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Abstract

N100, the negative peak of electrical response occurring around 100 ms, is present in diverse
functional paradigms including auditory, visual, somatic, behavioral and cognitive tasks. We
hypothesized that the presence of the N100 across different paradigms may be indicative of a more
general property of the cerebral cortex regardless of functional or anatomic specificity. To test this
hypothesis, we combined transcranial magnetic stimulation (TMS) and electroencephalography
(EEG) to measure cortical excitability by TMS across cortical regions without relying on specific
sensory, cognitive or behavioral modalities. The five stimulated regions included left prefrontal,
left motor, left primary auditory cortices, the vertex and posterior cerebellum with stimulations
performed using supra- and subthreshold intensities. EEG responses produced by TMS stimulation
at the five locations all generated N100s that peaked at the vertex. The amplitudes of the N100s
elicited by these five diverse cortical origins were statistically not significantly different (all
uncorrected p > 0.05). No other EEG response components were found to have this global
property of N100. Our findings suggest that anatomy- and modality-specific interpretation of
N100 should be carefully evaluated, and N100 by TMS may be used as a bio-marker for
evaluating local versus general cortical properties across the brain.
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Introduction

Event-related potentials (ERPs) are obtained from averaged electroencephalography (EEG)
in response to specific sensory input and/or behavioral output events. They provide a
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noninvasive approach to study psychophysiological correlates of sensory and/or cognitive
processes. Examples of these applications include the use of P50 to measure sensory gating
(Olincy and Martin 2005; Vlcek et al. 2014), N200 for assessing spatial attention (Woodman
and Luck 2003), N250 as index of familiarity of face (Tanaka et al. 2006) and P300 as a
novelty or attention marker (Jeon and Polich 2001; Polich and Comerchero 2003). However,
unlike those mentioned components, the N100 component, the negative deflection peak
around 100 ms after the onset of stimulus, can be obtained from many if not all tasks in
sensory domains. For example, N100 has been found in auditory (van Elk et al. 2014), visual
(Mangun and Hillyard 1991), olfactory (Pause et al. 1996), pain (Greffrath et al. 2007),
balance (Quant et al. 2005), respiration blocking (Chan and Davenport 2008) and
somatosensory paradigms (Wang et al. 2008). Although the N100 effect from each paradigm
was usually regarded as specific to that paradigm, the commonality of N100 across them
suggests global implications in additional to task-, anatomy- or modality-specific
interpretations.

The presence of N100 across diverse stimulation conditions suggests that N100 may be a
general feature of the cerebral response to focused activations in addition to its
representations of task- and region-specific effects. This hypothesis predicts that N100 can
be generated when cortical stimulation is applied in the cortex regardless of specific
locations. To test this hypothesis, one needs a way to stimulate discrete cortical regions not
relying on specific sensory and behavioral input/output requirements.

The combination of transcranial magnetic stimulation (TMS) and simultaneous EEG
provides a means to stimulate and record response from multiple cortical regions without
being confined only to sensory or motor areas. Single TMS over motor cortex (M1) can
evoke EEG wave forms, currently labeled by many different names including N7, N10, N15,
P13, P14, N18, P30, N40, N44, N45, P50, P55, P60, N100, P180 and N280 (Paus et al.
2001; Komssi et al. 2004; Bender et al. 2005; Bonato et al. 2006; Komssi and Kahkonen
2006; Ilmoniemi and Kicic 2010; Maki and Ilmoniemi 2010; Ferreri et al. 2011, 2012; Ter
Braack et al. 2015) (more discussion in “Methods”). Among these TMS-evoked
components, N100 is the most reproducible component even after removing the TMS sound-
evoked auditory responses (Bender et al. 2005; Kahkonen and Wilenius 2007; Bonnard et al.
2009; Lioumis et al. 2009). M1 TMS-evoked N100 is thought to reflect intracortical
excitatory—inhibitory network activities of the motor cortex pathway (Nikulin et al. 2003;
Bender et al. 2005; Kicic et al. 2008). Furthermore, as TMS has been increasingly used to as
stimuli in electro-physiology studies, there is a critical need to understand whether N100 and
any of these other proposed ERP components are anatomically specific. There is a lack of
systematic ERP research based on anatomic distributions of TMS application.

