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Abstract

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technique that utilizes
magnetic fluxes to alter cortical activity. Continuous theta-burst repetitive TMS (cTBS) results in
long-lasting decreases in indices of cortical excitability, and alterations in performance of
behavioral tasks. We investigated the effects of cTBS on cortical function via functional
connectivity and graph theoretical analysis of EEG data. Thirty-one channel resting-state EEG
recordings were obtained before and after 40 s of cTBS stimulation to the left primary motor
cortex. Functional connectivity between nodes was assessed in multiple frequency bands using
lagged max-covariance, and subsequently thresholded to construct undirected graphs. After cTBS,
we find widespread decreases in functional connectivity in the alpha band. There are also
simultaneous increases in functional connectivity in the high-beta bands, especially amongst
anterior and interhemispheric connections. The analysis of the undirected graphs reveals that
interhemispheric and interregional connections are more likely to be modulated after cTBS than
local connections. There is also a shift in the topology of network connectivity, with an increase in
the clustering coefficient after cTBS in the beta bands, and a decrease in clustering and increase in
path length in the alpha band, with the alpha-band connectivity primarily decreased near the site of
stimulation. cTBS produces widespread alterations in cortical functional connectivity, with
resulting shifts in cortical network topology.

Keywords
TMS; EEG; Resting state; Networks; Functional connectivity; Graph theory

Introduction

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation method that
utilizes electromagnetic induction to produce targeted, transient alterations of cortical
physiologic function (Barker et al. 1985; Wagner et al. 2007). During TMS, a large but
spatially restricted magnetic flux is used to induce an electrical field in a target cortical area.
The induced currents can depolarize neurons to alter neuronal firing patterns, with
neurostimulatory or neuromodulatory effects.

When a train of TMS stimuli is applied (repetitive TMS, or rTMS), changes in cortical
activity can persist long after the end of stimulation (Chen et al. 1997; Pascual-Leone et al.
1994; Thut and Pascual-Leone 2010). Huang et al. (2005) recently developed a patterned
rTMS protocol in which a “theta-burst” stimulation was used to induce longterm changes in
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cortical excitability. In the continuous theta-burst stimulation TMS protocol (cTBS), a 40-
seconds train of uninterrupted theta-burst stimulation applied to motor cortex resulted in
over a 40 % decrease in the amplitude of subsequent motor evoked potentials, with
suppression persisting for as long as 60 min. The changes in cortical excitability induced by
rTMS are believed to be mediated through stimulation-induced changes in synaptic efficacy,
analogous to the synaptic long-term potentiation and long-term depression seen in animal
models (Esser et al. 2006), probably via an NMDA-receptor dependent mechanism (Huang
et al. 2007; Stefan et al. 2008; Vlachos et al. 2012). Studies in patients with implanted spinal
epidural electrodes have demonstrated that the effects of various rTMS protocols, including
CTBS, are primarily mediated by trans-synaptic intracortical pathways (Di Lazzaro et al.
2005). A number of studies have demonstrated that rTMS protocols can alter the activity and
function of the targeted region. Furthermore, while the effects of a single session of rTMS
are transient, repeated sessions of rTMS can produce larger, more persistent changes in
cortical excitability and cortical structure (Maeda et al. 2000; May et al. 2007). The durable
effect of repeated sessions of stimulation provides the rationale for the therapeutic use of
TMS in neuropsychiatric disease.

Single-pulse TMS and rTMS protocols have been applied in a wide variety of experimental
settings to explore the cortical mechanisms underlying human behavior. Both single-pulse
and repetitive TMS were initially used primarily in a “virtual lesion” mode, to down-
modulate the activity of a specific target region, and thereby assess its involvement in
various cortical functions(Walsh and Pascual-Leone 2005). For example, inhibitory rTMS
applied to the right posterior parietal region has been shown to decrease attention to
contralateral space in normal subjects (Hilgetag et al. 2001), thereby providing support for
the hypothesis that damage to this region is responsible for the spatial neglect seen in
patients with strokes in this region.

More recently, however, studies combining TMS with EEG, PET and fMRI have
demonstrated that TMS produces distributed changes in brain activity. For example, single-
pulse TMS to the motor cortex produces immediate EEG changes in the region under the
TMS coil, which spread over a few milliseconds to ipsilateral motor, premotor and parietal
regions, and then several milliseconds later to the contralateral motor cortex (Ilmoniemi et
al. 1997; Komssi et al. 2002). In one recent study, stimulation of different regions within
visual cortex resulted in widespread, long-lasting oscillations, with the precise pattern of
network activations containing both stimulation site-specific and site-invariant features
(Garcia et al. 2011). Similarly, a number of studies have demonstrated that rTMS produces
alterations in activity in distributed networks. One seminal early study (Paus et al. 1997)
demonstrated that when rTMS trains were applied to the left frontal eye field, correlated
changes in blood flow occurred both locally and in several other distant functionally
connected regions, including the left medial parieto-occipital cortex, the bilateral superior
parietal cortex, and the right supplementary eye fields. Studies using EEG functional
connectivity measures such as coherence have provided evidence that rTMS can alter the
strength of connections between different cortical regions (Jing and Takigawa 2000; Plewnia
et al. 2008).
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Such network effects may play an important role in the efficacy of rTMS in inducing
behavioral changes. For example, inhibitory rTMS has been applied to the contralesional
cortex to improve motor function in stroke patients (Khedr et al. 2009). fMRI functional
connectivity studies have shown that inhibitory rTMS to contralesional motor cortex results
in decreased pathologic inhibitory coupling from contralesional to ipsilesional motor cortex,
as well as a increased ipsilesional SMA-M1 coupling; the decrease in the pathologic
inhibitory coupling from contralesional to ipsilesional motor cortex is correlated with the
observed improvement in motor function (Grefkes et al. 2010). Another recent study found
that the reported antidepressant efficacy of rTMS of different prefrontal sites is related to the
functional connectivity of each site with the subgenual cingulate cortex (Fox et al. 2012),
suggesting that successful rTMS therapy is dependent on modulation of the entire network
rather than just a local prefrontal region. Thus, an appreciation of the network effects of
focally applied TMS can provide critical insights into brain function under both normal and
pathologic circumstances, identify how rTMS modulates human cognition and behavior, and
potentially guide the therapeutic use of rTMS in neuropsychiatric disease (Shafi et al. 2012).
In this study, we aim to expand such insights by using graph theory techniques to evaluate
the effects of cTBS on EEG functional connectivity networks.

