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The use of TMS-EEG coupling as a neuroimaging tool for the functional exploration of the human brain recently
gained strong interest. If this tool directly inherits the fine temporal resolution from EEG, its spatial counterpart
remains unknown. In this study, we explored the spatial resolution of TMS-EEG coupling by evaluating the min-
imal distance between two stimulated cortical sites that would significantly evoke different response dynamics.
TMS evoked responses were mapped on the sensorimotor region in twenty participants. The stimulation grid was
composed of nine targets separated between 10 and 15 mm on average. The dynamical signatures of TMS evoked
activity were extracted and compared between sites using both local and remote linear regression scores and
spatial generalized mixed models. We found a significant effect of the distance between stimulated sites on their
dynamical signatures, neighboring sites showing differentiable response dynamics. Besides, common dynamical
signatures were also found between sites up to 25-30 mm from each other. This overlap in dynamical properties
decreased with distance and was stronger between sites within the same Brodmann area. Our results suggest that
the spatial resolution of TMS-EEG coupling might be at least as high as 10 mm. Furthermore, our results reveal an
anisotropic spatial resolution that was higher across than within the same Brodmann areas, in accordance with
the TMS induced E-field modeling. Common cytoarchitectonic leading to shared dynamical properties within the
same Brodmann area could also explain this anisotropy. Overall, these findings suggest that TMS-EEG benefits
from the spatial resolution of TMS, which makes it an accurate technique for meso-scale brain mapping.

to the effects of repeated TMS (rTMS) on cortical plasticity (Pascual-
Leone et al., 2011). The brain responses to single pulse TMS can also

1. Introduction

Transcranial magnetic stimulation (TMS) is being developed as an
exploratory tool for the evaluation of cortical excitability and connec-
tivity (Valero-Cabré et al., 2017), which may be important for the diag-
nosis of several neurological and psychiatric disorders (Arnaldi et al.,
n.d.; Bagattini et al., 2019; Bauer et al., 2017; Berlim et al., 2017;
Morris et al., 2020; Rehn et al., 2018). Using electromyographic (EMG)
recordings, the effects of TMS on the primary motor cortex (M1) have
been well described, from the spatial resolution of motor mapping
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be measured with electroencephalography (EEG) (Farzan et al., 2016;
Tremblay et al., 2019). Many areas other than M1 have thus been
studied, such as the dorsal lateral prefrontal cortex (see e.g. Wozniak-
Kwasniewska et al., 2014), the supplementary motor area (Casarotto
et al., 2018), as well as parietal and occipital areas (see e.g. Harquel
et al., 2016a; Rosanova et al., 2009). For these targets, the effects of
stimulation intensity (Komssi et al., 2004; Raffin et al., 2020), coil orien-
tation (Casarotto et al., 2010), and for M1 the effect of pharmacological
agent on neurotransmitters (Premoli et al., 2017, 2014; Ziemann et al.,
2015) on TMS evoked brain response have been well characterized.
However, an important parameter remains yet to be explored: the spatial
resolution of the TMS-EEG approach, i.e., the minimal distance between
two stimulated cortical sites resulting in differentiable evoked responses
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dynamics. This characterization is critical for assessing the experimen-
tal limits of future fundamental and clinical applications of TMS-EEG
mapping.

The spatial resolution of TMS-EMG is well known, mainly because
EMG is a straightforward and reliable measure of the TMS induced ef-
fect on the cortico-spinal activity (Wassermann et al., 2008). Due to M1
somatotopic organization, experimenters can target a specific muscle on
the cortex (Rossi et al., 1998), by finding the target eliciting the largest
and most reliable motor evoked response (MEP). This motor hotspot is
found by probing the area of M1 corresponding to the muscle based on
anatomical landmark, and refining its location by measuring the MEP to
its surrounding (Meincke et al., 2016; Rossini et al., 1994; van de Ruit
et al., 2015). Several studies showed that the spatial resolution of this
technique could be as high as 5-7 mm, a shift of such magnitude causes
the TMS pulse to elicit a distinct muscular response (Harquel et al.,
2017). Such a resolution allows researchers to precisely map the mo-
tor response to TMS in adjacent hand muscles (Sdisédnen et al., 2021).
In doing so, following the central sulcus shape can improve the spatial
resolution of motor mapping (Dubbioso et al., 2020; Raffin et al., 2015).

With TMS-EEG, the brain response to TMS can be inferred on most
of the superficial cortex. Numerous studies showed that the TMS evoked
potential (TEP) is a complex but reproducible signal (Casarotto et al.,
2010; Lioumis et al., 2009), although it requires a greater number of
trials than MEP to reach an adequate signal-to-noise ratio and is influ-
enced by peripheral confounds (Siebner et al., 2019). In a broad map-
ping study, we stimulated 18 cortical targets and showed the dynamic
signatures specific to different cortical areas (Harquel et al., 2016a).
Along with other works (see e.g. Casarotto et al., 2018; Caulfield et al.,
2020; Rosanova et al., 2009), this result demonstrated that TMS-EEG
can record different response patterns across relatively distant sites, but
there is no study to date that properly assesses the spatial resolution of
this technique.

While MEP peak-to-peak amplitude is widely used for mapping M1
and defining motor cortical excitability, the equivalent EEG response
markers used across studies are differing. They can be the amplitude
or latency of TEPs’ specific peaks (such as the P30 or N1-P2 complex
(Komssi et al., 2004; Roos et al., 2021)) or the time-frequency signature
of the induced response (Fecchio et al., 2017). However, all these TEP
markers, generally studied at the group level, suffer from large inter-
individual and inter-site variability. In a recent study, our team proposed
a new way to assess the difference in dynamical properties across sites
or conditions, using a linear regression-based marker (RQS) at the single
trial level (Raffin et al., 2020). By considering the full dynamic of the
signal from 15 ms to 80 ms, this score estimates how much a single TMS-
EEG trial contains meaningful EEG signal contributing to the average
TEP waveform. In the context of the present study, this analysis captures
the specificity of the evoked neural activity across stimulation sites, by
exploring the spatial dependency of the quality of this regression across
our stimulation grid. This readout is also much less sensitive to inter-
individual differences regarding TEPs than when focusing on specific
peaks only (Bridwell et al., 2018; Raffin et al., 2020).

