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Abstract

In recent years there has been an explosion of research evaluating resting-state brain functional
connectivity (FC) using different modalities. However, the relationship between such measures of
FC and the underlying causal brain interactions has not been well characterized. To further
characterize this relationship, we assessed the relationship between EEG resting state FC and
propagation of transcranial magnetic stimulation (TMS) evoked potentials (TEPS) at the sensor
and source level in healthy participants. TMS was applied to 6 different cortical regions in 10
healthy individuals (9 male; 1 female), and effects on brain activity were measured using
simultaneous EEG. Pre-stimulus FC was assessed using 5 different FC measures (Pearson’s
correlation, mutual information, weighted phase lag index, coherence and phase locking value).
Propagation of the TEPs was quantified as the root mean square (RMS) of the TEP voltage and
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current source density (CSD) at the sensor and source level, respectively. The relationship between
pre-stimulus FC and the spatial distribution of TEP activity was determined using a generalized
linear model (GLM) analysis. On the group level, all FC measures correlated significantly with
TEP activity over the early (15-75ms) and full range (15 — 400ms) of the TEP at the sensor and
source level. However, the predictive value of all FC measures is quite limited, accounting for less
than 10% of the variance of TEP activity, and varies substantially across participants and
stimulation sites. Taken together, these results suggest that EEG functional connectivity studies in
sensor and source space should be interpreted with caution.
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1. INTRODUCTION

In recent years, it has become apparent that normal brain function results from activity
across distributed networks of brain regions that engage in complex, dynamic interactions.
Consequently, brain connectomics has emerged as a major area of investigation(van den
Heuvel and Hulshoff Pol 2010; Sakkalis 2011). Brain connectivity is generally studied in the
task-free resting state using modalities such as electroencephalography (EEG),
magnetoencephalography (MEG), and functional Magnetic Resonance Imaging (fMRI). The
evaluation of functional connectivity (FC) is used to understand brain function in healthy
individuals and in patients with a wide range of neuropsychiatric diseases ranging from
stroke to schizophrenia(Micheloyannis et al. 2006; Greicius 2008; Grefkes and Fink 2011).
In FC studies, two regions are said to be functionally connected if their activity is
statistically correlated, and this FC is often interpreted to indicate causal interactions
between those brain regions. However, the fundamental assumption that resting-state FC
reflects causal brain interactions has not been adequately verified. Specifically, there is
limited evidence that FC between two regions is related to direct electrophysiological
interactions between them.

A problem in the study of EEG and MEG connectivity is the appropriate level of analysis.
Specifically, EEG signals are recorded from the scalp, and reflect the superposition of the
signals originating from the entire cortical surface. Consequently, some studies suggest that
sensor-space analyses are sub-optimal for the assessment of causal interactions between
brain regions(Mahjoory et al. 2017). However, the localization of the underlying brain
signals is fundamentally ambiguous because the inverse problem of identifying the cortical
sources that generate the scalp EEG signals is “ill-posed”, with an infinite number of
possible solutions. Consequently, a wide variety of different methods exist for estimating
source solutions, often with varying results for the same scalp recording(Becker et al. 2015;
Mahjoory et al. 2017). Thus, despite the intensive interest in FC, the relationship between
these different measures of FC and the underlying neurophysiological interactions remains
poorly understood(Chen et al. 2013), at the sensor and source level. An additional problem
in the interpretation of FC is the variety of FC measures that are used in the literature. These
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measures capture different aspects of the underlying brain signal, and thus produce different
connectivity patterns(David et al. 2004)(Wendling et al. 2009).

Previous efforts have tried to shed light on the relationship between functional connectivity
and the spatial distribution of evoked activity by combining fMRI and invasive stimulation/
recording techniques in macaques (Matsui et al. 2011) and human patients with epilepsy
(Keller et al. 2011), intracranial EEG recording and stimulation in epilepsy patients(Hebbink
et al. 2019), or optogenetic stimulation and intracranial EEG recording in macaques(Yazdan-
Shahmorad et al. 2018). However, these studies only investigated a small sample, often
focused primarily on connectivity within the primary somatomotor network (which is known
to exhibit relatively stable connectivity), and are necessarily limited in their scope insofar as
these techniques cannot be applied in human populations without implanted intracranial
EEG electrodes (which are currently limited to patients with refractory epilepsy).

Transcranial Magnetic Stimulation (TMS) uses electromagnetic induction to directly
stimulate a targeted cortical region. Although stimulation is applied focally, the effects of
TMS do not remain local (in the targeted cortical region), but spread to other brain
regions(Bestmann et al. 2005; Shafi et al. 2014; Vink et al. 2018), with the propagation
pattern presumably determined by connectivity between the stimulated region and other
brain areas(Rahman et al. 2013). When combined with EEG, TMS can be used to assess
local and distant brain responses to controlled perturbations. Consequently, TMS in
combination with EEG can be used to test the hypothesis that resting-state FC reflects
electrophysiological interactions between brain regions. Recent work has already indicated
that such a relationship exists for hemodynamic data, by comparing resting state fMRI FC of
the DLPFC with the spatial distribution of activity evoked at the DLPFC(Hawco et al. 2018).
To the best of our knowledge, this relationship has not yet been investigated using electro-
cortical oscillations as measured with concurrent TMS-EEG.