Indeed, TMS has also been applied to several other cortical areas besides M1.TMS to
prefrontal cortex reliably evoked N100 (Lioumis et al. 2009). TMS has also been applied to
parietal cortex (Johnson et al. 2012) and vertex (Bender et al. 2005) which also yielded
robust N100s. However, critical information may be missed on the global nature of the
TMS-evoked N100 versus other TMS-evoked ERP components because the relationship of
N100s (and other ERP components) across different brain areas was not compared in the
same experiment in previous studies. To address this, we applied TMS to five functionally
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discrete brain regions. We tested the hypothesis that similar N100 can be generated when
TMS stimulations were applied to any of the five locations. We compared the relationship
between the N100 responses in 11 distributed electrodes, with the vertex (CZ) being the
primary site of interest because N100 has been most commonly measured at this site in ERP
studies. Similar comparisons were made for other ERP components, including P200, which
was the second largest peak besides N100 in TMS stimulations.

Materials and methods

Participants

Twenty-four healthy volunteers (mean age = 41.9 * 14.5 years, range 20-62 years; 15 males
and 9 females) participated in this study. All subjects were interviewed with the Structured
Clinical Interview for DSM-IV to exclude DSM-IV Axis I psychiatric diagnosis. Major
medical and neurological illnesses, history of head injury with loss of consciousness,
pregnancy and substance dependence within the past 6 months were exclusionary. TMS
screening interviews confirmed that none of the subjects had contraindications for TMS
(Rossi et al. 2009). All subjects gave their written informed consent approved by the
University of Maryland Baltimore Institutional Review Board.

Electromyography recording

Surface electromyography (EMG) was recorded from the right first dorsal interosseous
(FDI) muscle with Ag/AgCl disposable electrodes (CareFusion Inc., WI, USA) placed in a
tendon—belly montage. The EMG signal was recorded in DC mode with a Neuroscan
SynAmps2 amplifier (Charlotte, NC), amplified (gain of 10), digitized at 5000 Hz and stored
for offline analysis (Darling et al. 2006). A ground electrode was placed over the right ulnar
styloid when EMG alone was recorded. A forehead ground was used when EEG and EMG
were recorded simultaneously. Peak-to-peak amplitude of the motor-evoked potentials
(MEPs) was measured.

Transcranial magnetic stimulation

TMS was administered over five brain areas separately: left prefrontal cortex (PFC), left
motor cortex (M1), left primary auditory cortex (PAC), vertex and posterior cerebellum
(vermis), stereotactically localized using the individual’s high-resolution structural MRI
(Fig. 1). TMS was first applied to left M1 to determine the resting motor threshold (RMT)
which was defined according to conventional criteria as the minimum intensity needed to
elicit a MEP of >50 pV in at least 5 out of 10 consecutive stimuli (Rossini et al. 1994; Du et
al. 2015). Thereafter, two TMS intensities were tested for each of the five TMS site:
suprathreshold (120 % RMT) and subthreshold (80 % RMT). Sham TMS was conducted for
each subject by turning the coil 90° and moving away from skull (1-2 cm) while delivering
suprathreshold TMS pulses, which preserved the auditory sound of TMS pulses without
stimulating any brain regions. Participants wore tight earplugs to muffle the sounds in all
conditions. The TMS sounds remained audible in all conditions but were faint. However,
because an auditory sound was present, the sham condition was equivalent to an auditory
stimulation condition and the recorded ERP was treated as an auditory ERP (Table 1).
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The five brain areas were stimulated in 5 sessions, separated by 1 h or more. No more than
two sessions were given in the same day. Sham TMS was recorded in the last session. Each
participant completed the experiment within 3—10 working days as scheduling permitted.
The order of sessions across sites was randomized across participants. Within each session,
suprathreshold and subthreshold were delivered in two separate blocks. Within each block,
60 repetitions of the same stimulation were given with jittered inter-stimulation intervals
from 4 to 10 s. There were 5- to 10-min breaks between the blocks.

TMS was delivered through a figure-of-eight coil (70 mm outer diameter of each wing)
using Magstim 200 Magnetic stimulators with a monophasic current waveform (Magstim
Co., Whitland, UK). Prior to the experiment, each subject underwent an anatomic MRI scan
(TE/TR/TT = 3.04/2100/785 ms, flip angle = 11° and isotropic spatial resolution of 0.8 mm).
The structural images were imported into Brainsight TMS Frameless Navigation system
(Rogue Research Inc, Montreal, Canada) to allow for online control of coil positioning (Du
etal. 2012, 2014).

For left motor cortex, the stimulus target for each participant was the left cortical area where
TMS induced the maximum peak-to-peak motor-evoked potential amplitude from the right
FDI muscle (averaged MNI coordinates: =38, —11, 62; same below). The coil was held with
the coil handle pointing backward and rotated 45° away from the midline to induce currents
that traveled in a posterior-to-anterior direction across the central sulcus (Brasil-Neto et al.
1992; Werhahn et al. 1994; Kammer et al. 2001).

