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Abstract

Repetitive transcranial magnetic stimulation (rTMS) has been increasingly used to treat many neurological and
neuropsychiatric disorders. However, the clinical response is heterogeneous mainly due to our inability to predict
the effect of rTMS on the human brain. Our previous investigation based on functional magnetic resonance im-
aging (fMRI) suggested that neuroimaging-guided navigation for rTMS could be informed by understanding
connectivity patterns that correlate with treatment response. In this study, 20 individuals with a balance disorder
called Mal de Debarquement Syndrome completed high-density resting-state electroencephalogram (EEG) and
fMRI recordings before and after 5 days of rTMS stimulation over both dorsolateral prefrontal cortices. Based on
temporal independent component analysis of source-level EEG data, large-scale electrophysiological resting-
state networks were reconstructed and connectivity values in each individual were quantified both before and
after treatment. Our results show that high-density, resting-state EEG can reveal connectivity changes in brain
networks after rTMS that correlate with symptom changes. The connectivity changes measured by EEG were
primarily superficial cortical areas that correlate with previously shown default mode network changes revealed
by fMRI. Further, higher baseline EEG connectivity values in the primary visual cortex were predictive of symp-
tom reduction after rTMS. Our findings suggest that multimodal EEG and fMRI measures of brain networks can
be biomarkers that correlate with the treatment effect of rTMS. Since EEG is compatible with rTMS, real-time
navigation based on an EEG neuroimaging marker may augment rTMS optimization.

Keywords: brain stimulation; EEG; fMRI; functional connectivity; resting-state networks; Mal de Debarquement
Syndrome

Introduction

Mal de Debarquement Syndrome (MdDS) is a disor-
der of persistent oscillating vertigo caused by entrain-

ment to background motion (Cha, 2009; Hain et al., 1999).
This disorder is usually triggered by exposure to prolonged pe-
riods of low-frequency, low-amplitude oscillating motion such
as sea or air travel. Brief periods of post motion feelings of
rocking and swaying occur in the majority of individuals but
are persistent for months or years in an important minority
(Brown and Baloh, 1987). MdDS provides a non-injury brain

model of abnormal functional connectivity through which to
study the effects of neuromodulation on motion perception.

Repetitive transcranial magnetic stimulation (rTMS) can in-
duce lasting effects on human brain function (Hallett, 2007)
and has gained broad acceptance in the treatment of neurolog-
ical and psychiatric disorders; it has been experimentally inves-
tigated in the treatment of MdDS (Cha et al., 2016; Dell’Osso
et al., 2009; Hasan et al., 2013). Our previous pilot studies of
rTMS over the dorsolateral prefrontal cortex (DLPFC; Cha
et al., 2013, 2016) showed that cortical stimulation could re-
duce symptoms of the oscillating vertigo of MdDS, even in
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medically refractory cases. The DLPFC was originally chosen
as a target because prior imaging showed reduced glucose me-
tabolism in the left prefrontal cortex as well as reduced prefron-
tal to limbic connectivity in individuals with MdDS (Cha et al.,
2012). Our previous pilot studies of rTMS over DLPFC (Cha
et al., 2013, 2016) showed that cortical stimulation could reduce
symptoms of the oscillating vertigo of MdDS, even in medi-
cally refractory cases. The response to rTMS is heterogeneous,
partially due to an incomplete understanding of the underlying
mechanisms of rTMS and how such changes are related to ther-
apeutic effects. However, measurement of functional neuroi-
maging changes related to symptom modification may help
future protocol optimization.

Functional magnetic resonance imaging (fMRI) measures
blood oxygen level-dependent signals and indirectly reflects
human brain activity (Logothetis et al., 2001). Despite its lim-
ited temporal resolution on the level of seconds, fMRI has pro-
ven to be a useful neuroimaging modality in studying brain
activation and brain synchrony between regional areas (Biswal
et al., 1995). In contrast to fMRI, electroencephalogram (EEG)
measures neuronal currents on a millisecond timescale with the
ability to detect current sources at the cortical level by solving
the so-called ‘‘inverse problem’’ (Grech et al., 2008). Neverthe-
less, in light of complementary features of EEG and fMRI, re-
searchers have been able to combine those modalities (Mulert
et al., 2004; Ritter and Villringer, 2006) to prospectively link
the signals characterized by fMRI to phenomena revealed
by EEG (Perry and Bentin, 2009; Yuan et al., 2016). This
multimodal approach has been suggested to overcome the
spatial resolution limitations of EEG and the temporal reso-
lution limitations of fMRI. Further, it has the advantage
of translating fMRI-based imaging to EEG-based imaging,
which is portable and adaptable to versatile recording envi-
ronments, such as those done simultaneously with rTMS
(Ilmoniemi and Kičić, 2009).