Here, to measure the spatial resolution of TMS-EEG, we compared
the EEG responses’ dynamics over sensorimotor areas from three neigh-
boring Brodmann areas (BA), using a local 3x3 stimulation grid cen-
tered over the motor hot-spot. Differences in the global brain response
were first assessed by means of global mean field potential (GMFP)
as well as topographic analyses. The local evoked dynamics were re-
trieved from TEPs and analyzed using paired and unpaired RQS. A sec-
ond aim was to identify factors that would modulate the TMS-EEG spa-
tial resolution. First, the dynamical signature of targets located within
the same Brodmann area should overlap between sites thus lowering
spatial resolution, due to common cytoarchitectonics (Harquel et al.,
2016a). Second, the position of the target within the mediolateral axis
might also influence the spatial resolution, due to peripheral evoked
potentials (PEPs, (Conde et al., 2018; Roos et al., 2021)). Such pe-
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ripheral confounds includes auditory evoked potentials (Braack et al.,
2015), which could increase as the coil is moved closer to the ears,
and sensory evoked potential, which should depend on the laterality
of the target, due in part to the differences in scalp muscles implan-
tation (Mutanen et al., 2013). The TEP should also be influenced by
the MEPs generating different reafferent sensory input levels depend-
ing on the grid site (Biabani et al., 2019; Fecchio et al., 2017). Finally,
we correlated these electrophysiological readouts with realistic induced
electrical field modelling (Saturnino et al., 2019). In addition to pro-
viding another experimental validation of such modelling, it allows to
discuss TMS-EEG spatial resolution using the state-of-the-art method to
estimate TMS resolution.

2. Material and methods
2.1. Participants

Twenty healthy volunteers (9 males, 25.4+1.4, right-handed) par-
ticipated in the study. All of them fitted the criteria for MRI and TMS
experimentation (Rossini et al., 2015) and gave their informed written
consent to participate in the study. Neither of them had a history of psy-
chiatric, neurologic disorders nor alcohol or substance abuse. All of them
were free of pharmaceutical impacting cortical excitability. This study
was approved by the ethical committee of Grenoble University Hospital
(ID RCB: 2013-A01734-41) and registered on ClinicalTrials.gov (num-
ber NCT02168413).

2.2. Data and code availability

The data recorded for this study are not publicly available due to
absence of public data sharing statement in the informed consent form
signed by the participant. The data may be available on request from
the corresponding author [SH], on the condition that a data sharing
agreement between the academic buyer and Grenoble University Hos-
pital is established. The EEG data analysis function used in this work
(using Matlab and Fieldtrip toolbox) can be found here: https://gricad-
gitlab.univ-grenoble-alpes.fr/harquels/public_codes.

2.3. Protocol design

MRI and TMS-EEG acquisition took place at the IRMaGe facility of
University Grenoble Alpes. Prior to the experiment, each participant un-
derwent a T1 MRI required for the neuronavigation software (Achieva
3.0T TX, Philips, Netherlands; T1TF2, TR = 25 ms, TE = 4 ms, voxel
size = 0.95 mm? anisotropic). Following the EEG cap set-up, we per-
formed a standard hotspot hunting procedure on the primary motor cor-
tex (M1) for the first dorsal interosseous (FDI). We positioned targets on
the posterior and anterior neighboring BA of M1 on BA 4 (i.e. primary
sensory cortex S1 on BA 1-2&3, and premotor cortex PM on BA 6 re-
spectively), aligned with the motor hotspot. Lateral and medial targets
were placed at least one centimeter from the other targets, leading to a
square grid of 9 targets (Figure 1). Targets were defined from medial to
lateral with suffix “a” to “c” respectively. The mean distances between
S1 and M1 sites, and M1 and PM sites were 12.8 + 2.2 mm and 15.2
+ 3 mm respectively. On the lateral axis, the mean distances between
lines a and b, and b and ¢ were 10.4 + 1.4 and 10.7 + 1.5. The TMS ex-
periment was performed by stimulating each of the 9 points of the grid
together with a realistic sham condition, while recording concurrently
both EEG and MEPs. The sequence of stimulation between targets was
randomized between participants.

2.4. TMS parameters

Biphasic TMS pulses were delivered on an anterior to posterior di-
rection by a Magpro Cool AP B65-RO double side (active, placebo) but-
terfly coil (MagVenture A/S, Denmark) placed tangentially to the scalp
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Fig. 1. - Stimulation grid used in the experiment. Sites are sorted by Brodmann
areas from the most posterior (S1, BA 1-2&3) to the most anterior (PM, BA 6).
On each BA, targets are ranked from the most medial (a) to the most lateral (c)
target. Mean distance (+ std) between sites across subjects are indicated.

and plugged into a MagPro x100 TMS stimulator (MagVenture A/S,
Denmark). The coil was robotically handled (Axilum Robotics, France)
and the system was neuronavigated (Localite GmbH, Germany). Elec-
tromyography recordings were acquired using surface electrodes placed
on the FDI in a tendon-belly montage plugged in a CED micro 1401
MKII recording system (Digitimer, Cambridge Electronic Design, UK).
MEPs were analyzed using CortexTool to extract peak-to-peak ampli-
tudes (Harquel et al., 2016b). The motor hotspot was defined as the tar-
get eliciting the greatest and most stable motor response. The hotspot
hunting was performed on a 7x7 grid centered around the anatomi-
cal hotspot based on anatomical landmarks (Harquel et al., 2017). TMS
pulses were delivered at 110% of the rMT, assessed using the threshold
hunting procedure by Awiszus (2003). Stimulation intensities were ad-
justed for each target based on scalp-to-cortex distance using the Stokes
formula (Stokes et al., 2007). The coil was positioned perpendicularly
to each sulcus. 100 pulses were delivered to each target at a random fre-
quency between 0.5-0.7 Hz. White noise was used to mask the TMS click
by noise-cancelling earphones (Bose QC 20, USA). The volume was ad-
justed for each participant. Additionally, we performed a realistic sham
condition as detailed in Raffin et al. (2020). In short, while the coil was
being flipped on the placebo side, an electrical stimulation was delivered
concurrently to each TMS pulse through two skin electrodes (stimulat-
ing area of 10 x 6 mm?) placed in a bipolar montage near electrodes
AF4 and F6. The electrical stimulation intensity was tuned individually
for each subject, in order to mimic muscular twitches or skin sensa-
tions comparable in terms of strength, pain, or discomfort, to active
TMS pulses.