To test whether the relationship between resting-state FC and causal brain interactions also
exists for electro-cortical oscillations, we acquired concurrent TMS-EEG data of ten healthy
volunteers. Because of the above mentioned limitations, we performed a broad study, using
EEG in sensor- and source-space and quantifying FC with multiple measures. Specifically,
we hypothesized that sensor- and source-level measures of EEG resting-state FC predict the
spatial distribution of TMS-evoked potentials (TEPS).

MATERIALS AND METHODS

2.1 Data acquisition

TMS-EEG data was recorded from 11 healthy right-handed participants. Written informed
consent was provided by all and the experimental procedure was approved by the Committee
for Clinical Investigations of Beth Israel Deaconess Medical Center. One participant was
excluded from the study because of TMS intolerance (excessive discomfort with TMS-
induced scalp muscle contractions), leaving 10 participants (mean age: 38 (20-63 years); 9
males, 1 female; all right-handed) for data analysis.
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EEG was recorded with a 60-channel TMS-compatible eXimia EEG system (Nexstim,
Helsinki, Finland). The reference and ground electrodes were placed on the forehead. EEG
signals were recorded at 1450 Hz with 16-bit resolution, and were band-pass filtered
between 0.1 and 500 Hz. Two additional sensors were used to record the electro-oculogram
(EOG). Electrode impedance was kept below 5kOhms.

Single biphasic pulses of TMS were administered via a Nexstim eXimia stimulator using a
figure-of-eight coil (mean diameter 59 mm, outer diameter 70 mm). Stimulation was applied
using MRI-guided neuronavigation to six different anatomically defined target sites in each
individual (Fig. 1A): the left and right dorsolateral prefrontal cortex (DLPFC), primary
motor cortex (M1) and parietal cortex (PAR). The DLPFC target was anatomically defined
as a point on the superior aspect of the middle frontal gyrus, 1-2 cm anterior to the premotor
gyrus. The M1 target was the motor hotspot, defined as the point that produced the largest
EMG response in the first dorsal interosseous (FDI) muscle. The parietal target was the
posterior half of the angular gyrus, 1-2 cm below the intraparietal sulcus. These sites were
selected because: (1) The targets in the middle frontal gyrus and angular gyrus are part of the
prefrontal and parietal association cortices respectively, with relatively complex connectivity
across participants (Mueller et al, 2013, Neuron), whereas M1 is part of the somatomotor
network with more stereotyped connectivity; (2) These sites are generally part of distinct
functional networks (middle frontal gyrus - frontoparietal control network; Angular — DMN;
M1 - somatomotor network) and thus should have distinct functional connectivity. The TMS
coil was oriented so that the direction of the TMS electrical field was oriented perpendicular
to the orientation of the target gyrus, with the coil handle oriented posterolaterally to the site
of stimulation. For example, for left M1, the coil handle was oriented posteriorly at
approximately 45% to the mid-sagittal line. Stimulation was applied at 120% resting motor
threshold (RMT), defined as the lowest intensity at which TMS to M1 induced a motor
evoked potential (MEP) in the contralateral FDI muscle of more than 50 ¢Vin 5 out of 10
trials. In addition, all participants received sham stimulation, in which the TMS coil was
positioned over the left M1 while rotated 90 degrees (with the plane of the coil perpendicular
rather than parallel to the scalp), so that the TMS coil rested on the participant’s scalp on
edge. This was done in order to obtain the sham-evoked potential, which was used to control
for auditory and some of the somatosensory sensations associated with the TMS
pulse(Lisanby et al. 2001). Participants received between 80 and 110 single pulses to each
site, with a random inter stimulus interval of 4 to 6s to avoid conditioning. Participants were
seated comfortably in a reclining chair with their eyes open and were asked to look straight
ahead at a fixation point, while TMS was delivered according to the guidelines and
recommendations for TMS endorsed by the International Federation for Clinical
Neurophysiology(Rossi et al. 2009).

2.2 Preprocessing

Data analysis was performed with custom scripts, EEGLAB 14.1.2b(Delorme and Makeig
2004), Brainstrom(Tadel et al. 2011) and Fieldtrip(Oostenveld et al. 2011) in the Matlab
R2015a environment (MathWorks Inc., USA). An ICA-based cleaning procedure was used
to remove artifacts from the pre- and post-stimulus segments(Rogasch et al. 2014). The data
were divided into pre- and post-stimulus segments of —2900 to —400ms and —500 to
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1000ms, respectively, with TMS pulse delivery at Oms (Fig. 1A). An average of 3.4 (range:
1-6) and 3.3 bad channels (range: 0-6) were removed and interpolated from the pre- and
post-stimulus data, respectively. Pre- and post- stimulus segments were baseline corrected on
—-3300 to —2500ms and —900 to —100ms, respectively. All data were baseline-corrected to
minimize the difference between the two preprocessing pipelines. The TMS artifact in the
post-stimulus segment was zero-padded from 0 to 14ms. A semi-automated procedure was
used to detect and remove noisy epochs in all data(Rogasch et al. 2014), resulting in the
removal of an average of 18 pre-stimulus epochs (range: 3-50) and 14 post-stimulus epochs
(range: 5-41), leaving an average of 80 pre-stimulus epochs (range: 50-112) and 83 post-
stimulus epochs (range: 65-116). The TMS-evoked exponential decay artifact was removed
from the post-stimulus segment in a first round of ICA. Thereafter, Gaussian interpolation
was used to fill in the missing data from O to 14ms. Both the pre- and post-stimulus
segments were filtered with a bandpass filter of 1 to 100Hz and a bandstop filter of 55 to
65Hz using a fourth-order Butterworth filter with forward and backward filtering. Both
segments were referenced to the average reference and then subjected to another round of
ICA in which blink artefacts, muscle artefacts and other noise related artefacts were
removed. After the cleaning procedure, an average of 20 ICA components (range: 12 — 26)
were removed from the pre-stimulus data, and 16 ICA components (range: 8 — 24) were
removed from the post-stimulus data.