Our previous investigation on fMRI revealed that a neu-
roimaging marker of resting-state functional connectivity
(RSFC), particularly the connectivity between the entorhi-
nal cortex (EC) and key nodes of the default mode network
(DMN), was correlated with changes in perception of mo-
tion after rTMS in MdDS (Yuan et al., 2017). These findings
suggested that a neuroimaging-based navigation strategy for
determining rTMS targets might achieve a desirable pattern
of connectivity after rTMS. Although fMRI may also provide
connectivity feedback to inform the navigation of rTMS, it is
not practical to obtain such information in an efficient manner.
EEG, however, can be acquired interleaved with rTMS pulses,
providing more rapid feedback on stimulation effects. Further,
our recent study (Yuan et al., 2016) demonstrated an approach to
reconstructing resting-state networks based on EEG data alone
that resembles the spatiotemporal patterns of fMRI resting-
state networks, suggesting that EEG-based connectivity mark-
ers may be promising surrogates of fMRI-based connectivity.
Connectivity-informed targets could also improve therapeutic
outcomes. Our current work aims at determining the correla-
tion between fMRI imaging and EEG resting-state measure-
ments, extending our prior work in studying EEG and fMRI
connectivity measurements separately (Cha et al., 2018; Ding
et al., 2014; Yuan et al., 2017). To determine symptom-related
biomarkers, our study investigated pre- and post-TMS func-
tional connectivity measurements on multimodal EEG and
fMRI data that correlated with symptom status. We also ex-

amined baseline connectivity to determine whether any mea-
sures correlated with response to rTMS.

Materials and Methods

Participants

Study procedures were completed according to the Declara-
tion of Helsinki guidelines and approved through the Western
Institutional Review Board. Participants provided written in-
formed consent and were recruited under ClinicalTrials.gov
study NCT02470377. This study used rTMS in an off-label
manner. Twenty individuals diagnosed with MdDS were in-
cluded in this study. All participants provided written informed
consent. The mean age of the participants was 52.9 – 12.6
years, ranging from 28 to 76 years. The duration of illness
had a mean of 35.2 – 24.2 months, a median of 30 months,
and a range of 8–96 months. All participants were female,
which was consistent with the high prevalence of female sex
in MdDS (Cha, 2009). Participants were included if they had:
(1) persistent oscillating vertigo after disembarking from sea-,
air-, and land-based travel that started within 2 days of disem-
barkation; (2) symptoms lasting at least 6 months; and (3) were
evaluated by an experienced neurologist or otolaryngologist
and were found to have no other cause for symptoms. In gen-
eral, we recruited a medically refractory group that had failed
vestibular therapy and at least two medication trials. Individu-
als were excluded if they: (1) had contraindications to undergo-
ing rTMS or EEG/fMRI, such as medications known to reduce
seizure threshold; (2) were pregnant or planned to be in the
course of the study; (3) had an unclear trigger for their symp-
toms; (4) were incapable of completing all study-related test-
ing; or (5) had an unstable medical or psychiatric condition
such as a history of bipolar disorder or psychosis.

rTMS sessions

Both 1 Hz inhibitory and 10 Hz excitatory stimulation were
administered to each participant at about the same time each
day over five consecutive days (generally about 9 AM each
day after registration for neuronavigation and calculation of
motor thresholds [MTs]). The Localite TMS Navigator�

frameless stereotaxy system was used to determine the center
of the DLPFC as the location of the anterior portion of the
middle frontal gyrus. rTMS was administered with the Mag-
venture MagPro X100 stimulator with a cooled figure-of-
eight coil in biphasic mode with the handle back at a 45�
angle relative to the midsagittal plane. MTs for each motor
hand cortex were determined each day for each participant.
The hand knob landmark (Yousry et al., 1997) was identified
by the neuronavigation system, and MTs were confirmed by
evoking 50 lV motor potential responses from the contralat-
eral abductor pollicis brevis muscle. rTMS sessions were
composed of 1 Hz stimulation over right DLPFC at 110% of
right MT for 1200 pulses (20 min) and followed by 10 Hz
stimulation over left DLPFC at 110% of left MT for 2000
pulses (25 min). The 10 Hz protocol was administered as a
26 sec rest after trains of 40 pulses over 4 sec.