2.5. EEG acquisition

EEG signals were recorded using a TMS compatible system
(BrainAmp DC amplifiers and BrainCap EEG cap, Brain Products GmbH,
Germany) using a cap composed of 128 passive electrodes positioned
according to the 10-20 standard system. Electrode impedances were set
below 5 kOhms, checked regularly during the experiment and adjusted
between conditions if required. EEG signals were recorded using DC
mode and digitized at 5 kHz frequency. Channels Fz and Afz served as
reference and ground electrodes, respectively.

2.6. EEG preprocessing

EEG signals were processed using Fieldtrip (Oostenveld et al. (2011)
according to the methods published in Rogasch et al., 2014) based on
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two rounds of independent component analysis (ICA), and used in our
lab (Harquel et al., 2016a; Raffin et al., 2020) (Figure S1). Epoching
was done around the TMS pulse on the -1 to +1 s time window of inter-
est. TMS artifacts were cut out for the -5 to +15 ms period surrounding
the pulse. By the end of the pre-processing, we removed an average of
7.4 + 2.9 components that did not differ significantly between targets
(Fyp(5.4,102.3) =1.9,p=0.102; 6.3 + 2.6, 6.9 + 2.4 and 7.1 + 3.4 for
SlatoSlc;7.4+2.4,7.1 +2.9and 7.9 + 2.6 for Mla to Mlc; 7.7 + 2.6,
7.9 + 2.6 and 8.1 + 2.6 for PMa to PMc; 8.1 + 4.2 for realistic SHAM),
and each condition comprised on average 96.2 + 4.1 trials. Further de-
tails of the preprocessing steps can be found in Harquel et al. (2016a),
Raffin et al. (2020) and Rogasch et al. (2014).

2.7. TMS evoked potentials

TEPs were computed for each target and subject by averaging the
signal across trials, using baseline normalization (z-scoring) over the
-200 to -5 ms period. Grand average TEPs were obtained by averag-
ing normalized TEPs across subjects. In parallel, GMFP were obtained
for each target and subject from the non-normalized TEP in Volts (see
Esser et al., 2006 for the computation of such indicator). Local TEPs and
single trial activity were obtained for each target, using a region of inter-
est (ROI) defined as the 5 closest electrodes to the stimulation site. For
the realistic-sham condition, local TEPs were extracted on frontal elec-
trodes close to the site of peripheral stimulation. P30 component ampli-
tudes were extracted from local TEPs by averaging signals between 25
and 35 ms.

In addition, local TEPs and single trial activity were computed us-
ing a common electrodes cluster gathering all ROIs. This larger clus-
ter was used as a control for the effect of ROI definition, which could
significantly influence results regarding spatial resolution. Lastly, to in-
vestigate the influence of peripheral muscle activation on the results, a
second dataset containing only trials without MEPs (when possible) or
the lowest MEPs was drawn from the original database and analyzed.
For that purpose, 50 trials were selected based on the median split of
MEPs amplitude distribution for each target and subject. When the me-
dian was equal to zero (majority of MEP negative trials), 50 trials were
randomly selected. Over the entire database, most of the trials were MEP
negative or induced MEPs inferior to 100 puV (51 and 62% respectively),
the latter being of 47% and 69% on M1 and non-M1 targets respectively.

2.8. Regression quality scores

Regression quality scores were computed using the method pre-
sented in Raffin et al. (2020). Different linear regression analyses were
performed at the scalp level. First, as described above, the local TEPs
x;(t) were derived for each grid point i, each trial k (from 1 to n trials),
and each subject, from +15 to +80 ms, in order to exclusively encompass
the early components of the evoked activity. Then, linear regressions of
the local TEPs x;(t) were performed for each grid point i on single trials
sjk(t) extracted from each grid point j and trial k, so that:

Sik (D) = Bk * x; (1) + &(t), t € [15, 80]ms,
with(i, j) € {S1a, S1b, Slc, Mla, M1b, Mlc, PMa, PMb, PMc, sham}
The quality of the linear regression was then assessed by extracting
t-statistics associated to the local TEP x; factor for each trial, grid point
and subject, and finally averaged across trials to obtain RQS for each
grid point pair and subject. Specifically, f is given by:
P EROREING))
Zt (xi(t)2 - ’_sz)
Each Bijk is studentized (centered and reduced) to obtain a tijk statis-

tics. Finally, RQS are the mean of the t statistics across trials for each
subject:

n
1
ROS; =~ Dtk
k=1

ﬁijk =
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The term “paired sites” (pRQS), used throughout this manuscript,
refers to pairs where i=j, i.e. where the regressed TEP x; and single tri-
als s; are taken from the same grid point, also referred as local regression.
Analyzing such local regressions via RQS on paired sites allows assess-
ing the cortical excitability level of a particular grid point i (Raffin et al.,
2020). At similar stimulation intensities, the higher the RQS on site i,
the higher the level of cortical excitability of site i is. This is based on the
hypothesis that the electrical activity produced by highly excitable neu-
ral populations would be more differentiable from noise, and moreover
more frequently, than the one produced by low-excitable ones.