Individual electrode data, topoplots from —50 to 300ms around stimulation with intervals of
10ms, and the global mean field potential (GMFP), were visually inspected by an
experienced investigator (MMS) for the presence of non-physiological activity. The
preprocessing procedure was repeated in case of non-physiological activity.

Volume conduction has been shown to affect functional connectivity in scalp level EEG data
(Mahjoory et al. 2017). To minimize any potential confounding effects of volume
conduction, we also evaluated the relationship between functional connectivity and evoked
activity data using the surface laplacian reference(Perrin et al. 1989). For this analysis, the
data was rereferenced to the surface laplacian reference after completing the aforementioned
preprocessing procedure.

2.3 Source Analysis

The relationship between functional connectivity and evoked activity was also assessed at
the source level. EEG source imaging (ESI) was performed (Figure 1B) using
BrainStorm(Tadel et al. 2011). Individual three-layer head models were generated based on
individual anatomical MRI data using OpenMEEG (Gramfort et al. 2010). The cortical
surface was sampled at 15,000 vertices, to minimize computational load while maintaining
accuracy of individual brain morphology. A current dipole was assigned to each of the
vertices of the cortical surface. The dipoles are oriented perpendicular to the cortical surface,
so that they align with the cortical pyramidal neurons which are presumed to generate most
of the EEG activity. The coordinates of the EEG electrodes (as captured using the
neuronavigation system) were used to position them within the individual head model.
OpenMEEG, which is based on a symmetric boundary element method, was used to
compute the leadfield matrix with the default parameter settings. The noise covariance
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matrix was computed from —2900 to —2400ms and from —500 to Oms of the pre- and post-
stimulus segments, respectively. Subsequently, the linear L2-minimum norm estimates
(WMNI) algorithm was used to solve the ill-posed inverse problem(Baillet et al. 2001). We
selected 42 parcels from the Desikan-Killiany atlas(Desikan et al. 2006) for analysis (a table
of included parcels is shown in Online Resource 1), disregarding the deeper parcels. We
disregarded deeper parcels because the accuracy of source estimation is controversial for
deeper structures(Whittingstall et al. 2003), although advances in the detection of activity in
deeper sources has been made(Seeber et al. 2019). As the dipoles are oriented perpendicular
to the cortical surface, the average signal of a parcel which contains opposing gyral surfaces
cancels out. Therefore, the dominant dipole orientation of each parcel was determined by
means of singular value decomposition of the orientations of all dipoles within the parcel.
The time-series of the dipoles that were not aligned with the dominant orientation of the
parcel were flipped. Subsequently, the source-space time-series were averaged to obtain a
single time-series for each parcel.

2.4 Data analysis

We set out to identify whether resting state FC measured prior to the delivery of a TMS-
pulse predicts the spatial distribution of the TEP, by introducing these variables in a
generalized linear model (GLM). The pre- and post- stimulus scalp and source segments
data were filtered with second-order Butterworth filters to organize the data into 5 frequency
bands: broadband (1 — 80Hz), theta (4 — 8Hz), alpha (8 — 12Hz), beta (12 — 30Hz) and
gamma (30-80Hz) band. The analyses were based on broadband data unless specified
otherwise. In addition to pre-stimulus FC and post-stimulus TEP activity, we used a volume
conduction control, sham-EP and pre-stimulus RMS as nuisance regressors in the GLM
analysis. The inputs and output are shown schematically in Figure 1C and 1D, for sensor and
source space respectively. Calculation of the GLM inputs is described in more detail in
sections 2.4.1 to 2.4.4. GLMs were constructed for each participant and stimulation site
separately. The GLMs were fitted using a gamma distribution (with reciprocal link function),
due to the non-negative nature of the outcome variable (the RMS of the TEP). Calculation of
the input and response variables is described in more detail below. The input variables were
calculated for the sensor- and source-level data, unless explicitly mentioned otherwise in the
sections below.