Left prefrontal cortex was defined by the junction of the middle and anterior thirds of the
middle frontal gyrus (=39, 33, 37), corresponding to the junction between posterior regions
of Brodmann area (BA) 9 and the superior section of BA 46 (Cannon et al. 2005; Farzan et
al. 2009). It was also close to F3 electrode in the 10-20 EEG system (Jahanshabhi et al.
1998). The coil was held with the coil handle pointing backward.

Vertex was defined as the top of the cerebral cortex (0, =34, 72). The coil handle was
pointing backward.

Left primary auditory cortex was defined as superior temporal lobe, corresponding to BA 41
and BA 42 (—62, —38, 10). The coil handle was pointing upward. The participant was sitting
in an upright position with chin rest and a mechanical arm supporting head during the TMS
stimulations to the above four locations.

Posterior cerebellum was defined as the midpoint of bilateral Crus I/II (0, =79, —26). The
participant was positioned in a chin-to-chest flexion position so that the posterior cerebellum
was exposed as much as possible. The coil handle was pointing upward (Fig. 1b).

The TMS strengths were calibrated using RMT assessed at the beginning of each session.
This is to reduce any potential shifting in cortical sensitivity from session to session. The
suprathreshold and subthreshold intensities were always set by the RMT determined before
the experiment to each site. However, across the five TMS sites, the intensity for RMT
varied little (as seen in “Results”).
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Electroencephalography recording

EEG was recorded using Neuroscan SynAmps2 (Charlotte, NC) and a specially designed 11
Ag/AgCl sintered electrodes cap for accommodating multi-location TMS and ERP
recording. The electrodes were F3, FZ, F4, T3, CZ, T4, P3, PZ, P4, O1 and O2 according to
the extended 10-20 system (Fig. 1a). The ground electrode was placed on the forehead and a
nose electrode served as a reference. If necessary, the electrode adaptor closest to the TMS
site was removed to keep the TMS coil close to the skull; instead a substitute electrode was
taped in place as close as possible to the removed electrode position. The locations of the
electrodes were digitized with an optical tracking system (Brainsight, Rogue Research Inc.,
Montreal, Canada). Electrode impedance was kept below 5 kQ. The amplifier’s bandwidth
was 0.1-200 Hz with a 60-Hz notch filter, and the signal was sampled at 5000 Hz.
Saturation of the EEG amplifiers by the TMS pulse was prevented by using the de-blocking
function using a sample-and-hold circuit (e.g., Virtanen et al. 1999; Bonato et al. 2006). The
de-blocking started 4 ms before and ended 4 ms after each TMS pulse. The offline analysis
was conducted by using Neuroscan 4.3 software and MATLAB (MathWorks, Inc., Natick,
MA).

Eyeblink artifacts were minimized using a VEOG-based eyeblink spatial filter routine
implemented in Neuroscan software (Semlitsch et al. 1986). In this EOG correction method,
the proportion of signals removed from EEG channels is estimated from the eye movement
averages which increase the accuracy of EOG correction. Continuous EEG records were
epoched from —100 to 500 ms, pre- and post-TMS, respectively, and baseline-corrected and
averaged to obtain ERPs. From visual inspections, there were several high-frequency ERP
components from 5 to 100 ms, followed by N100 and P200. However, only the N100 and
P200 were the regularly present ERP components across 11 electrode sites by 5 TMS sites
(Figs. 2, 3). Early TMS-evoked ERP components varied greatly depending on TMS sites and
electrode sites, consistent with previous reports of ERP components after TMS to M1 and
prefrontal cortex, which have been named N7, N10, N15, P13, P14, N18, P30, N40, N44,
N45, P50, P55 and P60 across many studies (Paus et al. 2001; Komssi et al. 2004; Bender et
al. 2005; Bonato et al. 2006; Komssi and Kahkonen 2006; Ilmoniemi and Kicic 2010; Maki
and Ilmoniemi 2010; Ferreri et al. 2011, 2012; Ter Braack et al. 2015). None of these
components consistently appear in all reports, and some of these differently named
components may actually belong to the same component (e.g., N40, N44 and N45). These
earlier components were considered partially or mainly driven by TMS-related artifacts
(Litvak et al. 2007; Veniero et al. 2009; Maki and Ilmoniemi 2010; Mutanen et al. 2013;
Rogasch and Fitzgerald 2013). We were unable to identify any early components (before
100 ms) that were consistently identifiable and thus scorable across the 11 electrode sites
across the 5 TMS sites in all participants. Therefore, we used only N100 and P200 for
subsequent statistical analyses. N100 and P200 were scored from ERPs filtered from 3 to 40
Hz, windowed at 80-180 and 150-280 ms windows, respectively, by an automatic peak-
detection algorithm followed by visual inspection blind to conditions. Specifically, for N100,
the minimum voltage and its latency within the N100 window (80-180 ms) were marked,
while for P200, the maximum voltage and its latency within the P200 window (150-280 ms)
were marked. These marked peaks were visually inspected, adjusted if needed and then
exported for statistical analysis.
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Data analysis