In addition, the term “unpaired sites” (uURQS) refers to pairs where
i#j, i.e. where the TEP x; computed on grid point i is regressed on single
trials of another grid point j, also referred as remote regression. Analyzing
such remote regressions via RQS on unpaired sites allows assessing the
level of similarity between the response dynamics of grid point i and
j. The higher the RQS between sites i and j, the higher the match in
response dynamics between sites i and j is. For display purpose, grand
average RQS were plotted over the cortical surface segmented from a
brain template (Tadel et al., 2011).

2.9. Induced electrical field modelling

Electric field estimations were computed based on the finite element
method, using individualized head meshes based on each participant
T1w MRI (Thielscher et al., 2015). Head reconstructions were performed
using the headreco pipeline (Nielsen et al., 2018). Using the SimNibs 3.2
Graphical Interface, we then placed each target of the grid relative to
its exact position on the neuronavigation system. The MagVenture B70
template included in SimNibs was used for the simulations, the di/dt
being adjusted for each target. For each contrast (e.g. M1-S1, or b-a),
the three field strengths related to the tested positions were averaged
prior to computing the difference (e.g. M1-S1 = (Mla + M1b + Mlc)
/ 3 - (Sla + S1b + Slc¢) / 3, or b-a = (S1b + M1b + PMb) / 3 -
(Sla + Mla + PMa) / 3).

2.10. Statistical analysis

Statistical analyses were conducted with Fieldtrip (Oostenveld et al.,
2011), Rstudio and Jamovi (RStudio Team (2019). RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA URL
http://www.rstudio.com/., n.d.; The jamovi project (2020). jamovi (Ver-
sion 1.2) [Computer Software]. Retrieved from https://www.jamovi.org,
n.d.), and are detailed thereafter. For repeated measure ANOVA
(rmANOVA), whenever the assumption of sphericity was violated
(Mauchly’s test, p < 0.05), a Huynh-Feldt correction was applied,
and the subsequent F values were reported as Fyp together with the
corrected degrees of freedom. All post-hoc tests subsequent to ANOVA-
like models, as well as multiple comparison or correlation tests, were
Bonferroni corrected and reported as ppops-

At a global level, evoked electrical field topographies were compared
between all conditions using cluster-based permutation tests at the scalp
level (using Fieldtrip’s ft timelock statistic function, with “Monte-Carlo”
and “cluster” as main parameters). A dependent multivariate F-test was
applied at sample level on all electrodes in order to draw clusters of
at least 2 neighboring channels under the significance threshold of
a = 0.05. Both early and late components were tested using a [15, 80]
and [80, 400] ms time window respectively. Cluster-level statistics were
thereafter computed by summing the F-values within each cluster and
Monte-Carlo procedure (1,000 permutations) was used for correction.
Clusters were considered significant under the significance threshold of
Peluster < 0.05.

Local regressions (pPRQS) were analyzed using rmANOVA across sub-
jects, with two fixed effects: Brodmann area (S1, M1 and PM) and medi-
olateral position of the targets (a, b and c). Local regressions were com-
pared to two other metrics (P30 component amplitude and MEP am-
plitude) using Spearman correlation. To account for the spatial cor-
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relation in the analysis of remote regressions (URQS), we used the
spam package (https://cran.r-project.org/web/packages/spaMM/) that
implement spatial Generalized Mixed Models (spaGLMMs, (Rousset and
Ferdy, 2014)). Spatial autocorrelations were fitted by Gaussian process
as well as random term and fixed effects were evaluated using a model
comparison procedure, i.e. removing a factor from a model and compar-
ing the fit and residual errors. Since RQS distributions were left skewed,
we used a square root transformation on data and checked for normality
prior to the modeling of fixed and random effects. We run this analysis
using the same two fixed effects, i.e. BA and mediolateral position of
the targets, and two random effects: subjects and spatial random effect
(distance between x; and s]-).

The maximum values of the induced E-field strength were compared
between targets by means of an rmANOVA across subjects, with the
same two fixed effects previously described (BA and mediolateral posi-
tion). Then, the relationship between these maxima and pRQS was ex-
plored using Spearman correlation. The E-field contrasts between BAs
and mediolateral positions were analyzed using an ANCOVA. The maxi-
mum of the absolute contrasts between E-field strength (see section 2.9)
was entered as the dependent variable, while the direction (either across
BA or along the mediolateral direction) and the mean distance between
targets (in mm) were defined as fixed factor and covariate respectively.
Lastly, the link between uRQS and these maxima was analyzed using
the same statistical model, with the mean uRQS (across BA or mediolat-
eral axis) as the dependent variable and the absolute contrasts between
E-field as a covariate.

3. Results
3.1. Global evoked activity

The global evoked activity of each cortical target is showed by means
of GMFP and current topographies in Figure 2.A and 2.B respectively.
Overall, the displacement of the stimulation over the grid evoked dif-
ferent patterns of response at a global scale, both on the BA and the
mediolateral directions. Cluster-based permutation tests revealed a sig-
nificant difference across position on induced responses in both early
and late components windows (p¢jyster < 0.05). The difference was most
pronounced during the 35 to 50 ms and 104 to 181 ms periods for early
and late components respectively. Realistic sham condition induced im-
portant responses (> 2 ¢ from baseline) during the late time window
starting from 80 ms.

3.2. Local TEPs

Figure 3.A shows the local evoked response to TMS regarding each
BA and each lateral position. Additionally, each plot displays the active
sham TEP for the frontal electrodes closest to the electric stimulation.
The local activities exhibit patterns that seems specific to each area and
modulated by the position along the mediolateral axis. This qualitative
observation made on group-averaged signal is explored thoroughly in
the following sections.