Data acquisition

Both EEG and fMRI were performed on days 1 and 5 with
rTMS sessions scheduled in the intervening days for each
participant. Structural and resting-state fMRI were collected
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by using a General Electric Discovery MR750 whole-body
3-Tesla magnetic resonance imaging (MRI) scanner (GE
Healthcare, Milwaukee, WI). Whole-brain resting-state fMRI
data were acquired by using the following parameters: field
of view (FOV)/slice = 240/2.9 mm, axial slices per volume = 34,
acquisition matrix = 96 · 96, repetition time/echo time (TR/
TE) = 2000/30 ms, sensitivity encoding acceleration factor
R = 2 in the phase encoding (anterior–posterior) direction,
flip angle = 90�, and sampling bandwidth = 250 kHz. The
echo-planar imaging images were reconstructed into a
128 · 128 matrix, in which the resulting fMRI voxel volume
was 1.875 · 1.875 · 2.9 mm3. In addition, simultaneous phys-
iological pulse oximetry and respiration waveform record-
ings were obtained (with 40 Hz sampling) for each fMRI
run. A photo-plethysmograph with an infrared emitter
placed under the pad of the subject’s left index finger was
used for pulse oximetry whereas a pneumatic respiration
belt was used for respiration measurements. The subject
rested quietly with their eyes closed during the image ac-
quisitions. A T1-weighted magnetization-prepared rapid
gradient-echo sequence with sensitivity encoding was
used to provide an anatomical reference for the fMRI anal-
ysis, which had the following parameters: FOV = 240 mm,
axial slices per slab = 190, slice thickness = 0.9 mm, image
matrix = 256 · 256, TR/TE = 5/2.012 ms, acceleration fac-
tor R = 2, flip angle = 8�, inversion time TI = 725 ms, and
sampling bandwidth = 31.2 kHz.

All EEGs were recorded through a 126-channel cap by
using a BrainAmp amplifier (Brain Products GmbH, Munich,
Germany). Sintered Ag/AgCl ring electrodes were mounted
into the scalp cap according to the standard 10-5 system.
Ten kiloohm was the impedance upper limit for all EEG elec-
trodes. In the first 10 participants of the group, EEGs were ac-
quired separately from fMRI at a sampling frequency of
1000 Hz while they were seated in a recliner and instructed
to keep still with eyes closed during recording, which lasted
5 min (i.e., first cohort). In the second 10 participants, resting-
state EEG was simultaneously obtained with fMRI at a sam-
pling frequency of 5000 Hz for a period of 6 min and 10 sec
(i.e., second cohort). Data from this second cohort were trun-
cated to be 5 min to be consistent with the first cohort. The
SyncBox device (Brain Products GmbH) was used to syn-
chronize the internal sampling clock of the EEG amplifier
with the MRI scanner 10 MHz master clock signal.

Visual analogue scale

A visual analogue scale (VAS) of 0–100 was employed to
evaluate the participants’ symptoms, in which 0 indicated a
symptom-free state whereas 100 represented vertigo so severe
that standing was not possible. The VAS reporting for each
participant was done both before and after the five rTMS ses-
sions and was used as a rapid state-based measurement. These
data were part of a larger study that reported on longitudinal
measurements with symptom-specific questionnaires (Cha
et al., 2016). The differences between VAS scores both before
and after rTMS were calculated, and participants were catego-
rized as follows: Those whose scores decreased by 10 or more
were considered to be ‘‘positive responders,’’ those whose
score increased by 10 points or more were considered to be
‘‘negative responders,’’ and those whose scores changed be-
tween �10 and +10 were considered to be ‘‘neutral respond-

ers.’’ The threshold of 10 points was chosen because this is
the level of difference on a 100 scale in which individuals
with MdDS have a clear symptom change.

Resting-state fMRI analysis

fMRI data were preprocessed to remove any artifacts
according to the pipeline described in Yuan et al. (2017).
Specifically, the following steps were employed: respira-
tion- and pulse-associated noise reduction, slice timing
and rigid-body motion correction, spatial smoothing, tem-
poral filtering with a bandpass filter (0.005–0.1 Hz), and re-
gression for low-frequency changes in respiration volume,
six affine motion parameters, signal from a ventricular re-
gion of interest (ROI), and signals from the white matter
region. Data points with excessive motion were censored
out in regression and correlation analyses.