2.4.1 Resting state functional connectivity maps—The MRI-guided navigation
system registers the position of the TMS coil isocenter with respect to the positions of the
EEG electrodes; the TMS target electrode was defined as the EEG electrode or the parcel
closest to the TMS coil isocenter. The FC strength between the TMS target electrode (seed)
and all the other channels (and the stimulated parcel and all other parcels in the source
analysis) was calculated for each pre-stimulus epoch, individually. The FC values for the
individual epochs were averaged together to obtain a single FC map per participant and
stimulation site. We included 5 different FC measures in our analysis, producing 5 FC maps
per stimulation site and participant (Fig. 3). We selected weighted phase lag index (wPLI;
(Vinck et al. 2011)), phase-locking value (PLV; (Lachaux et al. 1999)), magnitude squared
interchannel coherence (ICC;(Rosenberg et al. 1989)), Pearson’s correlation (R) and mutual
information (MI;(Magri et al. 2009)) for our FC analysis. Because concerns have been raised
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on the reliability of directed connectivity measures(de Steen et al. 2016), we restricted our
analysis to non-directional measures of connectivity. We included a diverse group of FC
measures, as Ml and C are time-based FC measures, wPLI and PLV are phase-based FC
measures and the ICC is a power-based FC measure.

All FC measures were calculated using Fieldtrip(Oostenveld et al. 2011). FC measures were
calculated for the interval of —2900 to —400ms, with TMS pulse delivery at Oms, to
minimize the effect of edge artefacts. M1 was calculated with 13 bins and equipopulated
binning. Both the wPLI and the ICC were determined from cross power spectral density
data, which was calculated with a single taper with 0.5Hz smoothing. The formulae for the
connectivity and evoked activity measures are provided in Table 1.

Pearson’s correlation and wPLI potentially exhibit negative FC, while the other measures are
positive by default. To maintain consistency we decided to calculate the absolute value of all
FC values. However, negative FC potentially indicates inhibitory connectivity, which might
not result in evoked activity. Therefore, we also investigated whether the predictive value of
Pearson’s correlation and wPLI increased when negative FC values were excluded from
analysis.

2.4.2 Evoked activity maps—For all channels, the post-stimulus epochs of active and
sham TMS data were averaged to obtain the average TEP and sham-EP, respectively. TEP
and sham-EP activity maps were obtained by calculating the root mean square (RMS)
voltage and the current source density (CSD) of the EP in sensor and source space,
respectively. The RMS voltage and CSD were calculated for the early interval (15 to 75ms;
Fig 4) and the full interval (15 to 400ms) of the TEP. As it is possible that TEP activity
beyond 75ms is not directly related to activation of the stimulated site, but rather related to
activation of remote regions, we specifically evaluated the early time window (from 15 —
75ms) to identify whether functional connectivity only captures TEP propagation directly
from the stimulated target. Additionally, the activity beyond the first 75ms of the TEP may
include peripherally evoked potentials (PEPs)(Freedberg et al. 2019), contaminating our
analysis.

2.4.3 Nuisance variables—We included three nuisance variables in the analysis: a
volume conduction control, the spatial distribution of the sham-EP and the pre-stimulus
RMS voltage or CSD.

In the sensor space analysis, a volume conduction control was determined by calculating the
absolute Euclidean distance between the TMS target electrode and all the other electrodes,
based on the coordinates provided by the navigation system. For the source space analysis,
cross-talk functions (CTFs) were used to estimate volume conduction effects between
sources(Hauk and Stenroos 2014). The volume conduction control was included as a
nuisance regressor to correct for a spurious relationship between FC and TEP activity due to
shared volume conduction effects. As an additional control to ensure that volume conduction
was not responsible for our results, we also repeated our analysis using EEG data with a
surface laplacian reference (in sensor space only).
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The spatial distribution of the sham-EP was included in the GLM analysis as a nuisance
regressor in order to control for confounding evoked activity which is not directly related to
activation of the stimulation target (e.g. the PEPS).

Pre-stimulus RMS was included to correct for baseline differences in signal strength across
electrodes. Pre-stimulus RMS was determined between —250 and —50ms with respect to
TMS pulse delivery at Oms.

2.5 Statistics

The proportion of variance of TEP activity (R?otal) explained by all input variables was
calculated for each participant at each stimulation site. The R,Z(,m, was corrected for the
variance explained by the nuisance regressors (Rﬁuimme), leaving the proportion of variance

of the TEP explained by FC only (R%c).

2 2 2
Riotal = RFC + Ruuisance

Random permutation statistics was used to determine significance on the individual level.
This was done by calculating 2,000 random permutations of the rank order of the FC map
for each analysis. We randomly permutated the rank order to maintain a biologically feasible
range of FC values. The randomly permutated FC map was used in the previously described
GLM analysis to calculate a random distribution of R%C values. On the individual level, a p-
value was calculated for each participant and stimulation site, separately, using the following
formula:

(amount of permutations > RI%'C) +1

P = "otal amount of permutations + 1

To determine significance on the group-level, the R rc values of all participants and
stimulation sites were averaged together for each permutation to obtain a group-level
distribution of R%C values. Next, a group-level p-value was calculated by calculating the

amount of permutations that exceed the mean R%C using the previously described formula.

The family wise error (FWE) rate was used to correct the alpha level of different analyses
for multiple comparisons.

A Kruskal Wallis test was performed to test whether the investigated FC measures are
equally informative on TEP activity. In case of significance, multiple Mann Whitney U tests
were performed to determine whether the measure which explained most variance was
significantly more informative than the other measures. Finally, a paired t-test was used to
determine whether combining the FC measures in a single analysis improved the predictive
value with respect to the single best-performing FC measure (FC measure with the highest
mean R%c). As the inclusion of more variables to the GLM increases the proportion of
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variance explained, random permutations of the single FC measure were added to the GLM
analysis of the individual FC measure to match the number of variables in the GLM analysis
of the combination of FC measures.