3.3. Local regression

The first analysis of the study relied on local regressions using paired
RQS (pRQS) (Raffin et al., 2020), which is a way to quantify both the
SNR ratio and inter-trial variability (response stability), which has been
related to the cortical excitability level. Figure 3.B.1 gives examples of
the calculated pRQS in each site for two representative subjects, while
depicting the local early TEPs and its corresponding individual trials
matrices. The individual TEPs illustrate the inter-individual variability
in evoked dynamics, the components varying in terms of number, rela-
tive amplitude and latency (see also Figure 3.B.2). Conditions presenting
the largest and more stable activities across trials got the highest pRQS
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Fig. 3. - Grand average and individual local TEPs. A. Grand average local TEPs, sorted from posterior to anterior sites (left to right). Amplitudes are displayed in
standard deviation to the mean (+ 95% CI). Colors code for laterality of the site, the darker the more medial. B. Early components (15-80 ms) of individual local
TEPs (left) and single trials with their mean RQS value (right) from three representative subjects. B.1. Examples of local regression scores (paired RQS) computed
for each target. B.2. Examples of remote regression scores (unpaired RQS) computed for each target using M1b as the reference TEP (see section 2.8).

values (see e.g. M1b or Sla for SO1, and PMb/c or Sla for S19). In oppo-
site, other sites are penalized with a low pRQS value because of unstable
response (see e.g. Mlc for S01, and S1b or Mla for S19), despite pre-
senting components that differed from baseline and were comparable in
terms of amplitude with the sites presenting higher RQS on TEP level.
Group results on local regressions are displayed on a brain map in
Figure 4.A, next to the mean amplitude of P30 component and the
mean MEP amplitude of FDI muscle for comparison. First, pRQS of ac-
tive stimulation differed significantly from realistic sham for all condi-
tions (paired t-tests, all pyone < 0.05). The paired RQS was 3.07 + 1.84
for realistic sham, which was concordant with our previous findings
(Raffin et al., 2020). Then, the rmANOVA analysis showed that pRQS
differed significantly across BA (F(2,38) = 4.12, p = 0.024), while no
effect of the position along the mediolateral axis of the target, and no in-
teraction between the position along the mediolateral axis and BA stimu-
lated were found. Post-hoc analyses between BA revealed that RQS were
significantly higher in S1 than in PM (py,,,¢ = 0.014), while no difference
were found between S1 and M1, nor between M1 and PM. Regarding
MEP, we found a significant effect for the BA factor (F(2,38) = 16.6, p
< 0.001), the positioning factor (F(2,38) = 4.2, p = 0.022), and their
interaction (F(4,76) = 4, p = 0.005). Post-hoc tests revealed that M1 dif-
fered significantly from S1 and PM (py,o,s < 0.001) while no difference
was found between S1 and PM. Lastly, the P30 component solely dif-

fered significantly across BA (F(2,38) = 18.8, p < 0.001), where every
post-hoc comparisons showed significant differences (M1 vs. PM, ppons
< 0.001 ; M1 vs. S1, ppons = 0.026 ; S1 vs. PM, ppons = 0.012).

Comparisons between local regression and the two other metrics
(Figure 4.B) showed a significant correlation between paired RQS and
P30 component amplitude (Spearman’s p = [0.11 0.381g50,c1, Pbonf <
0.001), but not between paired RQS and MEP amplitude (p = [-0.01
0.2719504c1> Poonf = 0.230). Lastly, a significant correlation was found
between P30 component and MEP amplitudes (Figure 4.C, p = [0.09
0’37]95%(:1’ Pbonf = 0.003).

3.4. Remote regression

The second analysis relied on remote regressions using unpaired RQS
(uRQS) (Raffin et al., 2020), which quantifies the similarities in evoked
dynamics between sites. This indicator is illustrated in Figure 3.B.2,
where examples of the calculated uRQS from M1b (reference TEP) to-
wards each other site are given for one representative subject, together
with the local early TEPs and its corresponding individual trials matri-
ces. Sites presenting trials in which the evoked dynamics are consistently
close to the reference site got the highest remote regression scores (see
e.g. Mla and S1b), while these latter are dropping when dynamics across
sites are diverging (see e.g. PMa).
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FDI's MEP.

Overall, we found RQS were higher when the reference TEP was pro-
cessed with local regression compared to remote regressions, in which
RQS are decreasing with distance to the reference site (Figure 5), before
eventually reaching noise level. Noise level (uURQS = 1.10) was defined
as the mean uRQS computed by taking sham local TEP as a reference
signal for the regressions. Using a generalized mixed model analysis ac-
counting for spatial correlation, we compared three factors representing
our three hypotheses regarding this decrease (Figure 6). First, we found
a significant effect of the distance from stimulation site (x;) to the target
(s ( 72(1) = 356.28, p < 0.001) captured by spatial random effect, and a
significant effect regarding the stimulated BA (y2(2) = 14.88, p < 0.001).
No effect was found for the position along the mediolateral axis (y2(2) =
5.62,p = 0.06) and no interaction between stimulated BA and position
along the mediolateral axis (y%(4) = 2.14, p = 0.71).

Finally, these results were not modulated by the use of a common
electrodes group gathering all ROIs, or by only selecting trials induc-
ing the lowest MEPs (see section 2.7). When computing RQS using a
common ROI, the spatial random effect was still significant (y2(1) =

108.68, p < 0.001), as well as the stimulated BA factor (y2(2) = 52.37,p <
0.001). Applying the model on trials inducing the lowest MEPs also re-
vealed a significant effect of the spatial distance from stimulation site to
the target (y2(1) = 167.14, p < 0.001), and a significant effect regarding
the stimulated BA (y2(2) = 21.01, p < 0.001). For both models, no effect
was found for the position along the mediolateral axis and its interaction
with BA.

3.5. Modulation of remote regression by distance

We studied more specifically how RQS varies according to distance
from the reference TEP (Figure 7). Overall, the RQS were significantly
decreasing with respect to this distance using all data (Kendall’s r =-0.2,
p < 1 e-35), 15 subjects over 20 showing this effect using individual data
(Ppont < 0.05). RQS were dropping at 50% of their values between 25
and 30 mm from the reference site, and they became similar to paired
and unpaired sham RQS at a distance of 10 and 40 mm respectively.
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Fig. 5. - Maps of remote regressions on the nine targets and sham condition. Each map represents the remote regression of one particular site by showing the
corresponding unpaired RQS. A coil drawing indicates the site taken for the reference TEP x;(t). The reference TEPs used for the regressions are sorted from posterior
to anterior, and from the most medial to the most lateral targets, on the X and Y axes respectively. Note that local regressions consist of using the reference TEP in

its proper target, which correspond to the maximum RQS on each of the 9 maps.