Results

For N100 (and then P200), we first performed repeated-measures ANOVA with 11
electrodes (F3, FZ, F4, T3, CZ, T4, P3, PZ, P4, O1 and O2) and 5 TMS sites (left PFC, left
PAC, vertex, left M1 and posterior cerebellum) as within-subject factors on suprathreshold
stimulation which elicited larger size of N100 and P200.

As the above analysis confirmed CZ to be the site with the highest amplitudes, we evaluated
the TMS intensity effect using only CZ, which is supported by the topographic maps (Fig. 3)
and is similar to previous TMS-evoked ERP reports where CZ was also used as the primary
site (Spieser et al. 2010; Yamanaka et al. 2013). We conducted a repeated-measure ANOVA
at CZ with TMS intensity (supra and subthreshold) and 5 TMS sites as within-subject
factors for N100 and then P200.

Next, we compared TMS-induced N100 and TMS sound (from the sham condition)-induced
N100 at CZ to identify potential confounds from the TMS click sounds using ANOVA.
Greenhouse—Geisser-corrected statistics were reported in all relevant analyses. Paired-
sample test was used for post hoc comparisons (two-tailed). False discovery rate (FDR)

was used for multiple comparison correction.

To access the auditory contribution to TMS-evoked N100 and P200, the correlations
between N 100 evoked by suprathreshold TMS at five TMS sties and sham TMS were
obtained. However, TMS stimulations not only may induce auditory effects from TMS
clicks, but also be able to evoke somatosensory effects from activations of cranial/facial
muscles. Mutanen et al. (2013) demonstrated that the TMS-induced muscle activations
mainly peak at 4-10 and 8-20 ms. Therefore, we averaged the absolute amplitude of N9,
P13, N18 and P25 to represent the TMS-evoked muscle activities and further explored the
relationship between these TMS-evoked muscle activities and TMS-evoked N100/P200 by
using correlation analysis.

There was no significant difference in the intensity of RMT across the five TMS sites (F4.0,
92.0) = 1.84, p=0.13). Temporal and topographic distributions of the earlier (9—60 ms) and
later (>70 ms) ERP components were plotted by stimulation site, see Figs. 2 and 3,
respectively.

Earlier components

The topographic maps showed that, before 70 ms post-TMS, the response energy
distributions were highly variable. They were TMS site specific and no component was seen
to consistently peak in the same general location/latency across different stimulation sites
(Fig. 2). Many of these components were also present in some but not all participants.
Therefore, these earlier components were not subjected to additional statistics.

Later, the globally similar peak activities across TMS sites became apparent around 100 ms
and then reappeared around 200 ms, corresponding to the N100 and P200 components; both
were prominent at the vertex (CZ) regardless of the TMS site (Fig. 3). However, there were
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more variations in the timing of the on and off of the P200 component and its intensity
across different TMS sites. The subsequent analyses statistically tested these observations.

The topographic maps showed that suprathreshold TMS-evoked N100 was observed at a
temporal window around 130 ms and centered at the vertex (CZ) (Fig. 3 left panels).
Repeated-measures ANOVA was used to demonstrate a significant main effect of electrode
((H3.3,65.4)=11.35, p<0.0001) and a significant interaction between electrode and TMS
site (F{4.4, 87.9) = 4.88, p=0.001). However, as hypothesized, there was no significant
effect of TMS site (H3.1, 62.4) = 0.66, p=0.63), supporting that regardless of locations of
TMS application, N100 recorded at CZ was similar in amplitude.