Further statistical testing was restricted to Pearson’s correlation based FC (R-FC). One-sided
paired t-tests were also used to determine whether the predictive value of R-FC improved
when the analysis was restricted to the early interval of the TEP at the sensor and source
level, as might be expected given the recent literature suggesting that later TEP activity may
be contaminated by peripheral-evoked potentials(Biabani et al. 2019)(Freedberg et al. 2019).
A one sided paired t-test was used to investigate whether moving from sensor space to
source space increased the predictive value of R-FC, as recent literature indicates a greater
reliability of source-space connectivity(Mahjoory et al. 2017). Kruskal-Wallis tests were
used to identify whether the informative value of R-FC varied between stimulation locations
and frequency bands. In case of significance, multiple Mann Whitney U tests were
performed to determine whether a single stimulation location or frequency band
outperformed the others.

3. RESULTS

Time series of the sham-corrected TEPs elicited at the 6 different stimulation sites and the
sham EP are shown for a representative participant (Fig. 2; time series and topoplots of the
uncorrected, sham-EPs and sham-corrected TEPS are presented in Online Resource 2, 3 and
4, respectively). The sham-corrected TEP was calculated by subtracting the sham-EP time
series from the TEP time series. Topoplots were constructed from the time series data at
different time points, which were based on peaks in the GMFP of the EP. The topoplots
show a dipole originating at the stimulation site which spreads to other regions. For
example, the data obtained during stimulation of the LM1 shows a dipole near Cz at 28ms,
which shifts posteriorly at 88ms. The TEP data clearly shows a distinct spatial distribution
of activity compared to the sham-EP data.

Figure 3 shows Pearson’s correlation based FC maps at the sensor (Fig. 3A) and the source
(Fig. 3B) level of a representative participant. The sensor level maps show the stimulated
electrode which was used as a seed for the connectivity analysis. In the source level maps
the stimulated parcel which was used as a seed for the connectivity analysis is indicated by a
red beam. The sensor level connectivity maps show strong local connectivity near the
stimulation site, as well as connected foci more distally (e.g. the RDLPFC shows functional
connectivity with the contralateral DLPFC and the bilateral parieto-occipital regions). The
source level connectivity maps show more focal and complex connectivity patterns with high
site specificity.

Figure 4 shows evoked activity for stimulation of 6 different TMS targets and for sham
stimulation at the sensor (Fig. 4A) and the source (Fig. 4B) level of the same participant. In
the source level maps the stimulated parcel is indicated by a red beam. Both sensor and
source level maps show evoked activity at the stimulated site and distant regions, with
variability across stimulation sites. The site-specificity of the evoked response is more
prominent at the source level.
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3.1 Predictability

Our goal was to test the hypothesis that FC measures predict the spatial distribution of a TEP
at the source and sensor level. We found that all of the resting state FC measures deliver a
significant contribution to the explained variance of early (15 to 75ms) and full (15 to
400ms) TEP activity at both the sensor and source level, when corrected for nuisance
regressors (p < 0.05, FWE corrected; Fig. 5).

The different FC measures performed equally well in the prediction of early (15-75ms) TEP
activity at the sensor (Chi square = 2.36, p = 0.67, df = 4, 295) and the source level (Chi
square = 0.54, p = 0.97, df = 4, 295). Adding all FC measures together into the model
significantly improved the predictive value with respect to the single best FC measure
(highest mean R%;FC) at the sensor level (t-stat = 7.61, p < 0.05, df = 59), while this was not

the case at the source level (t-stat = 1.15, p = 0.25, df = 59).

The different FC measures were also equally predictive of full TEP activity at the sensor
(Chi square = 1.73, p = 0.79, df = 4, 295) and source level (Chi square = 2.99, p = 0.56, df =
4, 295). Combining all FC also significantly improved the predictive value at the sensor (t-
stat = 2.79, p < 0.05, df = 59) and the source level (t-stat = 3.29, p < 0.05, df =59). The
results for the surface laplacian data were not substantially different from the average
reference and are therefore restricted to Online Resource 5.

We also investigated whether the predictive value of Pearson’s correlation and wPLI
increased when negative FC values were removed from the analysis. We found that
removing negative FC values from the analysis did not consistently improve the predictive
value of these measures at either the sensor and source level (see Online Resource 6).

As all measures performed equally well, we restricted subsequent detailed description to R-
FC. We found that R-FC is significantly more predictive of early (15-75ms) TEP activity
compared to full (15400ms) TEP activity at the sensor level (t-stat = 2.69, p < 0.05, df = 59).
Interestingly, this was not the case at the source level (t-stat = —0.12, p = 0.55, df = 59).

We hypothesized that the relationship between R-FC and TEP activity was strengthened by
going from sensor to source space, as source-space connectivity has been shown to be more
reliable(Mahjoory et al. 2017). However, the relationship between FC and the TEP was not
significantly different between sensor and source space for the early TEP (t-stat = -0.68, p =
0.75, df = 59) or the full TEP (t-stat = 1.45, p = 0.08, df = 59).