Brodmann Area

Remote regression maps

Laterality Distance from ref. TEP x,(t)

Fig. 6. - Graphical representation of the spatial linear mixed model’s results on remote regression (see section 3.4), showing a significant effect of both BA and
distance from the reference TEP factors (1st and 3rd respectively). The colorbar is identical to the one used in Figure 5.

Analyzed separately, all the sites showed a significant decrease (z ranged
from -0.1 to -0.3, Ppons < 0.05 t0 Ppyyr < 1e-8).

3.6. Link with induced electrical field modeling

Finally, the induced electrical field was estimated for each cortical
target and subject. Figure 8.A.1 shows the resulting distribution of the

electrical field strength for two representative subjects. If the spatial
distributions were overlapping between targets, it was still possible to
note a displacement of the field, especially along the antero-posterior
direction (i.e. between different BA). In addition, the maximum of the
induced electrical field significantly differed across both BA (rmANOVA,
Fyr(1.5, 28) = 11.81, p < 0.001) and position along the medio-lateral
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Fig. 8. - Relationship with TMS induced E-field modelling. A.1. Examples of induced E-field strength (|E|) computed on each target for two representative subjects.
A.2. Data distribution of the maximum of E-field strength across BAs and mediolateral positions. A.3. Local regression scores (pRQS) as a function of the maximum of
E-field strength. B.1. Contrasts of E-field strength spatial distribution along BA (top) and mediolateral (bottom) direction. For each contrast, the three fields related
to the tested positions were averaged prior to computing the difference (see section 2.9). B.2. Distribution of the maximum of the absolute contrast between E-field
strength in function of the distance and the contrast direction. B.3. Remote regression scores (URQS) as a function of the maximum of the absolute contrast between
E-field strength, grouped by contrast direction. For each plot, stars denote significant effect of the corresponding main factor.

axis (Fyp(1.9, 36.6) = 3.79, p = 0.033), the interaction between these
two factors being non-significant (Fyp(2.8, 52.9) = 0.96, p = 0.414)
(Figure 8..A.2). The premotor and most lateral position where the tar-
gets on which the field presented its strongest peak. However, we did
not find any correlation between the maximum of this field and the

corresponding local regression values (p = [-0.17 0.12], p = 0.691,
Figure 8.A.3).

Secondly, we studied the difference in induced field strength depend-
ing on whether the displacement was made on the anteroposterior (i.e.
across BA, from S1 to PM) or on the mediolateral axes (from position
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a to c). Figure 8.B.1 shows the resulting contrasts for the same above
subjects. If the contrasts across BA revealed results in accordance with
the underlying experimental hypothesis (e.g., when selected as a target,
S1 is more stimulated than M1 or PM, Figure 8.B.1, top row), this link
was less clear on the mediolateral axes (bottom row). These contrasts re-
vealed more complex spatial patterns, the comparison between the most
distal points (a-c) showing the more consistent results. Moreover, it was
observed that the contrasts were systematically stronger on the antero-
posterior axis than on the mediolateral one. Figure 8.B.2 details this as-
pect, by showing the absolute maximum of the contrasts between E-field
strength in function of the distance between targets, and the direction of
the contrast (either along BA or mediolateral direction). The ANCOVA
showed a significant effect of distance (F(1, 98) = 132.3, p < 0.001), the
greater the distance between targets the greater the difference in E-field
strength, and a significant effect of contrast direction (F(1, 98) = 122.89,
p < 0.001). The latter underlies an interesting anisotropic relationship:
whatever the distance between contrasted targets, the difference of E-
field strength was greater when contrasting between BA than between
mediolateral axis. Finally, applied to uRQS, the ANCOVA revealed a
significant link with the difference of E-field strength (F(1, 98) = 10.64,
p = 0.002), while no effect was found for the contrast direction (F(1,
98) = 2.95, p = 0.089).

4. Discussion

In this study, we tried to assess the spatial resolution of TMS-EEG on
the sensorimotor system, using RQS of both local and remote regressions
of early components of TEPs as a metric. First, we showed that this met-
ric was a useful tool for mapping cortical excitability of the sensorimotor
area, which might be less prone to peripheral confounds compared to
other classical EEG and EMG metrics. Then, we found that the neigh-
boring stimulation targets distant from 10 to 15 mm on the stimulation
grid evoked a specific response that could be significantly differentiated,
even though the dynamical signature of a specific site can be found in its
neighborhood up to 25-30 mm, most particularly between sites within
the same BA. These experimental results were also in line with the pre-
dictions made by E-field modeling. Finally, we found that laterality did
not evoke specific dynamic patterns, suggesting that PEPs may not have
significant impact on the composition of early components of TEPs.

4.1. Cortical excitability

Considering local regression scores (paired RQS) as a marker of local
cortical excitability, we found that this latter was significantly modu-
lated across Brodmann areas. The rationale supporting this idea is that,
at a similar stimulation intensity, highly excitable population would
tend to produce a stronger (better signal-over-noise ratio increases
PRQS) and more stable (lower inter-trial variability increases pRQS) ac-
tivity than low-excitable populations (Raffin et al., 2020). The main ad-
vantage of this technique is to handle both inter and intra-subject vari-
ability regarding the evoked neural response dynamics (Bridwell et al.,
2018). Consequently, it has to be noted that the use of this readout
does not allow to draw finer conclusion, especially on the modulation
of specific evoked components seen at the group level within a partic-
ular cortical area (e.g. the N45 of M1), which are linked to different
underlying neural mechanisms (e.g. the inhibitory GABAergic system,
see Darmani and Ziemann, 2019 for a recent review of pharmacological
TMS-EEG studies).