The identification of complex functional connectivity networks in the human brain has led to
the use of graph theory techniques in the analysis of network topologies. Mathematically,
networks are represented as graphs, which are groups of interacting entities (nodes),
connected by lines (edges) indicating which pairs of nodes directly interact. These nodes can
represent neurons, populations of neurons within different anatomical brain regions, or the
locations of sensors which measure neural activity (as in EEG). Certain important generic
network properties depend solely on the topological properties of the underlying networks,
regardless of the details of the underlying network function. One important property, the
clustering coefficient, evaluates the degree of connectivity within local regions. High
clustering is associated with local information processing efficiency (Bullmore and Sporns
2009; Latora and Marchiori 2003; Reijneveld et al. 2007). Another important property, path
length, describes the average distance between any two nodes of the network, and is
inversely related to the global efficiency of information transfer. A number of EEG and MRI
studies have applied graph theoretic analyses to human brain networks, and the results
support the notion that human brain networks have a “small-world” topology, an
architecture with high local and global processing efficiency (Achard and Bullmore 2007;
Reijneveld et al. 2007). Alterations of “small-world” network topologies have been
implicated in human diseases such as Alzheimers (Stam et al. 2007, 2009), schizoprenia
(Rubinov et al. 2009; van den Heuvel et al. 2010) and multiple sclerosis (He et al. 2009;
Schoonheim et al. 2011; Shu et al. 2011). More recently, it was shown that facilitatory
anodal transcranial direct current stimulation (tDCS) applied to the left primarymotor cortex
produced increased EEG synchronization within the left hemisphere, as well as
interhemispheric desynchronization in the a, p and high-y bands (Polania et al. 2011a).
Another study demonstrated increased fMRI resting state functional connectivity after left
motor tDCS in distant brain regions, and an increase in mean path length within the
stimulated region (Polania et al. 2011b). Thus, noninvasive brain stimulation may produce
widespread changes in the topology of brain functional connectivity.
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TMS is currently used in a variety of experimental settings aimed at elucidating the
mechanisms of human cortical function, and is also under investigation as a therapeutic tool
in a numerous neuropsychiatric diseases. However, to our knowledge, functional
connectivity network analysis techniques have not previously been applied to investigate
how cTBS alters the topology of human cortical networks. In the present study, we
investigate how continuous theta-burst stimulation rTMS, a procedure that typically leads to
inhibition of local cortical output, alters network topologies and graph theoretical measures.
Continuous theta-burst stimulation was applied to left primary motor cortex, and 31-channel
EEG was recorded before and after cTBS, in the resting state. Offline, EEG activity was
bandpass filtered to isolate component signals into different frequency bands of
physiological interest. Functional connectivity between different surface brain regions
(“nodes”) was then determined, and the changes in functional connectivity after cTBS were
assessed. The resulting network graphs were evaluated for spatial patterns of alterations and
for changes in measured graph theoretic parameters.

In keeping with the previous literature (e.g. Jing and Takigawa 2000), we hypothesized that
the inhibitory cTBS protocol utilized here would result in decreased functional coupling of
the stimulated region with other areas. However, previous literature also suggests that the
changes in excitability of the stimulated region may produce widespread alterations in
functional connectivity extending beyond the site of stimulation, particularly in other
cortical motor network regions (Bestmann et al. 2004); for example, decreased
interhemispheric inhibition from the stimulated motor cortex might result in increased
functional coupling contralaterally (Grefkes et al. 2010). We further hypothesized that these
shifts in functional connectivity would lead to an alteration of network topology, with
changes in graph theoretic measures related to local and global information processing.
Specifically, increased functional coupling within the motor network might lead to an
increase in the clustering coefficient, while disconnection of the stimulated motor region
might result in an increase in mean path length.

Materials and Methods

Subjects

The study involved 13 healthy volunteers (4 men and 9 women; mean age, 35.2 £ 19.8
years; range 20-67 years). All subjects gave informed consent. None of them suffered from
any significant neurological disorder, and none had any implanted metallic electrical
devices. The experiments conform to the Declaration of Helsinki and were approved by the
Human Subjects Institutional Review Board of the Beth-Israel Deaconess Medical Center.
All subjects provided informed consent prior to inclusion in the study.

Transcranial Magnetic Stimulation

We applied the continuous TBS paradigm (Huang et al. 2005) as three pulses of 50 Hz
stimulation repeated at 200 ms intervals for 40 s (600 pulses), with the stimulus intensity set
at 80 % active motor threshold. TMS was delivered using a hand-held figure-eight coil
attached to a Magstim Super Rapid stimulator. The coil was placed tangentially to the scalp
with the handle pointing posteriorly for all stimulation. All stimulation was applied over the
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hand area of the left motor cortex and individually localized for each participant based on
the optimal position for eliciting MEPs in the right FDI. In order to precisely target the
stimulation site (primary motor cortex) and keep the brain target constant throughout the
stimulation session, we used a frameless stereotactic neuronavigation system (Brainsight,
Rogue Inc).

Electroencephalography

Figure 1 schematically summarizes all steps of pre- and post-processing. EEGs were
recorded while subjects sat in a comfortable reclined chair. EEG was recorded for at least 30
min with the subject in the eyes-closed, awake, resting state, after which the subject received
cTBS. Afterwards, an additional 10 min of EEG data was recorded with the subject in the
eyes-closed, awake, resting state. We chose to test subjects with eyes closed to reduce the
presence of eye movement and muscle artifacts. EEGs were recorded with an AFz reference
using a Brainvision Brainamp DC system, with DC amplifiers to minimize the artifact
induced by the TMS pulse. EEGs were recorded at the following 31 positions of the
international 10-10 system: Fpl, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C5, C3,
C1, Cz, C2, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, Oz, and O2. Electrode
impedances were kept less than 5 kQ throughout the experiment. The EEG data was
recorded with a sampling frequency at 512 or 1,024 Hz. The EEG data was subsequently
processed offline.

Preprocessing

EEG data recorded with a sampling frequency of 1,024 Hz was down-sampled to 512 Hz to
match the remaining data. EEG data was subsequently converted to an average reference
format. We utilized the following procedure for identifying and rejecting data segments
corrupted by artifacts: Low-frequency drifts were removed by first convolving the data in
each channel with a broad Gaussian filter with a standard deviation of 2 s and subtracting
the result from the raw data. The resulting detrended data was subjected to a semi-automatic
artifact rejection procedure involving thresholding the data to highlight and remove high-
amplitude artifactual events, eye blinks, and muscle artifact. Continuous segments of 3-
seconds duration were identified in this artifact-free data, and these data segments were then
bandpass filtered using a finite impulse response filter (EEGLAB (Delorme and Makeig
2004) function eegfilt), with the filter order set to 3 times the sampling rate divided by the
lower edge of the frequency passband, to isolate EEG activity within each of the following
frequency bands: 4-30 Hz (broad band), 4-8 Hz (theta), 8-13 Hz (alpha), 13-18 Hz (low
beta), 18-24 Hz (mid-beta) and 24-30 Hz (high beta). A segment length of 3 s was chosen
to ensure accurate bandpass filtering at the lowest analyzed frequency. The subsequent
functional connectivity analysis was conducted on these 3-second bandpass filtered data
segments.