Connectivity was calculated as the Pearson correlation be-
tween the seed region and the target regions. For further statis-
tical analysis, Fisher transformation was employed to convert
the correlation values into z-scores as the representation of
RSFC. The seed region used was the left EC, which has
been found to be hypermetabolic in MdDS in a previous func-
tional imaging study with fluorodeoxyglucose positron emis-
sion tomography (PET; Cha et al., 2012). The coordinates of
the individual EC locations were manually determined on
high-solution structural magnetic resonance (MR) images ac-
quired in the coronal plane by using anatomical guidelines by
Insauti et al. (1998). To assess the cross-modal relationship,
fMRI connectivity was compared with the connectivity of
EEG networks. Specifically, the fMRI connectivity between
the seed at the left EC and the inferior parietal lobule, the pre-
cuneus and the right EC were considered, since the modulation
of RSFC at those regions was indicative of symptom changes
after rTMS in our previous fMRI study (Yuan et al., 2017).

Resting-state EEG analysis

The pipeline of EEG analysis is shown in Figure 1. Data
were cleaned of various environmental and physiological
artifacts, including the MR gradient (only applied to MR-
EEG), cardioballistic, muscle, and ocular movement-related
artifact. Specifically, the gradient artifact and ECG artifact
were removed in BrianVision Analyzer 2.1 based on average
artifact subtraction (Allen et al., 2000). In addition, artifact re-
siduals were removed through independent component analy-
sis (ICA) in MATLAB 2016a. Bad channels with excessive
artifacts were discarded via visual check (<1% on all data),
with data from the discarded channels being replaced by an av-
erage of its nearby four channels. The percentage of bad ep-
ochs ranged from 0% to 0.191% and was not significantly
different between pre- and post-TMS sessions (paired t-
test, p > 0.05) or between response groups (analysis of var-
iance, p > 0.05). High-pass filtering at 0.5 Hz and low-pass
filtering at 70 Hz was applied. EEG raw data were down-
sampled to the microstate to retain data at a higher signal-to-
noise ratio (Lehmann et al., 1987; Yuan et al., 2016). Boundary
element models for all participants were built based on individ-
ual structural MRI data segmented by FreeSurfer (https://
surfer.nmr.mgh.harvard.edu).

To run the group-level analysis, all individual head models
underwent surface-based registration to the FreeSurfer ‘‘fsa-
verage’’ subject (Fischl et al., 1999). Individual digitization
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files of genuine electrode location were co-registered to the
scalp model. EEG source imaging was used to back-project
the sensor measurements on the scalp to the current dipoles
on the cortex for each individual by a minimum norm method
(Dale and Sereno, 1993; Hämäläinen and Ilmoniemi, 1994;
see the following section for more details on source analysis).
Absolute values of source data were temporally concatenated
across participants and went through temporal ICA at a group
level by using the infomax ICA algorithm implemented in the
EEGLAB toolbox (http://sccn.ucsd.edu/eeglab). A total of 30
independent components (ICs) were calculated. The num-
ber of IC was chosen based on our previous investigation,
which yielded cross-modal consistency between EEG and
fMRI networks (Yuan et al., 2016). The EEG networks
were compared with template fMRI networks derived from
a large cohort of healthy individuals by Yeo et al. (2011),
specifically the ‘‘Yeo 7 network’’ parcellation. Spatial corre-
lation coefficients with Yeo template networks were cal-
culated, and the IC with the highest spatial correlation was
chosen as the match for a network. Six EEG networks were
identified as significant matches to the corresponding tem-
plate networks according to the null distribution of spatial
correlation values established by a bootstrap approach in
Yuan et al. (2016), including the DMN, the visual network,

the frontoparietal network, the motor network, the limbic
network, and the dorsal attention network.

The EEG connectivity of each network was then calculated
as the Pearson correlation between the time course of each
temporal IC and the time courses of source dipoles on the cor-
tical surface area for each subject. For statistical analyses,
Pearson correlation coefficients on each map were converted
to z-scores by Fisher’s z transform. Pre- and post-TMS EEG
connectivity maps were computed separately. The pre-TMS
connectivity map is also referred to as the ‘‘baseline’’ connec-
tivity map. ‘‘Post-minus-pre-connectivity’’ maps represent the
connectivity changes after rTMS, which were calculated by
subtracting the pre-TMS map from the post-TMS map for
each participant.