The largest excitability of the primary motor and sensory areas com-
pared to the premotor cortex is in line with previous results comparing
M1 to other cortical areas in the frontal or occipital lobes (Fecchio et al.,
2017; Harquel et al., 2016a; Raffin et al., 2020). Moreover, mapping the
P30 amplitude led to a sharp map presenting a unique maximum over
the motor hotspot, that was significantly correlated with corresponding
motor mapping using EMG (Figure 4.C). As such, P30 could be corre-
lated with the activation of the corticospinal tract inducing muscular
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contraction and might be not relevant for exploring cortical excitability
of areas outside M1, and even outside a targeted motor hotspot. This
might also be the case for any other components, as their electrophysi-
ological nature varies from one site to another, essentially as a result
of the cytoarchitectonics differences observed throughout the cortex
(Harquel et al., 2016a). By considering the full dynamics of the evoked
signal over each individual, site, and trial, local regression scores would
be more informative than any other measure based on a sole evoked
component and would allow for direct comparison between sites.

Despite Stokes correction, significant differences in the maximum
induced E-field strength were observed across BAs and positions
(Figure 8.A.2, in accordance with the previous findings of (Janssen et al.,
2014; Konakanchi et al., 2020)), which could somehow bias the origi-
nal hypothesis regarding uniform stimulation intensity. As such, the ex-
citability of premotor areas might even be lower than measured here,
given the fact that the induced fields were stronger when stimulat-
ing these sites. However, local regression values (pRQS) were not cor-
related with the computed maximum E-field strength (Figure 8..A.3),
which gives rise to two mutually non-exclusive interpretations. First,
the single trial stability and strength as measured by pRQS does not
solely depends on the stimulation intensity, but rather on a complex
interaction between several and biophysical parameters including cy-
toarchitectonic, myelin content, or different temporal dynamics of the
E-field waveform (e.g., pulse shape width, current direction, or phase
amplitude asymmetry) (Aberra et al., 2020). Second, this field’s feature
(maximum strength) might not be the best indicator for depicting the
true stimulation intensity, compared to more integrated measures like
spatial spread or the exact concordance between induced field and axon
directions for each site (Aberra et al., 2020).

4.2. Spatial resolution of TMS-EEG coupling

The significant contribution of the spatial random effect found
within the analysis on remote regressions showed that the TMS evoked
dynamics were significantly specific to each site (Figure 5 & 6). As such,
the spatial resolution of TMS-EEG coupling might be fine enough to dis-
tinguish sites separated at least from 10 to 15 mm, which was the mean
range of distances between sites in this study. This promising result sug-
gests that TMS-EEG coupling benefits both from the spatial resolution
of TMS, which can be as high as 5-7 mm when considering results ob-
tained with EMG markers over M1 (see e.g. Harquel et al., 2017), and
the temporal resolution of EEG. The relatively low spatial resolution of
scalp EEG, which is estimated to be around 5 to 9 cm (Burle et al., 2015)
principally due to current spreading and volume conduction, would not
be significant when considering the resolution of the TMS-EEG coupling
as a whole. Interestingly, the somehow discrepancy found between the
large spatial spreading predicted by E-field modeling (Figure 8.A.1) and
the actual measured resolution using EEG (or other behavioral or elec-
trophysiological outcomes like EMG) is in line with a recent study using
single-neuron recordings in macaque (Romero et al., 2019). Even if an-
imal to human translation is not straightforward, their results suggest
that the focality of the TMS aftereffects on neural activity might be ten
time higher than expected by E-field simulations. Overall, these findings
are highly relevant when designing TMS-EEG mapping grids, especially
for clinical applications.

However, shared dynamics and temporal EEG signal properties can
be found in neighboring sites distant up to 25-30 mm (Figure 7). These
results can partly be explained by the current spread of the induced
electrical field on the cortex, and therefore its spread to neighbor-
ing areas (see Figure 8 and (Bungert et al., 2017; Opitz et al., 2011;
Thielscher et al., 2015)). TMS pulses induce depolarization of local neu-
ronal populations, leading to a specific dynamic of response due to the
unicity of both anatomical and functional characteristics of the stim-
ulated site. It also activates some neighboring populations of neurons,
which will then add a trace of their specific dynamic onto the response,
decaying with the relative distance from the stimulation site. Interest-
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ingly, this decrease was somehow predicted by the induced E-field mod-
elling, where the differences in dynamics negatively correlated with the
contrast strength between fields (Figure 8..B.3). Our results would then
prove that, below 25-30 mm, the evoked dynamic properties of two
neighboring sites are somehow overlapping. This limitation could be
overcome with the improvement of TMS coils (Colella et al., 2019) and
the a priori optimization of its position using the TMS inverse problem
approach (Makarov et al., 2021), allowing for a better focality of the
induced electrical field. It would also be interesting to test spatial res-
olution using lower stimulation intensities, for which the induced elec-
trical current spread is smaller. Another way to overcome this limita-
tion would be to extract neural activity from the targeted populations at
shorter latencies (Veniero et al., 2013), which would be even less prone
to be affected by common effective connectivity from remote cortical
and non-cortical sites.

We also found that these similarities regarding evoked dynamics
were more significant between sites within the same BA, remote regres-
sions being higher when the reference TEP was taken from the same
BA (Figure 5 & 6). This result suggests an anisotropic spatial resolu-
tion that would be higher across than within BA, as the cytoarchitec-
tonics of the stimulated area plays an important role in the TEP’s com-
position (Harquel et al., 2016a). However, two arguments might lower
this statement. First, the interval of the distances covered across BA di-
rection was greater than that covered across the mediolateral axis at
the group level. More importantly, the E-field modelling also predicted
this anisotropy. Even at a similar distance (between 7 and 23 mm), the
difference in induced E-field strength between two targets was signif-
icantly stronger between than within BA (Figure 8.B.2). This could be
explained by anatomical factors, where crossing a gyrus border would
have a stronger impact on the final spatial distribution of the induced
field than following it (Janssen et al., 2014). Finally, the cytoarchitec-
ture of both M1 and S1 being very similar along their gyrus, the exten-
sion of this result to other gyri or Brodmann areas might be not straight-
forward (Heuvel et al., 2015). Still, remote regressions could be used in
future studies to functionally define a cortical area of interest, by map-
ping the reference TEP of its center; the boundaries of the defined area
being the targets where RQS falls below noise level.