Functional Connectivity Analysis

Functional connectivity between all pairwise combinations of the 31 EEG channels was
computed independently for each 3-second data segment utilizing the Matlab (The
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Mathworks, Natick, Massachusetts) cross-covariance function xcov. The cross-covariance of
two sequences x and y at lag mis:

N—|m|—1 1N~1 . 1N—l
| " E (=5 (-5 ma
czz(—m) m<0

The cross-covariances were normalized so that the auto-covariances at zero lag are
identically equal to 1.0. The functional connectivity value between two electrodes for a
given data segment was defined as the maximum cross-covariance (MC) value of the two
electrodes, where the maximum is computed by searching over lags (m) of £300 ms. The
mean functional connectivity for each electrode pair (for each frequency band and subject)
was then defined for the pre-cTBS and post-cTBS periods by averaging the MC values for
all of the 3-second data segments within each time period. We also constructed grand
average max-covariance matrices pre- and post-cTBS in each frequency band by averaging
(across subjects) the mean functional connectivity value for each electrode pair.

Changes in Functional Connectivity After cTBS

We evaluated for significant changes in functional connectivity (mean MC value) after
cTBS for each subject and frequency band. For each individual subject, the nonparametric
two-sample Kolmogorov—-Smirnov test was used to identify significant changes in the
distribution of MC values after cTBS for each electrode pair. A significance threshold of p <
0.05 (Bonferroni-adjusted for the total number of connections tested) was applied. For the
grand-average functional connectivity data, the paired-sample t test was used to compare the
mean of the single-subject max-correlation values for each electrode pair, before and after
cTBS, across all subjects using an (uncorrected) significance threshold of p < 0.0005. To
assess for global effects of cTBS on MC values in each frequency band, a 2-factor ANOVA
was performed with frequency band as one factor, period (pre- vs post-cTBS) as the second
factor, and the single-subject mean (across electrodes) MC values as the observations.

Anterior—Posterior and Hemispheric Patterns, and Statistical Analysis

To quantitatively examine patterns of changes in functional connectivity after cTBS, we
grouped connections along the anterior-posterior and right-left axes, and performed
statistical tests on these groups. In the anterior-posterior analysis, the EEG channels were
first partitioned into anterior, central or posterior regions. The anterior region consisted of
the following channels: Fpl, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, and FC6. The central
region consisted of the following channels: T7, C5, C3, C1, Cz, C2, C4, T8. The posterior
region consisted of: CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, Oz, O2. If both electrodes
were anterior, or if one electrode was anterior and the other was central, then the connection
between the two was labeled an “anterior” connection. If both electrodes were posterior, or
if one was posterior and the other central, the connection was labeled a “posterior”
connection. Connections where one electrode was from the anterior region and the other was
from the posterior region were defined as “interregional.” Connections between two central
electrodes were ignored during subsequent analyses.
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For each subject, we then calculated the percentage of connections changed after cTBS for
each connection type (anterior, posterior or interregional) in each frequency band. A 2-factor
repeated measures ANOVA (with connection type and frequency band as the two factors,
and the percentage of connections changed as the observations) was used to assess for
significant main effects and interactions, at a significance threshold of p < 0.05. Ifa
significant main effect was identified, post hoc t tests were conducted, and a Bonferroni-
adjusted significance threshold of p < 0.05 was applied. Similar statistical analyses were
conducted with the percentage of connections unchanged after cTBS as the observations,
and again with percentage of connections strengthened and percentage of connections
weakened. We also calculated a modulation index (percentage of connections changed/
percentage of connections present) as well as a strengthening index (percentage of
connections strengthened x 2/percentage of connections changed) for each subject as a
function of frequency band and connection type, and a similar statistical analysis was
conducted on each of these measures as well.

To analyze within hemisphere changes in connectivity following cTBS, the EEG channels
were first partitioned into left hemispheric, right hemispheric and midline subsets according
to standard EEG convention (left hemispheric—Fp1, F7, F3, FC5, FC1, T7, C5, C3, C1,
CP5, CP1, P7, P3, O1; right hemispheric—Fp2, F8, F4, FC6, FC2, T8, C4, C2, CP6, CP2,
P8, P4, O2; midline—Fz, Cz, Oz). If both electrodes were right hemispheric, or if one of the
electrodes was right hemispheric and the other was midline, the connection between the two
was labeled a “right intrahemispheric” connection. If both electrodes were left hemispheric,
or if one electrode was left hemispheric and the other was midline, the connection was
labeled a “left intrahemispheric” connection. If one electrode was right hemispheric and the
other was left hemispheric, the connection was labeled “interhemispheric.” Connections
between two midline electrodes were ignored. Subsequent statistical analysis was conducted
following the same approach as described above for the connections grouped according to
region.

Undirected Graphs

To evaluate changes in network topologies after cTBS, we constructed undirected graphs in
both the pre-cTBS and post-cTBS period. For each subject, the mean functional connectivity
within each frequency band was calculated for all possible pairwise electrode combinations,
resulting in a 31 x 31 matrix, where each entry N;; contained the mean value (across data
segments) of the maximum cross-covariance measured for that electrode pair, MC;;. Then,
for each individual data set (and for the grand average across subjects), an undirected graph
was constructed consisting of 31 nodes (EEG channels), with the presence or absence of
edges (&;) connecting each node pair determined by applying a threshold T to the max-
covariance matrix, such that gj = 1 if Njj > T, and g; = 0 if Njj < T. Hence, if the functional
connectivity (mean MC value) between two EEG channels i and j was greater than the value
T, an edge was defined as being present between them.

In one set of analyses (fixed-density analyses), for each subject (and for the grand average
across subjects), the threshold was set independently for the pre-cTBS and post-cTBS
periods to produce the same mean connectivity degree in each period (over a range of mean
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connectivity degrees—see below). As an illustrative example, we set the threshold in both
periods to produce networks with a mean connectivity degree of four connections per node
in either period. The resulting graphs had exactly 62 connections, (resulting in an average
connection density of four connections per node), in both the pre-cTBS and post-cTBS
periods for each subject.

In the second set of analyses (variable-density analyses), the threshold was set for each
subject to produce a specific mean connectivity degree in the pre-cTBS networks, and then
the same threshold was applied to the post-cTBS data. For example, the threshold could be
set to produce networks with exactly 62 connections (an average connection density of four
connections per node) in the pre-cTBS graphs; the same threshold was then applied to the
post-cTBS graphs, which could result in networks with varying numbers of connections.

Both the fixed-density analyses and the variable-density analyses were performed
systematically over a range of thresholds, resulting in networks with average connection
densities ranging from two connections per node, up to sixteen connections per node. We
subsequently evaluated the anterior—posterior and hemispheric patterns of connectivity,
analogous to the evaluation of regional and hemispheric changes in connectivity described
in the previous section. For both the fixed-density and variable-density networks obtained
for each subject at each frequency band and density, connections were defined as “anterior”,
“posterior”, or “interregional” as described in the previous section. We then determined the
percent of possible connections present in either period, the percent present but unchanged
by cTBS, the percent changed, the modulation index, and the strengthening index for each
connection type. A two-way repeated measures ANOVA was performed in each frequency
band, with connection type (anterior, posterior or interregional) as one factor, density as the
second factor, and the percent of connections present (or the percent of connections
changed, the modulation index, or the strengthening index) as the observed variable. Post-
hoc testing of the significance of marginal means was performed using Tukey’s HSD, while
pairwise comparisons between cell means was performed using paired t tests.