Repeating the statistics in subthreshold TMS across the five TMS sites (tested only at the CZ
electrode) as compared with suprathreshold TMS, N100 amplitude showed a significant
main effect of intensity (/(1.0, 22.0) = 42.87, p<0.0001) but not TMS site effect (F2.6,
57.3) = 1.22, p=0.31) or TMS site X intensity interaction (/2.9, 64.9) = 0.32, p=0.86).
The statistics supported that (1) regardless of TMS locations, higher TMS intensity evoked
larger N100 at the CZ in an intensity-specific manner such that suprathreshold >
subthreshold (Fig. 4) and (2) amplitude of the N100 at the vertex showed no statistical
difference across the five TMS sites as long as the TMS intensity was the same.

Finally, between subthreshold and sham, we found that N100 at CZ showed a higher
amplitude with subthreshold TMS compared to sham condition at PFC (p=0.002), M1 (p=
0.01), PAC (p=0.02) and posterior cerebellum (p = 0.005), but not at vertex (p = 0.79).
However, in either TMS intensities, the amplitude of the N100 at the vertex showed no
statistical difference across the five TMS sites as long as the TMS intensity was the same.

It is possible that subtle N100 amplitude differences between any two TMS source sites may
be present. Therefore, we further compared every two TMS sites using paired-sample ¢ tests,
but still found no significant differences between any two sites (all uncorrected ps > 0.05)
(Fig. 5¢). Therefore, N100 measured at CZ is sensitive to the TMS intensity changes but not
to the cortical source of the stimulations.

Finally, there were no significant differences in the latency of the N100 peak at CZ across
the TMS sites for suprathreshold or subthreshold TMS (all ps > 0.05).

The topographic maps for each TMS site showed that P200 was elicited mainly at 210 ms
and maximally at around the vertex (CZ) as well (Fig. 3, right panels). The amplitude of
P200 at CZ also showed a pattern of suprathreshold > sub-threshold (Fig. 4). The repeated-
measure ANOVA showed a significant main effect of supra- versus subthreshold intensity
(H1.0,22.0) =28.97, p<0.0001). Unlike N100, P200 showed a significant main effect of
TMS site (H2.2, 48.8) = 3.68, p=0.03) but not a TMS site X intensity interaction effect
(H2.4,53.0)=1.18, p=0.32). Post hoc tests on the TMS site main effect indicated that
P200 evoked by TMS at left PFC (left PFC vs. left M1: p = 0.01; left PFC vs. vertex, p=
0.02) or left PAC (left PAC vs. left M1, p = 0.02; left PAC vs. vertex, p=0.03) stimulation
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was larger than the left M1 and vertex stimulation (Fig. 5d). Therefore, although P200 is
also accentuated to CZ regardless of TMS site and is sensitive to TMS strength, it is also
significantly marking locations of the cortical stimulation source.

TMS-evoked N100/P200 versus auditory stimulation

We evaluated whether the N100 and P200 components were influenced by auditory
stimulation from the TMS sounds. Sham and suprathreshold TMS have identical sound
levels. However, suprathreshold TMS stimulation evoked larger N100 than the sham
condition at all five TMS sites (all ps < 0.001) (Fig. 5a). Secondly, sham TMS has louder
sound level (all sham was delivered at suprathreshold intensity) than subthreshold TMS, but
the subthreshold TMS induced a larger N100 than sham condition at most TMS sites (left
M1, left PFC, left PAC and posterior cerebellum; all ps < 0.05) except at vertex (p = 0.79).
These analyses do not support that the findings were primarily from the TMS sounds.

To access the auditory contribution to TMS-evoked N100, the correlations between N100
evoked by suprathreshold TMS at five TMS sties and sham TMS were obtained. There were
only trend-level correlations between sham TMS-evoked N100 and N100 elicited from left
PAC stimulation (= 0.24, p=0.26), vertex (r=—0.12, p=0.58), left PFC (r=0.41, p=
0.05), vermis (r= 0.48, p=0.017) and left motor cortex (r=0.36, p=0.09). None of these
trends passed the FDR multiple comparison correction. Furthermore, the TMS-evoked
muscle activities, represented by TMS-evoked early components, did not show significant
correlation with N100 or P200 (all |4 < 0.40, p> 0.06).

Discussion

N100 is an ERP component that is frequently observed across a wide range of sensory,
motor, cognitive, and behavioral tasks. The functional implications of N100 were commonly
considered in the context of these specific tasks. Taking advantage of the TMS’s ability to
stimulate multiple cortical areas not confined by sensory or behavioral modality, the multi-
location TMS examination revealed that N100, while not identical, is surprisingly uniform in
the location and amplitude of its appearance despite different anatomic activation sources.
Based on this finding, we propose that N100 may be an electrophysiological marker of a
more general cortical or possibly cortical + subcortical property of the brain, with its
mechanism yet to be determined.

