting maximal MTs was inspected before using the stimu-
lation parameters from the first measurement; no such
shifts were observed. The navigation tool also allowed the
accurate placement of the coil over the selected stimulation
site in the DLPFC; the coil was directed to be perpendicu-
lar to the middle frontal gyrus with the handle pointing
laterally (see Fig. 1). During all sessions, the coil was
mounted on a tripod stand with a flexible extension arm
(Manfrotto Ltd., Bassano del Grappa, Italy).
The EEG responses to nTMS were recorded with sixty

Ag/AgCl sintered electrodes specially designed for TMS-
EEG measurements to avoid overheating by eddy currents
induced by TMS (Nexstim Ltd., Helsinki, Finland). The
multichannel EEG array was connected to a TMS-compati-
ble EEG amplifier (eXimia, Nexstim Ltd., Helsinki, Fin-
land). EEG sampling rate was 1450 Hz, bandwidth was
0.1–350 Hz, and 16-bit AD conversion resolution was
applied. During the magnetic pulse delivery, the EEG
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amplifier was blocked by a sample-and-hold circuitry for
2 ms to remove most of the TMS-induced artefacts. After
this ‘‘gating period,’’ the EEG signals contained mainly
the physiological TMS-evoked responses [Virtanen et al.,
1999].

Analysis

Before averaging, the raw EEG was inspected for arti-
facts caused by eye movements, muscle activity or me-
chanical disturbances. Epochs with signals exceeding

50 lV were excluded from further analysis. At least 80
epochs per session were eligible for averaging for each
subject after removing eye-blinks and residual electrical
contamination by TMS. Signals were averaged and low-
pass filtered with 45 Hz cut-off frequency. The 600-ms
analysis period included a 95-ms prestimulus baseline.
Offline data processing was performed with Matlab 6.0
software (The Mathworks, Natick, MA).
To analyze general reproducibility of nTMS-evoked

potentials, we selected regions of interest (ROIs) in each
hemisphere. Ten electrodes over and around the stimu-

Figure 1.

3D reconstruction of the MRIs from one subject. The two yel-

low markers over primary motor cortex (M1) and dorsolateral

prefrontal cortex (DLPFC) represent the stimulation targets.

Each marker shows the site of the delivery of the TMS pulse in two

measurements with a 1-week interval. The arrows indicate the coil

orientation and induced current direction. The green highlighted

area illustrates the estimated induced electric field during M1 stim-

ulation. The two panels display the averaged EEG signals of each

measurement from ROI electrodes after M1 and DLPFC nTMS on

one subject. The signals were low-pass filtered with a cut-off fre-

quency of 45 Hz. Navigation allows the exact re-positioning of the

coil resulting in reproducible TMS-EEG responses.
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lated left M1 and the corresponding electrodes from con-
tralateral hemisphere were selected for comparison of
evoked potentials elicited by nTMS to M1. Similarly, bilat-
eral ROIs of five electrodes were used for evaluating
responses to prefrontal cortex nTMS (see Fig. 2). The sig-
nals from the selected electrodes were averaged for each
hemisphere and each stimulation site.
The area bound by the half-maximum of the cortically

induced electric field produced by figure-of-eight coil is
usually larger than 5 cm2 [Komssi and Kähkönen, 2006].
Furthermore, in our study stimulation ranged from sub-
threshold (90% of MT) to suprathreshold (110% of MT)
intensities; thus, both depth and size of the stimulated
area were different [Heller and van Hulsteyn, 1992;
Roth et al., 2002; Ruohonen and Ilmoniemi, 1998; Terao
et al., 2000; Zangen et al., 2005]. Consequently, most
studies with TMS-evoked EEG responses report average
responses from several electrodes in selected ROIs
[Kähkönen and Wilenius, 2007; Kičić et al., 2008; Nikulin
et al., 2003]. We used similar approach to add compati-
bility with the results of previous studies.
The peak amplitudes and latencies were calculated.

Comparison of the first and second measurement of each
session was done by paired two-tailed t tests with Bonfer-
roni correction (Table I). In addition, reproducibility was
tested by two-tailed Pearson’s correlation coefficients with
0.05 level of significance. To increase power of correlation
coefficient calculations, data of all intensities were col-

lapsed (Table II). SPSS 14.0 software was employed for sta-
tistical analysis (SPSS, Chicago, IL).

RESULTS

Motor Threshold

MT in first and second experiments were highly corre-
lated (43.3% 6 2.5% and 43.1% 6 2.3% of the stimulator’s
output; r 5 0.99; P < 0.001).