Graph Theory Analysis

The two most commonly evaluated graph theory statistics include the clustering coefficient
and path length. The clustering coefficient evaluates the degree of connectivity within local
regions; networks with higher clustering are said to have greater local efficiency of
information processing and robustness. The path length is a measure of the connectivity
distance between all the nodes of a network; in networks with high average path length, the
distance between any two nodes (i.e. the number of edges that must be traversed in traveling
from node a to node b) is large, and therefore the global efficiency of information processing
is low. The graph theory metrics of node degree, clustering coefficient (C) and path length
(L) were calculated for the undirected graphs constructed via the methods described above.
For each node i, the clustering coefficient C; assesses the proportion of neighboring vertices
(i.e. vertices directly connected to the node in question) that are connected to each other.
The value of the clustering coefficient is therefore always between 0 and 1, and the mean
clustering coefficient C for a graph is simply the average of the clustering coefficients for all
the nodes of that graph. The path length Ljj between any two nodes i and j is the distance
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(the minimum number of edges that must be traversed) from i to j. Conventionally, the mean
path length L for a graph is simply the mean of the path lengths between all the nodes of the
graph. However, in networks with unconnected nodes, as in this study, the mean path length
is infinite.

To avoid this problem, the mean path length L calculated in this study is actually the
“harmonic mean”, which assigns a value of +0o to unconnected node pairs, and then
calculates the mean path length as follows (Newman 2003):

%n(n -1

= anl n 1
i=1 j=i+1 Li]

The mean clustering coefficient C and mean path length L were determined for each subject
in each frequency band at each network density, both pre-cTBS and post-cTBS. For each
measure, a 2-factor repeated-measures ANOVA (with pre- versus post-cTBS as one factor,
and density as a second factor) was performed in each frequency band to assess for
significant main effects, and post hoc testing was performed using paired t tests. We also
assessed the node degree for each electrode before and after cTBS for each subject at every
network density, in each frequency band. A 2-factor repeated-measures ANOVA (with pre-
vs post-cTBS as one factor, density as the second factor, and node degree as the
observations) was performed in each frequency band, and nodes that showed a significant
main effect of time period (pre- vs post-cTBS) at a significance level of p < 0.001613
(Bonferroni adjusted p < 0.05 for the 31 electrodes) were identified in each frequency band.

Patterned Network Connectivity Changes After cTBS

A 31 x 31 channel matrix, consisting of the max-correlation values for each electrode pair,
was obtained for each subject before and after cTBS, and significant changes in connectivity
were assessed for each subject as described in the methods section above. While there was
substantial variability in the specific connectivity changes seen in different subjects, several
common patterns were present across subjects. For example, in the broadband (4-30 Hz)
frequency range, there was an anterior-predominant strengthening of connectivity after
cTBS (Fig. 2). Figure 3a shows the grand average (across all subjects) MC matrices before
and after cTBS in the broadband (4-30 Hz) range; connections are ordered based first on
hemisphere (all left hemispheric before all right hemispheric), then region (frontal, central or
posterior), and finally from lateral to midline (for example, F7 before F3). Some broad
patterns are immediately visible, such as an increase in max correlation values between left
(1-9) and right (19-26) frontocentral channels. When the connections with significant
changes in functional connectivity (unadjusted p < 0.0005) after cTBS across all subjects are
identified for each frequency band, frequency-specific, region-specific and hemisphere-
specific patterns in connectivity changes can be seen (Fig. 3b). There is a widespread
decrease in functional connectivity in the alpha band. There is also an increase in functional
connectivity in the high-beta and broad bands, most prominent anteriorly. In the theta band,
there appears to be an increase in connectivity between anterior interhemispheric
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connections, with a concomitant decrease in connectivity between posterior, interregional or
short-range connections. Interhemispheric connections are more likely to be altered than
intrahemispheric connections. These changes are analyzed in further detail below.

Alpha-band Decreases and Beta-band Increases in Functional Connectivity After cTBS

The percent of connections significantly changed for individual subjects after cTBS varies
significantly as a function of frequency band (F(5,60) = 7.0; p < 0.001), as does the percent
of connections strengthened (F(5,60) = 10.8, p < 0.001), the percent of connections
weakened (F(5,60) = 11.3, p < 0.001), and the strengthening index (F(5,60) = 11.3, p<
0.001). A greater percentage of connections were changed in the alpha band (8-13 Hz) than
in the beta bands (13-18, 18-24, and 24-30 Hz), with the least connections changed in the
theta (4-8 Hz) frequency band (Fig. 4). When the percentage of connections strengthened
after cTBS is evaluated, there is once again a main effect of frequency (F(5,60) = 10.8, p <
0.0001), with post hoc testing demonstrating significantly (Bonferroni-adjusted p < 0.05)
more connections increased in the high-beta (24-30 Hz) band than in the low-beta, mid-beta
or theta bands (Fig. 4b). There are significantly fewer connections strengthened in the alpha
band than in any other frequency band. In comparison, significantly more connections are
weakened in the alpha band than in any other frequency band (Fig. 4c). Consequently, the
strengthening index (see Materials and Methods for definition) is significantly higher in the
high-beta band than in any other frequency band, and is significantly lower in the alpha band
(Fig. 4d). In addition, there is also a significant interaction between frequency band and
period (pre- vs post-cTBS) for the raw mean (across electrodes) max-correlation values
(F(5,60) = 25.7, p < 0.001). Specifically, there is a significant decrease in mean max-
correlation values after cTBS in the alpha band (p < 0.001), and a significant increase in
mean max-correlation values after cTBS in the high-beta band (p = 0.027).

Anterior Connections are Strengthened After cTBS

The percent of connections significantly changed after cTBS varies as a function of region
(F(2,24) = 6.6; p = 0.005), as does the percent of connections strengthened (F(2,24) = 11.5,
p < 0.001), and thus the strengthening index (F(2,24) = 15.0, p < 0.001). A significantly
(Bonferroni- corrected p < 0.05) greater percentage of connections within the anterior region
are altered after cTBS than for posterior and interregional connections (Fig. 4a); specifically,
more of the anterior connections are strengthened than for either the posterior or
interregional connections (Fig. 4b). There is no main effect of region for the percent of
connections weakened, although on visual inspection fewer connections appear to be
weakened in the anterior region than in other regions across frequency bands (Fig. 4c).
However, the strengthening index is significantly (Bonferroni-corrected p < 0.05) higher for
anterior connections than for the posterior or interregional connections (Fig. 4d).

Interhemispheric Connections are Strengthened

A significant main effect of hemispheric connection type is present for the percent of
connections significantly changed after cTBS (F(2,24) = 6.1, p = 0.007), the percent of
connections strengthened after cTBS (F(2,24) = 11.7, p < 0.001), the percent of connections
weakened (F(2,24) = 5.1, p = 0.01), and the strengthening index (F(2,24) = 8.5, p = 0.002).
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Significantly more of the interhemispheric connections are altered than within either set of
intrahemispheric connections (Bonferroni-corrected p < 0.05; Fig. 5a). Specifically, more
interhemispheric connections are strengthened (Fig. 5b), and fewer interhemispheric
connections are weakened (Fig. 5¢).Consequently, the strengthening index is significantly
(Bonferroni-corrected p < 0.05) higher for the interhemispheric connections than for either
the right or the left intrahemispheric connections (Fig. 5d), across all frequency bands.