A future development for exploring TMS-EEG spatial resolution
might be to use finer stimulation grid in line with TMS motor map-
ping studies (Harquel et al., 2017; Meincke et al., 2016; Reijonen et al.,
2020), since our conclusion is limited by the spatial resolution of the
stimulation grid itself, with the actual spatial resolution of the technique
possibly being even lower. Another line of direction would be to perform
the same TMS-EEG mapping study using monophasic single pulses. The
present approach used biphasic pulses in order to minimize stimulation
intensities and therefore improve data quality but might have hampered
neuronal selectivity and spatial resolution (Aberra et al., 2020).

4.3. Influence of PEPs

Lastly, we considered the influence of PEPs on the regression
method, and indirectly on the early components of the evoked response.
If we take into account the sensory evoked potential induced by scalp
muscle contraction, TEPs should be partially composed of PEPs, es-
pecially for the most lateral sites where muscles are more implanted
(Mutanen et al., 2013). Therefore, we should find a common dynamical
signature between sites situated on the same mediolateral position, as
the sensory evoked potentials are somehow stereotypical. However, we
did not find any effect of the mediolateral position, suggesting that PEPs
play a non-significant role in RQS calculation compared to the neural
response directly induced by TMS. This has not to be taken as a defini-
tive conclusion, as the width of the area stimulated may have been too
narrow relatively to the mediolateral axis. The difference in muscle im-
plantation underneath the coil from the most medial to the most lateral
targets of our grid may not be sufficient to significantly elicit different
PEPs (Figure S1). Finally, one experimental way to control for this aspect
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would have been to quantify the perception of stimulation on subjective
scales for each subject, and test whether or not it was different between
targets (Conde et al., 2018).

Furthermore, PEPs also cover the reafferent somatosensory activity
from muscle movements. First, despite covering latencies potentially
affected by this reafference (> 40 ms), local regressions (pRQS) seem
to be insensitive to this contamination since the resulting functional
maps were not correlated with motor maps using EMG as readouts
(Figure 4.B). Furthermore, the influence of sensorimotor activations on
the main result of this work appears to be marginal, since the results on
remote regression (URQS) were not modulated by the presence or ab-
sence of MEPs, or the presence of high or low MEPs amplitude within the
trials dataset. These results can be interpreted in the context of the cur-
rent debate on the origin of the TMS evoked potential (Belardinelli et al.,
2019; Conde et al., 2018; Siebner et al., 2019). Our results are rather
in line with recent results in the literature showing little to no influ-
ence of PEPs on the early components of the TEP (Biabani et al., 2019;
Freedberg et al., 2020; Raffin et al., 2020).

4.4. Limitations

First, the scalp level analysis framework chosen here might have
been suboptimal for assessing spatial resolution. If local TEPs is a widely
used readout since TMS-EEG coupling gains from very strong a priori on
the location of the activated cortical area at t=0 (Tremblay et al., 2019)
analyzing the signal in source space might have improved the results
by getting rid of volume conduction effect (Baillet et al., 2001). How-
ever, since our results were not modulated by the choice of the ROI size
and centering, the observed differentiations could instead be mainly sup-
ported by the intrinsic dynamics of the signal in the time domain. Lastly,
the early components of TEPs (under 100 ms) are very sensitive to the
EEG signal preprocessing methodology (Bertazzoli et al., 2021), and this
latter might have influenced our findings about spatial resolution. We
chose to apply the two round ICA method, that has been extensively
validated in the past (Bertazzoli et al., 2021; Rogasch et al., 2017), but
a generalization of this results to other preprocessing methods would be
yet to be done. Overall, the intra-subject variability of the preprocessing
efficiency within the stimulation grid had little influence on our results,
given the fact that the raw datasets noise level was uniformly distributed
and equally corrected across targets (Figure S1).

Another limitation of this study lies on the stimulation intensity cho-
sen. We stimulated at a fixed intensity corrected for scalp-to-cortex dis-
tances. However, other mapping approach could have been considered.
In motor mapping setting, one could use a mapping of rMT at differ-
ent targets to assess the muscle specificity of the target (Meincke et al.,
2016). For TMS-EEG, we could consider using the rt-TEP toolbox to de-
termine the optimal stimulation intensity at each site (Casarotto et al.,
2022). However, the choice of the TEP feature to monitor would not
be trivial, as the evoked dynamics are differing between cortical areas
and individuals (Figure 3) (Harquel et al., 2016a; Raffin et al., 2020).
Assessing input-output curves for every target could be a solution to
study the influence of stimulation intensity on the resulting spatial res-
olution (Raffin et al., 2020). Finally, E-field estimations could also be
performed a priori to determine the lowest stimulation intensity that
efficiently stimulates the cortex, while estimating the spacing between
targets to minimize overlapping between E-fields.

5. Conclusions

We explored the spatial resolution of TMS-EEG coupling, which re-
mains unknown to date. By analyzing the evoked dynamics of cortical
targets over the sensorimotor cortex, we showed that this technique was
able to differentiate responses from site as close as 10 mm. In accordance
with the TMS induced E-field modeling, the spatial resolution appeared
to be anisotropic and common dynamical signatures were found espe-
cially between sites within the same Brodmann area. Such insights about
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the spatial resolution of TMS-EEG are important to support future stud-
ies based on the spatial specificity of TEPs.
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The data recorded for this study are not publicly available due to
absence of public data sharing statement in the informed consent form
signed by the participant. The data may be available on request from
the corresponding author [BP], on the condition that a data sharing
agreement between the academic buyer and Grenoble University Hos-
pital is established. The EEG data analysis function used in this work
(using Matlab and Fieldtrip toolbox) can be found here: https://gricad-
gitlab.univ-grenoble-alpes.fr/harquels/public_codes.
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