Primary Motor Cortex nTMS

Six peaks from averaged responses were identified after
left M1 nTMS at all intensities in electrodes over both
hemispheres in each subject. The grand averaged EEG
response consisted of six deflections as well (see Fig. 3).
The response peak latencies were 13 6 6 ms, 32 6 6 ms,
54 6 11 ms, 66 6 14 ms, 111 6 11 ms, and 172 6 39 ms
for the left ROI ipsilateral to the stimulation, and 12 6 5
ms, 31 6 7 ms, 50 6 9 ms, 73 6 12 ms, 111 6 11, ms and
176 6 19 ms for the right ROI. The response peak ampli-
tudes increased with increased TMS intensity (Table I).
The Pearson’s correlation coefficients for amplitudes

ranged from 0.68 to 0.92 for the left ROI, and from 0.35 to
0.92 for the right ROI. The correlation coefficients for laten-
cies ranged from 0.59 to 0.98 for the left ROI and from 0.75
to 0.95 for the right ROIs (Table II).

Figure 2.

Schematic illustration of electrode positions in EEG cap. Shaded electrodes represent in the two

encircled regions the two ROIs selected for primary motor (left panel) and dorsolateral prefron-

tal cortex (right panel) stimulation. The cross represents the stimulation site.
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Prefrontal Cortex nTMS

Prefrontal nTMS-evoked EEG responses consisted of six
peaks. The peak latencies were 25 6 12 ms, 49 6 11 ms, 64
6 16 ms, 113 6 17 ms, and 170 6 16 ms for responses in
the left ROI (the first peak was masked by TMS artefact)
and 21 6 6 ms, 32 6 9 ms, 48 6 9 ms, 63 6 16 ms, 113 6
17 ms, and 174 6 16 ms for the responses in the right ROI
(for grand averages, see Fig. 3; for mean amplitudes and
latencies see Table I). The correlation coefficients for peak
amplitudes ranged from 0.64 to 0.97 for the responses in
the left ROI and from 0.53 to 0.98 for the right ROI. The
correlation values for peak latencies ranged from 0.84 to
0.99 for the responses in the left ROI and contralateral
between from 0.83 to 0.98 for the right ROI (Table II).

DISCUSSION

Our results display a high reproducibility of nTMS-evoked
EEG responses over M1 and DLPFC. This result was
achieved by using exactly the same stimulation parameters
for each subject in both measurements. Additionally, in line
with previous studies [Conforto et al., 2004; Kimiskidis et al.,
2004;Mills andNithi, 1997], we observed no changes ofMT.

Reproducibility of EEG Deflections

The test–retest correlation of all peak amplitudes ipsilat-
eral to nTMS for both M1 and DLPFC stimulation gener-

ally exceeded 0.83, and was highly significant. The correla-
tion for the peak amplitudes (Table II) in contralateral
hemisphere was lower for the M1 stimulation. This might
be caused by signal fluctuations originating from callosal
transfer of the activity to the opposite hemisphere. Peak
amplitude correlation for prefrontal nTMS in the ROI con-
tralateral to the stimulation was generally stronger than
for M1 (peak VI excluded); this suggests more robust inter-
hemispheric connections in the prefrontal than primary
motor regions in line with anatomic evidence [Boussaoud
et al., 2005; Innocenti et al., 1995; Rouiller et al., 1994; Zarei
et al., 2006]. Regardless, a smaller electrode number in
ROIs of DLPFC than of M1 may decrease the variation in
the average responses as well.
The amplitudes of peak II elicited by M1 nTMS and

peak VI elicited by prefrontal nTMS were clearly less repli-
cable than the other deflections. The sources of peak II
(positivity at around 30 ms) are not clearly defined in
dipole modelling of the TMS-evoked responses [Paus
et al., 2001] indicating a complex source structure; this
may render it more vulnerable to changes e.g. in alertness.
The generators of prefrontal peak VI (positivity at about
170 ms) have not been studied by source modeling.
Test–retest correlations of response peak latencies were

generally high and similar (r > 0.8) for motor and prefron-
tal ROIs (Table II). The only exceptions were peak III for
contralateral ROI and peak VI in ipsilateral ROI to primary
motor cortex nTMS. Peak I (negativity at 15 ms) is consid-
ered to reflect excitatory events [Komssi et al., 2004]
because of its sharp waveform and its high dependence on
nTMS intensity; however, contribution of the remaining
stimulus artefact may be considerable at this early stage of
responses.
Paired two-tailed t test differences for amplitude and la-

tency between the two measurements were not significant.
Only exceptions were the latency of ipsilateral peak II after
M1 stimulation at 110% MT (P < 0.0166) and the ampli-
tudes of ipsilateral and contralateral peak IV after DLPFC
stimulation at 90% MT (P < 0.0166; shown with asterisks
in Table I). The absence of significant differences for the
vast majority of the peaks (135 out of 138) supports high
test-retest reproducibility of nTMS-evoked EEG responses.
The origins of deflections N15 (peak I), P35 (peak II),