No Significant Correlation Between Age and cTBS-induced Connectivity Changes

There was no significant correlation between the age of the subjects and the number of
connections changed in any frequency band (r2 < 0.17 in all bands; p > 0.1 uncorrected in
each band). There was also no significant correlation between the age of the subjects and the
mean absolute change in connection strength for each subject (r2 < 0.10 in all bands; p > 0.1
uncorrected in each band).

cTBS Primarily Modulates Interhemispheric and Anterior/Interregional Connections of
Moderate Initial Strength

Undirected graphs were constructed for the EEG data recorded before and after cTBS by
applying a threshold T to the maximum cross-covariance values. In the fixed-density
networks, the threshold was set independently for the pre-cTBS and post-cTBS data to
produce graphs with the same mean connectivity degree in each period; a series of networks
were constructed with mean connectivity degrees ranging from 2 to 16. To illustrate, Fig. 6a
shows the networks resulting when the thresholds are adjusted to produce networks with a
mean connectivity degree of four in each period (i.e. each electrode is connected with four
other electrodes, on average). At this connection density, there appears to be a structural
core consisting of short-range local intrahemispheric and intraregional connections that is
present bilaterally both before and after cTBS, while longer-range interhemispheric and
interregional connections are modulated.

The distribution of connections within vs between hemispheres varied as a function of
network connection density (Fig. 6b and c). For example, in the broad band, there is a main
effect of hemisphere (F(2,24) = 52.1, p < 0.001) for the percent of stable connections
(present both before and after cTBS), with significantly fewer interhemispheric than left
(marginal means 20.0 vs 26.3 %, p < 0.05) or right (marginal means 20.0 vs 26.3 %, p <
0.05) connections (Fig. 6b). However, there was also a significant interaction between
connection density and the hemispheric distribution of stable connections (F(28,336 = 22.9;
p < 0.001), with no significant difference (p > 0.05 uncorrected) between the number of
interregional versus left or right connections at mean connection densities greater than 13
connections per node. In contrast, when looking at modulation by cTBS, the
interhemispheric connections are more likely to be modulated by cTBS across connection
densities (F(2,24) = 66.9; p < 0.001) than either the left connections (marginal means 53.9 %
modulated vs 29.0 %, p < 0.05) or right connections (marginal means 53.9 vs 31.8 %, p <
0.05) (Fig. 6C); this difference remained significant at all densities (p < 0.001 uncorrected).
Taken together, these results suggest that within each hemisphere, there is a population of
strong connections, as well as a population of weak connections, while the interhemispheric
connections are of moderate strength. The interhemispheric connections are the ones whose
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presence is most likely to be modulated by cTBS. Similar patterns were seen in other
frequency bands (see Supplementary Figs. 1-2).

The distribution of connections within the anterior or posterior regions versus connections
that cross from anterior to posterior regions also varied as a function of connection density
(broad band in Fig. 6d and e; other frequency bands in Supplementary Figs. 3—-4). For the
percent of stable connections (unchanged by cTBS), along the anterior—posterior axis, there
is a main effect of connection region (F(2,24) =5.1; p = 0.01), with significantly more
unchanged connections present interregionally than posteriorly (Fig. 6d; marginal means
25.7 versus 22.0, p < 0.05). Additionally, there is a significant interaction (F(28,336) = 46.1,
p < 0.001), with fewer interregional than anterior or posterior unchanged connections when
thresholds are applied to produce networks with low connection densities, but greater
interregional than anterior or posterior connections at high connection densities (Fig. 6d).
These findings are consistent with the presence of numerous connections of moderate
strength between regions, versus distinct smaller sets of strong and very weak connections
within each region. At low connection densities, the interregional connections between
anterior and posterior regions are the ones whose presence is most likely to be modulated by
cTBS, while at high connection densities the connections within the anterior region are most
likely to be modulated (Fig. 6e). Again, similar patterns are present in other frequency bands
(Supplementary Figs. 3—-4).

For the variable-density networks, the threshold was set to produce graphs with a specific
mean connectivity degree before cTBS, and this same threshold was then applied to the MC
values after cTBS. To illustrate, Fig. 7a shows the networks that result when the threshold is
set to produce a connection density of four connections per node in the pre-cTBS period.
There are clear frequency-specific differences in the induced network changes. Specifically,
there are fewer edges (connections) in the post-cTBS network than in the pre-cTBS network
in the alpha frequency band (strengthening index <1), while there are more edges in the
post-cTBS than pre-cTBS network in the beta frequency bands (strengthening index >1).
The decrease in the number of alpha-band connections after cTBS is seen across network
densities, although with shifting regional and hemispheric prevalence (Fig. 7b and c). In
comparison, the increase in the number of connections after cTBS in the high-beta band also
occurs regardless of connection density, but with the greatest effects consistently seen in
anterior and interhemispheric connections (Fig. 7d and e).

cTBS Produces Changes in Graph Theory Statistics

Graph topological indices were systematically calculated for the fixed-density networks
across densities. For the clustering coefficient, there is a significant main effect of pre-
versus post-cTBS period, with an increase in clustering after cTBS in the broad-(Fig. 8a;
F(1,12) = 5.3, p = 0.04), theta-(Fig. 8b; F(1,12) = 28.9; p < 0.001) and low-beta-(Fig. 8c;
F(1,12) = 7.3; p = 0.02) bands. There is no significant effect of period on the path length in
any frequency band (not shown). The increase in the clustering coefficient after cTBS is not
simply due to an increase in connectivity between geographically close electrodes, as there
is no relationship between inter-electrode geodesic distance and the change in connectivity
strength after cTBS (Supplementary Fig. 5). Finally, in the variable-density networks, we
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assessed changes in node degree after cTBS for each frequency band, to determine which
electrodes show the greatest changes in connectivity (Fig. 8d). In the theta band, there was a
significant decrease in node degree (F(1,12) > 16.4, Bonferroni corrected p < 0.05) for the
C1 and Cz electrodes, as well as a significant increase for the F8 electrode. In the alpha
band, there were significant decreases in node degree in a region immediately anteromedial
to the site of stimulation (the FC1, FC2, Fz, C1 and Cz electrodes), as well as in posterior
regions (P3, Pz, P4, O1, Oz). In the high beta band, there were significant increases in
connectivity in the left frontocentral region (Fpl, F7, FC5), as well as in the F8 and CP2
electrodes. There were no significant changes in node degree in the broad, low-beta or mid-
beta bands. Consequently, the global mean connectivity degree is decreased in the alpha
frequency band (F(1,14) = 16.6, p = 0.0015), while the global mean connectivity degree is
increased in the high-beta frequency bands (F(1,14) = 12.01, p = 0.005).