While we did not include the right hemisphere or cover cortical areas more densely for
reducing burden for research volunteers, we chose stimulation locations that were
anatomically diverse (from anterior to the vertex to posterior cerebellum) and functionally
distinct (from a higher cognitive function region prefrontal cortex to sensory cortex at PAC
to motor cortex at M1). Like sensory stimulus-evoked N100 (Mangun and Hillyard 1991;
van Elk et al. 2014), TMS-evoked N100 distributed mainly at vertex and their amplitudes are
sensitive to TMS intensity. However, its amplitude at vertex was not significantly changed
within subject by stimulating different brain areas as long as the TMS intensity was the
same. On the other hand, P200 appeared more amenable to both TMS site effects (Fig. 5).
Earlier components before N100 were clearly more variable depending on the TMS
stimulation sites and recording locations (Fig. 2).
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Single-pulse TMS has been applied to motor, prefrontal and other cortices to elicit ERP
components (Bender et al. 2005; Komssi and Kahkonen 2006; Ferreri et al. 2011). The N100
component is robust and well replicated (Komssi et al. 2004; Bender et al. 2005; Bonato et
al. 2006; Lioumis et al. 2009). Even in 6- to 10-year-old children, large TMS-evoked N100
was observed (Bender et al. 2005). Paired-pulse TMS can also evoke similar N100 (Premoli
et al. 2014b). The TMS-evoked N100 was less studied when TMS was delivered to other
brain areas besides M1. Lioumis et al. (2009) found that N100 (component V) was evoked
from both left motor and prefrontal cortex stimulation with excellent reproducibility.
Johnson et al. (2012) showed an N100 response (based on their Fig. 2b) when single-pulse
TMS was delivered over the superior parietal lobule. Also, TMS-evoked N100 was obtained
with single vertex stimulation after removing auditory confounds (Ter Braack et al. 2013).
However, those N100 evoked by single-pulse TMS over different brain areas were
demonstrated separately, and hence, there was no direct comparison between those N100s.

The current study is the first attempt to systematically compare anatomic effect on TMS-
evoked ERP components across several discrete locations. By comparing within subject of
TMS-evoked components across TMS sites, we found that N100 showed relatively small
variation across stimulation sites: no large difference of N100 in terms of its peak location,
amplitude and latency was observed between different TMS sites. It is noteworthy that
although left PFC, posterior cerebellum and left PAC are relatively far from CZ, TMS over
those areas evoked similar N100s as TMS over left M1 and the vertex, which are much
closer to CZ. In one TMS/EEG study, Garcia and colleagues used single-pulse TMS to
occipital cortex, temporal cortex and vertex with simultaneous EEG and their results
demonstrated both site-specific and invariant TMS effects (Garcia et al. 2011). Specifically,
they found two time points (116 and 292 ms following the TMS pulse) where the spatial
pattern across all their TMS sites was highly similar. The first time point is perfectly in line
with the N100 latency (around 120 ms for all TMS sites) in our study.

Each TMS stimulation is accompanied by a TMS-evoked click sound. In the present study, a
sham TMS was adopted to represent the TMS-evoked auditory effects. The less amount of
N100/P200 elicited by sham TMS and the lack of correlation between TMS-evoked
components and sham TMS-evoked components suggest that the TMS sound contributed
little to TMS-evoked N100 and P200 components. Besides click sound, TMS stimulation
could also induce cranial muscle activities represented by some early ERP components
(Mutanen et al. 2013). These muscle-related components were not associated with TMS-
evoked N100/P200 at all five TMS sites. This supports the idea that the TMS-evoked N100/
P200 was not driven by TMS-evoked muscle activities. However, to fully exclude the
explanation of muscle activity, methods thoroughly removing TMS artifacts, such as
independent component analysis, are needed (Rogasch et al. 2014). However, the small
number of electrodes used here limited the effectiveness of removing artifacts using ICA.
For the same reason, cluster-based permutation was not used to directly compare the
topographic distribution following stimulation of different brain regions. In the current
study, 11 electrodes were used to cover the main cortical regions, which showed that N100
was accentuated at the CZ across all five TMS sites (Fig. 3) among these electrodes.
However, this is based on a low-density EEG recording, which limits our ability to fully
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interpret the findings in terms of topographic distribution of TMS-evoked components.
Future studies with high-density EEG recording will be needed to resolve this issue.