Electrophysiological source imaging

For EEG source analyses, we used individual physical for-
ward models linking the source dipoles to scalp EEG mea-
surements. The forward model was constructed as a three-
layer boundary element model composed of scalp, skull,
and brain based on triangular elements. Each layer was
given its own conductivity value (Zhang et al., 2006). Struc-
tural MRIs were implemented and employed to generate the

FIG. 1. EEG analysis pipeline. After preprocessing, rsEEG data were projected onto cortical surfaces through source imag-
ing. Microstates on source signals were extracted, concatenated, and subject to group-level ICA performed. Cortical connec-
tivity was calculated as the correlation between time courses of cortical sources and ICs. Connectivity values were extracted
from ROIs and compared between pre- and post-TMS sessions with regard to symptom changes. EEG-based networks were
also compared with the fMRI connectivity seeded at the EC. EC, entorhinal cortex; EEG, electroencephalogram; fMRI, func-
tional magnetic resonance imaging; ICs, independent components; ICA, independent component analysis; ROIs, regions of
interest; rsEEG, resting-state EEG; RSNs, resting state networks; TMS, transcranial magnetic stimulation. Color images
are available online.
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geometric models individually. Briefly, the forward model
can be expressed in a linear equation as follows:

F = A�SþN, (1)

where F is a matrix of the measured EEG, S is the un-
known matrix of amplitudes of the source dipoles over
time, A is the gain matrix, and N is a vector specifying the
noise at each electrode.

There are a variety of linear inverse operators of the for-
ward model. We used the minimum norm estimation method
(Dale and Sereno, 1993; Hämäläinen and Ilmoniemi, 1994).
The linear inverse operator for this method is expressed by:

W = RAT ARATþC
� �� 1, (2)

where C and R are covariance matrices of the noise and
sources, respectively.

Taken together, the minimum norm estimate of S, that is,
S¢ is computed as:

S¢ = W�F: (3)

Associating EEG connectivity with symptom changes

The modulation on EEG networks was further examined
with regard to symptom changes. We first defined ROIs
based on the pre-TMS maps. Cortical surface area within a ra-
dius of 6 mm centered at the maximum of the IC map was
drawn as an ROI (Sridharan et al., 2008). The ROIs’ center co-
ordinates are listed in Table 1. Connectivity values, that is,
z-scores, within an ROI were extracted and averaged for
each ROI. We then tested the relationship between EEG con-
nectivity changes and symptom changes characterized by the
VAS measurement. For example, a positive correlation coef-
ficient signified a decrease in EEG connectivity related to a de-
crease of VAS scores. Similarly, if the connectivity increased
when VAS scores increased, this would also be represented by
a positive correlation coefficient. If connectivity increased
while VAS decreased, or vice versa, the correlation coefficient
would be negative. The method of controlling the false dis-
covery rate by Benjamini and Yekutieli (2001) was employed
for addressing the multiple comparison problem. The sym-
bol q denotes the corrected p value. Further, to test whether
the difference in connectivity was significant within each
responder group, we performed paired, two-tailed t-tests on

the post-TMS and pre-TMS z-scores and the two-sample
t-tests were employed for comparing connectivity between
different groups. To test the normality of our data, we
employed a corrected Kolmogorov–Smirnov test or LF KS
test (Lilliefors, 1967; Öner and Deveci Kocakoç, 2017),
with assumptions of unknown population mean and variance.

Associating EEG connectivity with fMRI

We investigated the relationship between EEG connectivity
and fMRI-based connectivity. Since the EC has been identi-
fied as a region with metabolic and functional connectivity ab-
normalities in MdDS, we hypothesized that modulation by
rTMS should change network connectivity to the EC. Unfortu-
nately, surface-based EEG cannot measure electrical signals
originating from the EC directly. Thus, instead of examining
the direct effect on the EC, we investigated whether modula-
tion of superficial cortical regions with functional connectivity
with the EC could be affected, possibly through a cortical–
subcortical pathway. We propose that changes in connectivity
revealed in EEG networks are related to changes in fMRI
connectivity to the EC. Thus, in our analyses, we compared
the connectivity values of EEG networks in ROIs with the
connectivity values of fMRI seeded within the EC. In particu-
lar, three cortical regions were considered based on our previ-
ous study (Yuan et al., 2017): the left precuneus, the right
inferior parietal lobule, and the right EC. We computed the
Pearson correlation between fMRI and EEG connectivity
changes with these regions; regression lines were drawn to
indicate the correlation between those two modalities.