Discussion

Network Connectivity Changes After cTBS

In the present study, we applied network analysis techniques to understand the changes that
occur in EEG functional connectivity networks after cTBS is applied to primary motor
cortex. The continuous theta-burst technique that was applied has previously been shown to
produce a significant decrease in cortico-spinal excitability, as measured via motor-evoked
potentials (Huang et al. 2005). Di Lazzaro et al. (2005) have shown that this decrease in
MEP size is due to a decrease in the excitability of local cortical circuits generating the 11
wave of corticospinal output. Therefore, EEG seems well suited to further characterize the
neurobiological substrate of the lasting modulatory effects of cTBS of brain excitability.

We found that after cTBS was applied to the primary motor cortex, there was a frequency-
specific change in the pattern of connectivity, with significant decreases in functional
connectivity in the alpha band, and significant increases in functional connectivity in the
beta and broad bands. There was also a regional specificity in the pattern of EEG functional
connectivity changes, with significant changes noted most commonly in the anterior/
interregional and interhemispheric connections. When EEG network topologies were
examined before and after cTBS, intrahemispheric connections were commonly present both
before and after cTBS, whereas interhemispheric connections were less prevalent, especially
at lower connection densities, but were more likely to have been altered. The subsequent
graph theoretical analysis revealed that there was a significant increase in the clustering
coefficient, and thus efficiency of local information processing, in the broadband, theta and
low-beta frequencies. The nodal connectivity degree of a subset of nodes anteromedial to the
stimulation site was decreased after cTBS, particularly in the theta and alpha bands,
suggesting that the connectivity of these electrodes with the rest of the brain was decreased.
In contrast, there was an increase in nodal degree (connectivity) in the left frontocentral,
right frontal and right centro-parietal region after cTBS in the high beta band. Thus, the
results suggest that cTBS results in a patterned modulation of EEG functional connectivity
and network topology in the human brain. Since cTBS was applied at an intensity low
enough to avoid induction of motor twitching, the changes in EEG networks are unlikely to
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be caused by afferent input following cortico-spinal effects of TMS, and instead presumably
reflect the direct cortical network impact of TMS.

Previous studies utilizing a variety of neuroimaging techniques have demonstrated that
rTMS applied to a single area modulates the activity of widespread cortical networks
(Bestmann et al. 2003, 2005; Chouinard et al. 2003; Jing and Takigawa 2000; Plewnia et al.
2008). Furthermore, a number of studies combining rTMS with EEG have shown that rTMS
to a given cortical region alters the functional connectivity of that region with other cortical
areas (Chen et al. 2003; Fuggetta et al. 2008; Jing and Takigawa 2000; Oliviero et al. 2003;
Plewnia et al. 2008; Strens et al. 2002), with the precise pattern of changes varying as a
function of particular rTMS protocol applied and frequency band analyzed. However, one
consistent finding across all studies was that the biggest changes were seen in the alpha
band, such that high-frequency rTMS generally produces decreases in alpha-band
coherence, while low-frequency rTMS generally is to found result in increased coherence in
the alpha band (although an increase in alpha-band coherence was noted after high-
frequency rTMS in Jing and Takigawa (2000). Notably, however, none of the previous
studies evaluating EEG functional connectivity changes after rTMS utilized a theta-burst
stimulation protocol, as in this study. Similarly, Polania et al. (2011a) applied anodal
(facilitatory) tDCS to the left motor region, and utilized functional connectivity network
analysis techniques to demonstrate that in resting state networks tDCS produced increased
synchronization within the frontal regions in the theta, alpha and beta bands. During task
performance, there was a frequency band-dependent increase in synchronization within the
ipsilateral hemisphere, as well as significant interhemispheric desynchronization in the a,
and high-y bands.

Our study represents the first analysis of network-level connectivity changes after cTBS
rTMS. Some of the results are consistent with and extend previous research, such as the
finding that the largest changes are in the alpha band. In contrast, the dissociation between
the functional connectivity changes in the different frequency bands (decreased after cTBS
in the alpha band, increased in beta) is a novel finding, and suggests that the cTBS protocol
used in this study has differential effects on the functional architectures that underlie these
different frequencies. This study is also the first to assess changes in network topologies
after cTBS, and the resulting effects on graph theoretic measures of information processing
efficiency.

Regional and Band-specific Changes in Functional Connectivity

Our study demonstrates clear frequency band- and region-specific effects of cTBS on
functional connectivity. Across subjects, the most frequent changes occur in the alpha band
(Figs. 4, 5, 6, 8), in which a substantial majority of connections show decreased functional
connectivity after cTBS in all regions (Figs. 3, 4, 5, 7). These findings are consistent with
previous work demonstrating that rTMS modulates alpha-band functional connectivity
(Brignani et al. 2008; Hamidi et al. 2009; Jing and Takigawa 2000; Oliviero et al. 2003;
Schindler et al. 2008; Strens et al. 2002). However, the direction of the change (a significant
decrease in alpha-band connectivity following exposure to an cTBS protocol known to
generally suppress cortical excitability) conflicts with some of the previous results. This
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difference may be due to the different stimulation protocol (cTBS instead of fixed-frequency
rTMS) used in this study. Another explanation is that the analysis techniques were different
in the other studies. For example, Strens et al. (2002) used a simple coherence analysis with
bipolar derivations, thus potentially underestimating the TMS induced changes. Brignani et
al. (2008) and Hamidi et al. (2009) did not test for connectivity changes after rTMS, but
over frequency power; moreover Hamidi et al. (2009) tested the effects during a working
memory task. A large number of connections are also altered in the high-beta (24-30 Hz)
band. However, in contrast to the decrease in alpha-band connectivity, functional
connectivity within the beta band is increased after cTBS (Figs. 4, 5,7), most prominently in
the anterior regions (Fig. 4). Furthermore, functional connectivity in the theta band tends to
increase in frontal regions after cTBS, but decreases in posterior regions and between
regions (Fig. 4). Consequently, we demonstrate a dissociation between the effects of cTBS
in the different frequency bands and across regions.

Increases in alpha activity have traditionally been associated with predominantly inhibitory
activities, with decreases in alpha coherence seen in a variety of cognitive tasks (Klimesch et
al. 2007; Neuper and Pfurtscheller 2001; Pfurtscheller 2003), although recent studies have
disputed this interpretation (Palva and Palva 2007). Notably, recent studies have reported a
decrease in alpha-band functional connectivity in the ipsilesional central electrodes in
patients with stroke, and alpha-band connectivity was correlated with motor task
performance (Dubovik et al. 2012). Increases in high-frequency activities, typically gamma-
band, have also been associated with active information processing, and perhaps binding of
information across regions (Buzsaki and Draguhn 2004; Fries et al. 2007; Gregoriou et al.
2009; Jutras et al. 2009). Furthermore, increases in beta and gamma-band functional
connectivity either in preparation for or during motor tasks have been reported within the
sensorimotor network, frontal eye fields, and prefrontal cortices (Wheaton et al. 2005;
Bardouille and Boe 2012; Herz et al. 2012). In this study, a global decrease in functional
connectivity was seen in the alpha band, along with a frontally-predominant increase in
functional connectivity within the high-beta band. There were also complex spatially
segregated changes in theta band functional connectivity after cTBS. These changes in
functional connectivity values resulted in a decrease in alpha-band (and to a lesser degree
theta-band) nodal degree anteromedial to the site of stimulation (Fig. 8d), and an increase in
nodal degree in the beta bands in the left frontocentral, right centroparietal and right frontal
regions. Taken together, these results suggest the hypothesis that there is a decrease in
inhibitory global functional connectivity, and a functional disconnection of the region
anteriomedial to the site of stimulation. The decreases in alpha-band connectivity in the
electrodes anteromedial to the site of stimulation may be related to the decreased excitability
of motor cortex typically produced by cTBS to this region. The increase in the clustering
coefficient noted in the graph theoretic analysis, discussed further below, is also consistent
with this hypothesis.