Accompanying each TMS pulse, a tapping sensation could also be evoked by the brief coil
vibration (Ilmoniemi and Kicic 2010; Rogasch and Fitzgerald 2013). This tapping sensation
may be sufficient to elicit somatosensory-evoked potentials, and such evoked potentials
would be expected to occur mainly in the contralateral hemisphere to the site of TMS
stimulation. However, in other TMS studies, this asymmetry of somatosensory-evoked
potentials was not observed (Paus et al. 2001). Similarly, in the current study, by inspecting
the topographic distribution of N100, no apparent hemispheric asymmetry was observed
with stimulation of any of the three left-sided TMS sites (left PFC, PAC and M1) (see Fig.
3). Although it is difficult to precisely evaluate the somatosensory contribution to TMS-
evoked ERP components, previous studies have concluded that they were not a major
problem in many TMS studies (Paus et al. 2001; Nikouline et al. 1999; Nikulin et al. 2003;
Ilmoniemi and Kicic 2010). However, certain amount of somatosensory contributions may
still be possible. Adding a layer of foam between the scalp and coil (Massimini et al. 2005)
or adding an extra coil to induce somatosensory sensation for sham TMS (Herring et al.
2015) has been attempted for reducing or controlling the contribution of TMS-evoked
somatosensory inputs on final results. In the present study, we introduced a sham condition
for TMS-evoked “click” sound, but not for the tapping sensation. Therefore, this potential
confound cannot be fully ruled out, although the lack of asymmetry of the N100 distribution
in response to left-sided TMS does help to reduce such possibility.

One important limitation of the current study is that the mechanism of TMS-evoked N100 is
not clear, impeding our ability to fully interpret the finding. However, some investigators
have proposed that TMS-evoked N100 reflects the cortical inhibition induced by TMS
(Nikulin et al. 2003; Bender et al. 2005; Kahkonen and Wilenius 2007; Kicic et al. 2008).
The amplitude of N100 evoked by TMS to the motor cortex is thought to be modulated by
intracortical inhibitory sensorimotor network (Spieser et al. 2010). Inhibition by 1 Hz-rTMS
to the motor cortex also reduced the amplitude of single-pulse-evoked N100 (Helfrich et al.
2012). Kahkonen and Wilenius found that alcohol almost abolished TMS-evoked N100
response induced by left motor cortex stimulation, which was interpreted as TMS-evoked
N100 being associated with GABA-mediated inhibition (Premoli et al. 2014a; Kahkonen
and Wilenius 2007). A recent pharmacological study showed that N100 induced by paired-
pulse TMS to the motor cortex was enhanced by a GABARg receptor agonist (baclofen) and
decreased by a positive modulator at GABA 4 receptor (Premoli et al. 2014a). Evidence from
paired-pulse TMS to non-motor cortex such as the dorsolateral prefrontal cortex also
supports this opinion (Rogasch et al. 2015). Future pharmacological studies of similar
design could extend TMS probes to other cortical areas and test whether the GABA 5 versus
GABAg effects were a local or global property of the brain using N100 as the readout.
Overall, these studies implicated GABA 5, GABAg and NMDA receptor mechanisms for
N100 evoked by TMS to the motor cortex. If the mechanisms are similarly behind the N100
evoked by TMS to the other cortical areas, N100 may provide an interesting
electrophysiological biomarker to examine global (rather than local) cortical GABA/NMDA
receptor function. Another limitation of the current study is that a uniform stimulation
intensity, i.e., 80 % RMT and 120 % RMT, was used across different cortical regions.
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Although TMS intensity determined from motor cortex stimulation was widely used in
stimulation of non-motor cortex, there is no direct evidence which suggests that same
amount of TMS effects occurs in non-motor cortex as in motor cortex. On the other hand,
Stokes et al. (2007, 2005, 2013) demonstrated that the TMS effects are highly associated
with coil-cortex distance. Given that coil-cortex distance may vary between different TMS
sites due to skull and other anatomic structures, the amount of TMS effects reached at
different cortical areas may vary. These factors could contribute to the small, non-significant
differences in N100 amplitudes across the five TMS sites (see Fig. 5¢). However, this is
unlikely the reason that we found invariant N100 across five TMS sites, since different
amount of TMS stimulation more likely would result in larger differences between TMS
sites. However, future studies with TMS intensity adjusted by distance may help to clarify
this.