As R-FC was more predictive of early TEP activity at the sensor level, and the predictive
value did not increase when moving the analysis to source space, we restricted subsequent
description to the relationship between R-FC and early TEP activity. The relationship
between R-FC and early TEP activity was analyzed in more detail by investigating the
different stimulation sites separately (Fig. 6). The relationship between R-FC and early TEP
activity did not vary between stimulation sites at the sensor (Chi square = 8.07, p = 0.15, df
=5, 54) or source level (Chi square = 7.44, p = 0.19, df = 5, 54). We also investigated the
relationship between frequency band specific FC and the spatial distribution of the
broadband TEP (Fig. 7; Online Resource 7). R-FC was equally informative on the spatial
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distribution of the broadband early TEP for all frequency bands in sensor (Chi square = 0.29,
p = 0.99, df = 4, 295) and source (Chi square = 0.75, p = 0.94, df = 4, 295) space.

3.2 Variability

The relationship between FC and TEP activity was highly variable between participants and
stimulation sites. On an individual level, R-FC correlated significantly with early TEP
activity in less than half (24 out of 60) of cases at the sensor level and a fourth (15 out of 60
cases) of cases at the source level (P < 0.05, uncorrected). The variability can be observed
clearly in Figure 8 (Online Resource 8). For example, at the sensor level, R-FC predicted
early TEP activity in participants 1, 2, 4, 5 and 8 with stimulation of right M1, but did not
predict early TEP activity in any of these participants with stimulation of left M1 (significant
prediction only with participant 7).

4. DISCUSSION

Recent work has emphasized the importance of evaluating brain connectivity to understand
normal brain function and neuropsychiatric diseases(Micheloyannis et al. 2006; Greicius
2008; Grefkes and Fink 2011), but the relationship between FC and the underlying causal
interactions between brain regions is poorly understood. TMS allows for a controlled
perturbation of activity in a given cortical target, and its local and distributed impact can be
assessed by concurrent EEG recording. Consequently, the spread of the TEP may reflect
causal interactions between the targeted brain region and the rest of the cortex. Therefore,
we used TMS in combination with EEG to probe brain connectivity in human participants /n
vivo, and compared the resulting evoked activity with measures of EEG connectivity at the
sensor and source level. We found that EEG FC patterns prior to delivery of a TMS pulse are
weakly informative on the spatial distribution of evoked activity in response to the TMS
pulse. This is in line with previous literature (Engel et al. 2001; Draguhn and Buzsaki 2004),
suggesting that coordination of brain oscillatory activity plays a fundamental role in the
organization of neuronal activity (and thereby information) across macroscopic brain
regions. Specifically, the spatial distribution and magnitude of TMS-evoked activity can be
partially predicted by resting-state FC measured prior to stimulation at the sensor and source
level. Although the relationship between resting state FC prior to stimulation and the spatial
distribution evoked activity was significant, we observed that the predictive value of all FC
measures is poor (the proportion of the explained variance is less than 10%). The limited
predictive value is likely related to the substantial variability across participants and
stimulation sites.

In our study, we found that the relationship between individual EEG FC measures and
evoked activity is weak and highly variable across individuals in both sensor and source
space. Recent studies have already raised concerns about the utility of EEG connectivity
measures in sensor space (Becker et al. 2015; de Steen et al. 2016; Mahjoory et al. 2017)
and source space(Becker et al. 2015; Colclough et al. 2016). Our findings confirm these
concerns, and should raise caution in the interpretation of studies involving EEG FC.

These findings also highlight the limitations of current functional connectivity analyses, and
raise concern that current methods of characterizing EEG functional connectivity (at least
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the methods explored in this paper) do not adequately characterize the nature and dynamics
of interactions between different brain regions. However, we also found that when
combining multiple measures, the predictive value increased significantly (with the
exception of the prediction of early TEP activity in source space), suggesting that there may
be some measure or a combination of measures that do capture the nature of neuronal
interactions.

Because recent studies have raised concern that the TEP, particularly later components, may
be contaminated by auditory and somatosensory evoked potentials(Biabani et al. 2019;
Conde et al. 2019; Freedberg et al. 2019) and early TEP activity has been shown to be more
consistent between participants(Salo et al. 2018), we specifically looked at the relationship
between R-FC and the early interval (15 — 75ms) of evoked activity. At the sensor level, we
found that R-FC is more predictive of the first 75ms of evoked activity compared to the full
range (400 ms) of the TEP. Putting together these observations, we believe that our findings
are consistent with the idea that early evoked activity is more specific to the stimulation site
compared to late intervals (> 75ms) of the TEP, and therefore more likely to be caused
directly by the TMS-induced electrical field. However, we also found that functional
connectivity is equally predictive of early and full TEP activity at the source level. A
possible explanation for this is our measure of the relationship between functional
connectivity and TEP activity might be more strongly affected by the presence of PEPs at
the sensor level compared to the source level. Specifically, although PEPs would clearly
cause spurious activity in both sensor and source space, at the source level PEPs may occur
primarily in the auditory and somatosensory cortices, two relatively well-defined and
localized cortical parcels; however, due to volume conduction, activity in these brain regions
might affect multiple electrodes (and thus our measure of the relationship between
functional connectivity and TEP activity) at the scalp level.