At first glance, the complex spatially segregated changes in theta-band functional
connectivity (especially the decrease in nodal degree at the site of stimulation) seen in the
present study may appear to conflict with recent studies in which short bursts of rTMS
entrain cortical oscillations in the relevant frequency band (Hamidi et al. 2009; Thut et al.
2011), with implications for cognitive performance (Klimesch et al. 2003; Hamidi et al.
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2009; Thut et al. 2011; Romei et al. 2011). However, in those prior studies, rTMS was
applied as short trains (5-30 pulses) in frequencies that typically cause increases of cortical
excitability. In contrast, in the current study, a different stimulation protocol (inhibitory
continuous theta-burst stimulation) with a more complex stimulation pattern (3 pulses at 50
Hz repeated at 5 Hz, versus a fixed frequency stimulation in the prior studies) was applied
for a longer period of time, and at significantly lower intensity (80 % AMT in the current
study, vs 100 % phosphene threshold in the study of Thut et al. 2011, and 110 % RMT in the
study of Hamidi et al. 2009). Thus, the different results could be attributed to different
stimulation paradigms. More importantly, changes in connectivity were assessed over longer
periods of time in the current study (10 min following at least 30 s after the end of cTBS
stimulation, versus in the seconds immediately after stimulation in the prior studies). While
the behavioral effects of short trains of TMS pulses may be accomplished through
entrainment of ongoing cortical oscillations, the long-lasting effects of longer TMS trains
are probably accomplished via a different mechanism (induction of synaptic plasticity), with
less predictable shifts in cortical rhythms.

Hemispheric Changes in Functional Connectivity

Even though cTBS was applied to the left motor cortex in our study, significantly more
interhemispheric connections were modulated than within the left (or right) hemisphere.
Furthermore, while the absolute change in functional connectivity strength varies as a
function of frequency, the interhemispheric connections were more likely to be strengthened
after cTBS than the intrahemispheric connections across all frequency bands (Fig. 5d).
Taken together, these findings suggest that the continuous theta-burst protocol used in this
study may increase functional coupling between the two hemispheres, and possibly decrease
MEP size, by increasing the interhemispheric inhibition to the target region, as may occur
after stroke (Grefkes and Fink 2011; Murase et al. 2004). Alternatively, the relative
strengthening of interhemispheric functional connectivity may be a result of recruitment of
contralateral brain regions to dynamically compensate for locally suppressed cortical
activity, as other work has suggested may also occur after stroke (Carter et al. 2010; Gerloff
et al. 2006; Lotze et al. 2006) and after inhibitory rTMS (O’Shea et al. 2007). Increased
coupling between the hemispheres and recruitment of contralateral brain regions may also
explain why focal left motor stimulation did not produce greater changes in the left than
right hemisphere.

Modulation of Network Topology

We explored the changes in network topology that occur after cTBS by examining the
undirected graphs that result from applying a threshold to the maximum-correlation values
for all electrode pairs. In one set of analyses, the thresholds for each time period (before and
after cTBS) were set independently to produce networks with an identical number of
connections in each period (fixed-density networks). In the resulting graphs,
intrahemispheric and intraregional connections that are present both before and after cTBS
are significantly more common than interhemispheric or interregional connections when the
thresholds are set to produce networks with low connection densities. In contrast, when
thresholds are set low to produce networks with high connection densities, the number of
stable interhemispheric connections is equal to the number of intrahemispheric connections,
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while the number of interregional connections is greater than the number of intraregional
connections. Thus, these graphs show that the majority of strong functional connections are
short-range or local, consistent with anatomical data demonstrating greater structural
connectivity between adjacent rather than distant cortical regions (Hagmann et al. 2008;
Kaiser and Hilgetag 2004; Lewis et al. 2009), and with prior EEG and fMRI studies
demonstrating greater functional connectivity between adjacent cortical regions (Honey et
al. 2009; Salvador et al. 2005; Srinivasan et al. 2007). However, these studies also show that
the connections between hemispheres and regions are of moderate strength, while there are
areas within hemispheres and regions that are only weakly connected. The presence of
moderately strong interhemispheric functional connectivity is consistent with the presence
of significant transcallosal anatomic connectivity between homologous areas, while the
moderately strong interregional functional connectivity is consistent with the presence of
functionally integrated, spatially distributed networks within regions. More importantly, the
presence of areas within hemispheres and regions that have a relative lack of functional
connectivity is consistent with the idea that the human brain is organized into anticorrelated
functional networks (Fox et al. 2005, 2009).

While the interhemispheric connections are significantly less common, especially at low
connection densities, their presence was significantly more likely to be modulated by cTBS
(i.e. present only before or after cTBS, but not in both periods). The interregional
connections are also less prevalent and more likely to be modulated by cTBS at low
connection densities, while the anterior connections are less prevalent and more likely to be
modulated by cTBS at high connection densities. Furthermore, these graphs also
demonstrated that global connectivity is decreased in the alpha bands, and increased in the
beta bands. Previous work has suggested that TMS has state-dependent effects, with a
number of studies demonstrating that single-pulse TMS preferentially affects the least active
neuronal populations (see Silvanto and Pascual-Leone (2008), for review). Furthermore,
fMRI work has suggested that TMS can either strengthen or weaken functional connectivity
depending on the initial activity states of the relevant regions (Bestmann et al. 2008).
Similar findings regarding state-dependency and preferential modulation of the
(presumptive) least active neuronal populations have also been demonstrated for theta-burst
rTMS protocols (Silvanto et al. 2008). This preferential modulation of less active
populations may provide an explanation for our finding that cTBS is more likely to affect
the strength of interregional and interhemispheric connections rather than intraregional or
intrahemispheric connections, even though the latter are more likely to be present.