N45 (peak III), P55 (peak IV) and P180 (peak VI) are not
yet well understood [Bonato et al., 2006; Komssi et al.,
2002, 2004; Paus et al., 2001]. A dipolar source in the M1
was found for N45 whereas no such dipoles were found
for P30 (peak II) and N100 (peak V), suggesting different
generator mechanisms of the latter deflections [Paus et al.,
2001]. Later studies suggest that N45 depends on circuits
intrinsic to M1 [Van Der Werf and Paus, 2006]. Ipsilateral
peak II was more reproducible in responses to the pre-
frontal nTMS than for the primary motor nTMS, whereas
ipsilateral peak III is reproduced better in nTMS to the pri-
mary motor cortex (Table II), also supporting different
generator mechanisms of the two deflections. The replica-
bility of peak V was good. N100, which is the dominant

TABLE II. Amplitude (A) and latency (B) peak

correlations

A

Amplitude peak correlation

M1 DLPFC

IPSI CONTRA IPSI CONTRA

Peak I 0.918*** 0.919*** — 0.806**
Peak II 0.683** 0.703** 0.965*** 0.918***
Peak III 0.916*** 0.349 0.88*** 0.982***
Peak IV 0.862*** 0.478* 0.922*** 0.883***
Peak V 0.83*** 0.677*** 0.867*** 0.887***
Peak VI 0.85*** 0.816*** 0.644** 0.527*

B

Latency peak correlation

M1 DLPFC

IPSI CONTRA IPSI CONTRA

Peak I 0.929*** 0.754** — 0.947***
Peak II 0.802*** 0.946*** 0.900*** 0.939***
Peak III 0.940*** 0.876*** 0.967*** 0.974***
Peak IV 0.975*** 0.914*** 0.986*** 0.982***
Peak V 0.810*** 0.903*** 0.947*** 0.924***
Peak VI 0.594** 0.851*** 0.841*** 0.829***

*P < 0.05, **P < 0.01, ***P < 0.001 (2-tailed).
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peak in TMS-evoked EEG, is very sensitive to small
changes in cortical excitability. It may represent cortical in-
hibition elicited by TMS [Bender et al., 2005; Kähkönen
and Wilenius, 2007; Kičić et al., 2008; Nikulin et al., 2003].
The N100-P180 complex may contain an auditory response
to the TMS coil click; part of this response is due to bone-
conducted sound [Nikouline et al., 1999]. However, peak
V is evoked primarily by TMS [Komssi et al., 2004; Nikulin
et al., 2003; Paus et al., 2001]. High reproducibility of peak
V (Table II) enhances its value as a marker of cortical proc-
essing for basic and clinical research studies.
Prefrontal TMS-evoked responses in ipsilateral ROI con-

tained five peaks, in line with previous results [Kähkönen
et al., 2003, 2004, 2005]. However, in the contralateral ROI, an
early additional (sixth) deflectionwas detected. The responses
had the same latencies as those elicited by the primary motor
cortex TMS [Kähkönen et al., 2005]. However, the response
amplitudes were smaller for prefrontal than primary motor
cortex nTMS, indicating different reactivity of the two regions
[Kähkönen et al., 2003, 2004]. Our study presents the first evi-
dence that nTMS produces reproducible EEG responses with
1-week interval after stimulation of cortical sites where no be-
havioral ormotor responses can bemeasured.

Reproducibility of MT

The ‘‘fixed-point’’ stimulation is adequate for accurate
determination of MT [Kimiskidis et al., 2004]. However,
the accuracy can be enhanced by applying the ‘‘hot spot’’
method [Conforto et al., 2004]. Our results indicate that
utilization of nTMS and ‘‘hot spot’’ approach of MT meas-
urements provides accurate results. In addition, we found
that when MT is measured with a 1-week interval, the
‘‘hot spot’’ remains stable and provides a highly replicable
MT.

CONCLUSION

Reproducible TMS-evoked EEG responses are a valuable
tool for investigating changes of cortical excitability in
healthy subjects and in patients with cortical pathologies.
In nTMS, stimuli can be delivered over the same site
repeatedly. Thus, response changes elicited by e.g., rTMS
over the dorsolateral prefrontal gyrus in healthy subjects
or patients with depression, as well as changes elicited by
M1 TMS in patients with movement and degenerative dis-
orders, can be tracked precisely to get information about
the pathophysiological mechanisms in test re–test designs.
In addition, reproducibility of the EEG responses contralat-
eral to the stimulated site may provide a supplementary
tool in clinical paradigms requiring high-intensity TMS,
which may produce stimulus and muscle artifacts and con-
taminate EEG responses from the ipsilateral hemisphere.
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