Besides the receptor-level explanation, other possibilities should be considered. For
example, the accentuations of the N100 and P200 at the vertex may also suggest that volume
conductance or geometric properties of the head may influence the summation of the electric
responses to the location. We also considered whether the TMS sounds may have
contributed to the effect. However, TMS-induced auditory sound only slightly contributes to
the amplitude of N100 and/or P200, since sham TMS with identical suprathreshold click
sound generated a much smaller N100 compared to the N100 generated by the TMS pulses.
Furthermore, subthreshold TMS pulses induced larger N100 than sham TMS despite the fact
that sham TMS had louder sound. Previous studies also showed that earplug or other sound-
attenuating methods sharply reduced TMS-evoked N100 (Ter Braack et al. 2015), and the
TMS-evoked N100 and P200 were also presented when subject was completely deaf (Ter
Braack et al. 2013).

In conclusion, we found that the peak location and amplitude of the TMS-evoked N100 were
relatively invariant to TMS sites across widely distributed anatomic locations. This
interesting property suggests that N100 is not entirely indexing specific response to
particular sensory or behavioral input. Instead, N100 may in part index a more general
property of the brain common across diverse origins of cortical activations. This finding
illustrates the power of using noninvasive TMS to examine the system-level brain functions.
Although the mechanism remains to be determined, the current finding encourages
additional mechanistic studies to develop N100 as a potential electro-physiological
biomarker for evaluating and modeling the organization of local vs. global cortical
activations across the brain.
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osterior
Cerebellum

Fig. 1.
[lustration of electrode montage and TMS sites. a Illustration of electrodes montage. b Five

TMS stimulation positions [left prefrontal cortex (PFC), left motor cortex (M1), left primary
auditory cortex (PAC), vertex and posterior cerebellum (vermis)] are showed in a 3D brain
of one subject. Red dots indicate TMS-targeted cortical areas; green coils indicate TMS coil
positions and orientations (color figure online)
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Fig. 2.

Topographic evolution maps of TMS-evoked early ERP components (9—60 ms post-
stimulus). Maps reflect times where several commonly referred TMS-evoked components
were named (N9, N18, P25, N43 and N60). Across the five TMS sites (/efi-to-right graph
columns), and across N9 to N60 ERP components, there was no component that was
accentuated to the same general location and latency across all five stimulation sites. For
example, at 43 ms post-stimulus where the so-called N43 component is suppose to appear as
reported in previous studies, one cannot observe a negatively peak polarity present in a scalp
location consistent across the five stimulation sites, suggesting that these other early
components are stimulation site specific and were highly affected by artifacts such as TMS-

PFC Vertex Ml PAC Vermis

S IS B e .
-20 10 0 30 -30 20 -50 50-20 10pV

-10 30 -60 -10-30 60-130 110-20 30 puV

Exp Brain Res. Author manuscript; available in PMC 2018 January O1.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Du et al.

Page 17

evoked muscle activity and thus associated with large variability in maximum/minimum
amplitudes from one TMS site to the other
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Fig. 3.
Topographic evolution maps of TMS-evoked N100 and P200 ERP (70-260 ms post-

stimulus). The distributions of TMS-evoked potentials from 70 to 160 ms with 10 ms step
are shown on the /ef: the negative peak (N100) occurred mainly at 130 ms and around
vertex (CZ). The topographic maps of TMS-evoked potentials from 170 to 260 ms are
shown on the right: the positive peak (P200) appeared at around 210 ms and vertex (CZ).
The topographic maps at 130 ms for N100 and 210 ms for P200 are highlighted with red
frames. The electrode montage and TMS coil position are shown in the midd/e. The peak
N100 and P200 converged at or around the vertex (CZ) site irrespective of the stimulation
site (color figure online)
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Fig. 4.

Grand average of multi-location evoked AEP components recorded at electrode CZ. a—e are
the five TMS sites. Note the nearly identical peak amplitude of N100 at CZ in response to
TMS across the five different activation locations
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P200

%
Prae—

* *
I_H *I_H

1
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TMS site

N100 and P200 at CZ across TMS sites and intensities. a, b Grand averages (of five TMS
sites) of amplitudes of N100 and P200 at CZ electrode under different TMS intensities are
shown (mean and SE). Larger amplitude of N100 and P200 was evoked by higher TMS
intensity. ¢, d Grand averages of N100 and P200 at CZ evoked by different TMS sites at
suprathreshold intensity. No statistically significant difference of the N100 amplitude at CZ
evoked by TMS from different sites. For P200, stimulation over left PFC and left PAC
induced larger P200 than TMS over M1 or vertex. “Asterisk” indicates uncorrected p < 0.05;
“Sub-thre” stands for subthreshold TMS; “Supra-thre” stands for suprathreshold TMS
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amplitudes here are slightly different from amplitudes shown from grand average)
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