Network Topological Changes

The graph theoretical analyses reveal that in the fixed-density networks, there is a significant
increase in the clustering coefficient after cTBS in the theta and low-beta bands, as well as
in the broad band. The clustering coefficient quantifies the degree to which the nearest
neighbors of a given node are connected to each other, and thereby represents a measure of
the degree of local connectivity (Bullmore and Sporns 2009; Reijneveld et al. 2007; Watts
and Strogatz 1998). High clustering has traditionally been interpreted as supporting a high
efficiency of local information processing, and robustness to random error or network
damage (Bullmore and Sporns 2009; Latora and Marchiori 2003). In contrast, the mean path
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length, which is the average of the minimum number of edges that must be traversed to go
from any one node to any other node, and is inversely related to the efficiency of global
information transfer (Bullmore and Sporns 2009; Latora and Marchiori 2003), did not
change. Networks with relatively high clustering coefficients and relatively short mean path
lengths are known as small world networks (Bullmore and Sporns 2009;Reijneveld et al.
2007; Watts and Strogatz 1998). Such small-world networks possess high complexity,
defined as a near optimal balance between local specialization and global integration
(Sporns et al. 2000). In the present study, after cTBS there is an increase in the local
efficiency of information processing in the theta, low-beta and broad bands, as indicated by
the increase in the clustering coefficient. The lack of significant changes in path length
within these bands indicates that there is no significant change of global efficiency. The
increase in local efficiency without loss of global efficiency suggests that the network adopts
a more “small-world” topology (Fig. 8b). Notably, a recent study reported an increase in
small-world properties and functional integration in the beta band during motor task
performance (Jin et al. 2012). The increase in clustering noted in the current study is
consistent with this finding, and suggests that the motor network may be dynamically
reorganizing to minimize the disruptive effects of the local “virtual lesion” produced by
cTBS. Importantly, the increase in clustering after cTBS was not simply due to an increase
in connectivity between anatomically close regions, highlighting that “clustering” in the
graph-theoretic sense does not necessarily imply anatomic proximity.

Conclusions

In summary, in the present study functional connectivity and network analysis techniques
reveal that after cTBS to motor cortex, there are significant widespread changes in cortical
functional connectivity, with the specific changes occurring in a region, hemisphere and
frequency-specific manner. These changes lead to shifts in the cortical functional network
topology, with implications for network complexity and efficiency of information
processing. Thus, network analysis techniques provide a highly promising tool for
evaluating the effects of brain stimulation paradigms on cortical function. Future studies
should combine such network analysis techniques with protocols directly assessing cortical
excitability, protocols targeting different brain regions, and with various behavioral
paradigms, to assess how TMS-induced network changes are related to changes in local
cortical excitability, cortical target region, and behavioral task performance.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Experimental setup and data processing for each subject. EEG was recorded for up to 30

min with the subject in the eyes-closed, awake, resting state. This was followed by
administration of 40 s of continuous theta burst repetitive TMS (cTBS). Afterwards, an
additional 10 min of EEG data was recorded with the subject in the eyes-closed, awake,
resting state. The EEG data was subsequently processed offline. The data was downsampled
to 512 Hz, re-referenced to an average reference, and then detrended. Segments of data with
artifact were subsequently removed, and multiple continuous 3-second segments of artifact-
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free data identified. Lagged max-covariance (MC) analysis was done on these 3-second
segments, then average max-covariance values for each electrode pair were obtained by
averaging across the values for individual 3 s segments. Subsequently a MC matrix was
built. The MC matrices were thresholded to produce undirected graphs. Electrodes were
grouped by hemisphere (left; blue = left, pink = right, clear = midline) or anterior—posterior
axis (right; blue = anterior, pink = posterior, clear = midline)
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Fig. 2.
Functional connectivity changes after cTBS. EEG channels with a significant (Bonferroni

adjusted p < 0.05) increase (red) or decrease (green) in functional connectivity, as measured
via lagged max-correlation, in the broadband (4-30 Hz) frequency range, for each of the 12
subjects with significant changes in functional connectivity after cTBS (1 subject had no
significant changes)
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Fig. 3.
Max-correlation matrices and average functional connectivity changes. a shows the mean

max-correlation matrices averaged across all subjects in the 4-30 Hz (broadband) frequency
range before (left) and after (right) cTBS. The order of the electrodes is: Fpl, F7, F3, FC5,
FC1,T7, C5, C3, C1, CP5, CP1, P7, P3, O1, Fz, Cz, Pz, Oz, Fp2, F8, F4, FC6, FC2, T8, C4,
C2, CP6, CP2, P8, P4, 02. b shows the EEG channels with significant (unadjusted p <
0.0005) changes in functional connectivity after cTBS, across subjects, in each of the
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different frequency bands. Connections with increased connectivity are illustrated in red,
connections with decreased connectivity are drawn in green
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Frequency and region-specific changes in connection strength. a The average (across
subjects) percentage of connections significantly changed after cTBS as a function of
frequency band and region. b The average percentage of connections strengthened after
cTBS. c The average percentage of connections weakened after cTBS. d The strengthening
index (percentage of connections strengthened x 2/percentage of connections changed); A
value greater than 1 indicates that more connections were strengthened than weakened,
whereas a value less than 1 indicates that more connections were weakened. A = connection
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between two anterior electrodes, P = connection between two posterior electrodes, IR =
interregional connection between an anterior and posterior electrode
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Fig. 5.

Fr?aquency and hemisphere-specific changes in connection strength. a The average
percentage of connections significantly changed after cTBS as a function of frequency band
and hemisphere. b The average percentage of connections strengthened after cTBS. ¢ The
average percentage of connections weakened after cTBS. d The strengthening index
(defined in Fig. 4 legend)
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Fig. 6.

Network topologies and cTBSin fixed-density networks. a Fixed-density networks for the
average (across-subject) lagged max covariance data in different frequency bands. These
graphs are constructed by applying a threshold to produce networks with a mean nodal
connectivity degree of four (an average of four connections per node), with thresholds set
independently in both the pre-cTBS and post-cTBS periods. Connections present both pre-
and post-cTBS are depicted in black, connections present only prior to cTBS in green, and
connections present only after cTBS are shown in red. b The percentage of broad-band
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connections that are present and stable (present both before and after rTMS) as a function of
hemisphere and density. ¢ The broad-band modulation index (percent of connections
modified/percentage of connections present in either or both periods) as a function of
hemisphere and density. d The percentage of broad-band connections that are present and
stable as a function of region and density. e The broad-band modulation index as a function
of region and density
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Fig. 7.

Network topologies and cTBS in variable density networks. a Variable-density networks in
different frequency bands. The thresholds used to construct these graphs are selected to

produce networks with a mean nodal degree of four in the pre-cTBS period; the same

threshold is then applied to the data from the post-cTBS period. Connections present both
pre- and post-cTBS are depicted in black, connections present only prior to cTBS in green,

and connections present only after cTBS are shown in red. b The strengthening index

(percentage of connections strengthened x 2/percentage of connections changed) in the
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alpha band as a function of hemisphere and density. ¢ The strengthening index in the alpha
band as a function of region and density. d The strengthening index in the high-beta band as
a function of hemisphere and density. e The strengthening index in the high-beta band as a
function of region and density
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Graph theory metrics. a Clustering coefficient pre- and post-cTBS as a function of density in
the broad band in the fixed-density networks. b Clustering coefficient in the theta band in
the fixed-density networks. ¢ Clustering coefficient in the in the low-beta band in the fixed-
density networks. d Channels with significant changes in node degree after cTBS in the
variable-density networks. The green dots indicate electrodes with a significant decrease in
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node degree after rTMS, while the red dots indicate electrodes with a significant increase in
node degree. No significant changes were seen in other frequency bands
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