EEG baseline connectivity prediction
of treatment response

In addition to investigating symptom-related changes, we
also examined whether baseline EEG connectivity is predic-
tive of participants’ responses after rTMS treatment. In this
regard, we computed the cross-subject correlation between
baseline connectivity and symptom changes indicated by
VAS measurements. The prediction accuracy was tested
for ROIs from EEG networks matched to the Yeo template.

Results

All 20 participants finished the rTMS protocol and imag-
ing sessions. The symptom score changes from days 1 to
5 were evenly spread across the 20 participants. Six out
of the 20 participants reported decreased symptoms after
the treatment (VAS changes: �32.50 – 17.56, ‘‘positive re-
sponders’’), six of the participants felt slightly worse (VAS
changes: +11.67 – 3.73, ‘‘negative responders’’), and the
remaining eight participants reported unchanged symptoms
(VAS changes: �1.38 – 2.39 of VAS, ‘‘neutral responders’’).
For each cohort (first and second), the distribution of responses
was identical: 30% positive, 30% negative, and 40% neutral.
For both cohorts, the EEG sensor-level activity in individual
topographies is illustrated in Supplementary Figure S1.

Since our previous PET and fMRI studies have indicated
an important role of DMN in differentiating individuals
with MdDS from the healthy controls (Cha et al., 2012) as
well as being related to the symptom changes (Yuan et al.,
2017), we first focused our investigation on the DMN.
From EEG source data, one network was identified as the

Table 1. Regions of Interest

in Electroencephalogram Networks Matched

to Templates of Resting-State Networks

MNI coordinates (mm)

Identified network ROI X Y Z

Default mode lMFG �20.26 57.80 1.819
Visual lFG 28.42 �92.86 �12.55
Frontoparietal rMFG 37.93 42.16 22.27
Motor rPG �57.80 �16.15 34.33
Limbic rMTG 47.94 3.968 �33.87
Dorsal attention lP �8.610 �72.18 49.07

lFG, left Fusiform Gyrus; lMFG, left Medial Frontal Gyrus; lP,
left Precuneus; MNI, the Montreal Neurological Institute; rMFG,
right Middle Frontal Gyrus; rMTG, right Middle Temporal Gyrus;
ROI, region of interest; rPG, right Precentral Gyrus.
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match to the DMN of the Yeo template (Fig. 2A). Connectiv-
ity values within the ROI from the DMN were extracted from
all individual pre- and post-rTMS images. Results revealed a
significant correlation coefficient (r = 0.54, q < 0.05; Fig. 2C)
between the difference in connectivity values and the changes
in symptoms after rTMS. Specifically, a positive correlation in-
dicated that greater symptom reduction was associated with a
stronger decrease in connectivity within the DMN. The con-
nectivity within the DMN in the positive subgroup was effec-
tively reduced after TMS (paired t-test, t(5) =�2.54, p = 0.05;
Fig. 2D). In comparison with the negative subgroup, the reduc-
tion of connectivity in the positive responders was significantly
lower (unpaired t-test, t(10) =�2.80, p = 0.02; Fig. 2D).

We then extended our analysis to all the EEG networks iden-
tified in our procedure. A total of six networks matched the Yeo
template networks (Yeo et al., 2011), that is, the visual, motor,
dorsal attention, limbic, frontoparietal, and DMNs, with spatial
correlations ranging from 0.21 to 0.45 (with mean – standard
deviation = 0.32 – 0.091). Table 1 lists coordinates of the center
of ROIs in all identified networks. The spatial patterns of all
matched networks are illustrated in Supplementary Figure S2.
Among the five EEG networks besides DMN, correlation ana-

lyses between ROI connectivity changes and VAS changes
drew our attention to the visual network (Fig. 3A) and the lim-
bic network (Fig. 4A). Similar to the DMN, modulations seen
in the visual network across individuals were positively corre-
lated with symptom changes (r = 0.52, q < 0.05; Fig. 3C). How-
ever, a reversed correlation was identified in the ROI of the
limbic network, that is, the right middle temporal gyrus, in
which a greater reduction of symptoms was associated with
an increase in connectivity (r =�0.61, q < 0.05; Fig. 4C). In
the subgroup of positive responders, the increase in EEG con-
nectivity only approached significance (t(5) = 2.45, p = 0.06;
Fig. 4D), yet it appeared to be higher than the changes in neg-
ative responders (t(10) = 2.49, p = 0.03; Fig. 4D).