We did not observe significant systematic differences in the strength of the relationship
between R-FC and TEP activity between stimulation sites or frequency bands, suggesting
that the predictive value of FC is consistent across brain regions and frequency bands.
However, we did observe substantial variability in the relationship between resting state FC
and TEP activity in individual participants. Specifically, for the same stimulation site, the
relationship between R-FC and TEP activity was significant in some individuals but absent
in others. This can be explained by variability in TEP activity patterns, which have been
shown to become more variable at later intervals with respect to the stimulus delivery(Salo
et al. 2018). Furthermore, this variability suggests that the degree to which measures of
static resting-state FC capture causal brain interactions may not be consistent across
individuals. This has also been reported by Hawco et al. (Hawco et al. 2018), who identified
a relationship between resting state fMRI FC and the spatial distribution of TMS-evoked
activity on the group level but also observed substantial variability between individuals. The
cause for this inter-individual variability remains unclear but could potentially be explained
by the fact that the chosen functional connectivity measures capture the fundamental nature
of the interregional dynamics only in some participants, because of differences in intrinsic
physiology, input-output relations, and network dynamics across participants. Other factors
which are likely to contribute to the variability are differences in structural connectivity,
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metabolism, brain state and neurochemistry between participants. Further studies are
warranted to explore this important finding.

Our study has a number of limitations. Although we observed significant correlations
between the investigated FC measures and the spatial distribution of evoked activity, the

magnitude of the correlations was limited (mean erch values typically in the 0.03 - 0.09
range). There are a number of possible explanations for this.

First, we assessed the correlation between FC and the spatial distribution of a TEP in sensor
space as a substantial amount of recent studies continue to analyze functional connectivity in
sensor space(Nasseroleslami et al. 2017; T6th et al. 2017; Hordacre et al. 2018). Therefore,
we wanted to determine whether EEG FC analyses in sensor space are physiologically
meaningful by comparing FC with TMS-evoked activity. However, concerns have been
raised about the reliability of FC in sensor space(Mahjoory et al. 2017; O’Neill et al. 2017),
as FC results have been shown to depend on the electrical reference(Nolte et al. 2008). In
our study, we found that sensor-space connectivity does significantly predict the propagation
of TMS-evoked potentials, but the correlation is weak and not entirely reliable across
individuals; these findings are thus consistent with the aforementioned studies on the limited
reliability of sensor-space FC. Another potential concern for sensor-space studies is spurious
correlations induced by volume conduction. We made several attempts to minimize these
effects, by analyzing the data using the surface laplacian reference and by including the
distance between the electrodes as a nuisance regressor in our model (for the average
reference data). It is possible that this did not entirely eliminate the problem. Because of the
aforementioned concerns regarding sensor space FC, interest has shifted to source space.

However, source space analysis of FC introduces a second limitation, as source space
analysis is complicated by the fact that the inverse problem (the identification of brain
signals that generate sensor level EEG activity) is ‘ill-posed’, with an infinite number of
possible solutions. Several methods exist to solve the inverse problem (one of which we
investigated in this study), but the accuracy of these methods is not clearly defined,
particularly in cases where multiple different cortical regions may be simultaneously
activated (as might be expected to occur after TMS)(Becker et al. 2015), but also particularly
with regard to resting-state functional connectivity analysis(Colclough et al. 2016). We
found that the relationship between FC and evoked activity did not improve when moving to
source space, demonstrating the complexity of the ill-posed inverse problem.

Third, we calculated the correlation between connectivity and the spatial distribution of
TEPs by averaging the values obtained over multiple epochs, in part because this is how
connectivity and TEPs are typically measured, and also because assessing the spatial
distribution of TEPs on a single-trial level is not trivial. Therefore, our analysis assumed that
the connectivity distribution and the spatial distribution of evoked activity, and the
relationship between the two, are constant through the experiment. However, resting state
FC has been shown to vary within sessions(Honey et al. 2009; Chang and Glover 2010;
Handwerker et al. 2012; O’Neill et al. 2017), and this may therefore limit the absolute
correlation between connectivity and the spatial distribution of the TEP. This is especially
relevant for regions which exhibit strong connectivity dynamics, such as the bilateral
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DLPFC and parietal cortices(Chen et al. 2015), which could potentially explain why these
regions show a weaker relationship between FC and the spatial distribution of evoked
activity in source space. A related possibility is that the TMS-evoked potential also varies
substantially over time, perhaps due to state differences in the stimulated cortex affecting the
TMS-evoked activity, as has been shown for the phase of ongoing rhythms affecting MEP
amplitude with stimulation of M1(Schaworonkow et al. 2019).

Fourth, TMS also causes a somatosensory, auditory and motor response, which affects the
observed spatial distribution of the TMS-evoked response(Conde et al. 2019; Rogasch et al.
2019). We attempted to control for this effect by including the sham-EP as a nuisance
regressor in our model, but this might not be a perfect control. However, the cortical activity
evoked by these nonspecific responses to TMS should be independent of the functional
connectivity of the stimulated regions, and thus may also contribute to the relatively low
explained variance.

Fifth, directed measures of connectivity are limited by the biological structure of neurons,
which are restricted by directional distribution of activity. However, concerns have been
raised regarding the reliability of EEG measures of directed connectivity, particularly at the
sensor level (de Steen et al. 2016). We therefore decided to limit our analyses to non-
directional measures of connectivity. In future work, directed measures should also be
investigated.

Finally, TMS target regions for stimulation of the DLPFC and parietal targets were defined
based on anatomical landmarks, rather than functional regions. However, the underlying
functional regions vary in localization relative to macroscopic anatomical landmarks,
especially for prefrontal and parietal regions(Yeo et al. 2011)(Goldman-Rakic 1987). It is
possible that some variability exists in the functional regions that were targeted with TMS,
providing a potential explanation for the observed variability in the relationship between FC
and TEP activity between participants.

5. CONCLUSIONS

In summary, our results indicate that FC measures weakly predict the spatial distribution of
subsequent TEPs at both the sensor and source level, and thus may contain some relevant
causal information regarding brain networks and cortico-cortical interactions. However, the
overall predictive power is limited, partly due to substantial variability across participants
and stimulation sites. This variability raises concerns about whether studies characterizing
EEG FC in cognitive function and disease states are physiologically meaningful. Further
work is needed to better characterize the relationship between connectivity measures and the
underlying cerebral dynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic overview of the analysis. A. TMS targets during the TMS-EEG acquisition. The
DLPFC, M1 and parietal cortices of both hemispheres were stimulated. Pre-stimulus and
post-stimulus epochs were obtained from the data for resting state functional connectivity
analyses and TEP analysis, respectively. B. EEG source imaging was used for analysis in
source space. C. Inputs and output of the GLM analysis: FC map with the TMS target as the
seed region; the distance between the TMS target and the other channels; the sham-EP and
the pre-stimulus RMS; An evoked activity map. The white circle illustrates the TMS target
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(RM1), the red TMS coil indicates sham stimulation while the black coil indicates active
stimulation. D. Similar inputs were used at the source level. The distance between the
electrodes was replaced with crosstalk. The white circle illustrates the TMS target (RM1),
the red TMS coil indicates sham stimulation while the black coil indicates active
stimulation.
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Topoplots of the corrected TEP of P004 (Avref)
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Figure 2.

Sham-corrected time series of the TEPs elicited at the 6 different stimulation sites and the
sham EP are shown for a representative participant. The sham-corrected time series have
been obtained by subtracting the sham-EP from the raw TEP time series. Topoplots are
constructed from the time series data at different time points, which are based on peaks in

the GMFP of the EP.
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Figure 3.

Heatmaps of mean functional connectivity with different seed regions. Mean functional
connectivity was averaged over multiple trials ranging from 2900 to 400ms before TMS

pulse delivery. Color scales from minimum to maximum FC strength.
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15-75ms TEP mapﬁ)qf P004 at the source level
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Figure 4.
Heatmaps of the spatial distribution of the TEP as determined by the RMS of the TEP over a

period 15 to 75ms after TMS pulse delivery, elicited at different cortical targets. Color scales
between minimum and maximum RMS.

Brain Topogr. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Vink et al.

04

o o
[N} w

mean Rsquared
o

04

o4 o°
[N} w

mean Rsquared
o

Page 24

broadband FC vs 15-75ms TEPs
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Figure 5.
Mean proportion of variance of the spatial distribution of early (15-75ms) and full (15—

400ms) TEP activity explained by functional connectivity (FC) at the sensor and source
level. Different FC measures are shown. The error bar indicates the standard deviation.
*Significant contribution of FC (p < 0.05, FWE corrected).
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broadband R-FC versus 15-75ms TEPs by stimulation site
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Figure 6.
Mean proportion of variance of the spatial distribution of early TEP activity explained by

Pearson’s correlation based FC (R-FC) at the sensor and source level for different
stimulation sites. The error bar indicates the standard deviation. *Significant contribution of
R-FC (p < 0.05, FWE corrected).
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R-FC vs 15-75ms TEPs by frequency band
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Figure 7.

Mean proportion of variance of the spatial distribution of early TEP activity explained by
Pearson’s correlation based FC (R-FC) at the sensor and source level for different frequency
bands. The error bar indicates the standard deviation. *Significant contribution of R-FC (p <
0.05, FWE corrected).
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broadband R-FC vs 15-75ms TEP by participant and stimulation site
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Figure 8.
Proportion of the variance of the spatial distribution of early TEP activity explained by

Pearson’s correlation based FC (R-FC) at the sensor and source level for individual
participants. The error bar indicates the standard deviation. *Significant contribution of ICC
(p < 0.05, uncorrected).
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Table 1.

Details on connectivity and evoked activity measures.

Measure

Formula

Details

Pearson’s correlation

cov(X,Y)

rX.Y) =500

With covariance covand standard deviation o.

Mutual information

MEXY) = HX) + H(Y) - HX,Y)

With entropy H.

Weighted phase lag index

WPLI = |imag(Sxy)|sgn(imag(Sxy))

mas(S.]

With cross power spectral density Sy,

Coherence

|Sxy(60)|2

Coy(@) = 5 15, 5@

With the spectral densities Sy, S5 and Sy,

Phase locking value

PLUY = | [0

With the expected value £and the relative phase .

Root mean square

RMS = \[L 37 x?

With the time data series X.
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