To investigate the mechanism of rTMS modulation of
EEG networks, we examined how EEG connectivity values
are related to fMRI connectivity seeded at the EC. Our ratio-
nale was that although EEG cannot directly measure electri-
cal activity originating from deep limbic structures, EEG is
able to detect network connectivity of superficial cortical
areas that co-modulate with those deep structures. Thus,
we examined the cross-subject co-variation between the syn-
chronization of EEG activities within a network (i.e., the

FIG. 2. Connectivity changes before and after rTMS in the DMN correlate with symptom changes. The DMN was iden-
tified in EEG (A), which matched the fMRI template (B) by Yeo et al. (2011). The connectivity changes extracted from the
ROI in the left medial frontal gyrus were positively correlated with symptom changes shown in (C; q < 0.05). Pre- and post-
TMS values are shown in (D) for the subgroups of positive, neutral, and negative responders, separately. *Indicates signif-
icant between-group comparisons (positive responders vs. negative responders, unpaired t-test: t(10) =�2.80, p = 0.02). DIn-
dicates significant within-group comparison (paired t-test, t(5) =�2.54, p = 0.05). DMN, Default Mode Network; rTMS,
repetitive transcranial magnetic stimulation; VAS, visual analogue scale. Color images are available online.
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EEG network connectivity) and the synchronization of fMRI
activities between two regions (i.e., the fMRI RSFC). As
shown in Figure 5, the analysis revealed that EEG connectiv-
ity at the medial frontal gyrus within a DMN network co-
varies with the RSFC between the EC and the right inferior
parietal lobule (r = 0.55, q < 0.05).

Finally, we investigated whether the baseline EEG connec-
tivity of several networks could be predictive of symptom
changes after rTMS. As shown in Figure 6, baseline connec-
tivity in the primary visual network was negatively correlated
with symptom change (r =�0.53, q < 0.05), indicating that
higher baseline connectivity predicted greater reduction of
symptoms after rTMS. The baseline connectivity of the
ROIs for the DMN and the limbic network are depicted in
Supplementary Figures S3 and S4; the data did not reach sig-
nificance. Nonetheless, in the left medial frontal gyrus, the
majority of the participants’ baseline connectivity followed
a similar descending trend [i.e., higher baseline connectivity
associated with greater symptom reduction (r =�0.25)], ex-
cept one individual.

Discussion

Our study investigated the modulation effects of rTMS on
brain networks by using multimodal neuroimaging data, that
is, EEG and fMRI. In a group of MdDS participants, we were
able to identify resting-state networks based on EEG data that

were matched to six fMRI template networks. The EEG net-
work changes in the left medial frontal gyrus and primary vi-
sual cortex were positively correlated with symptom changes,
whereas EEG network changes in the right middle temporal
gyrus were negatively correlated with symptom changes. In
addition, changes detected by EEG also correlated with
fMRI-measured connectivity changes involving deeper corti-
cal structures, particularly in a network that includes the EC
and right inferior parietal lobule, all of which are nodes of
the DMN. Further, baseline EEG connectivity values in the
primary visual cortex were found to predict symptom changes
induced by rTMS, with particularly high baseline connectiv-
ity predictive of reduction of symptoms.

The rTMS protocol employed in this study targeted both
the left DLPFC and right DLPFC since our pilot studies of
these two targets had previously demonstrated efficacy in re-
lieving symptoms in some individuals with MdDS (Cha
et al., 2013, 2016). Network analysis of EEG data revealed
a significant correlation between modulations in connectivity
and changes in symptoms. In particular, in the subgroup of
positive responders to rTMS, reduction of symptoms was as-
sociated with a reduction of connectivity within the DMN. In
the visual cortex, functional connectivity decreased after
rTMS in 5 out of 6 positive responders. Notably, the visual
cortex had been reported to possess higher connectivity
with the EC in MdDS in a PET/fMRI study (Cha et al.,
2012). This suggests that one of the therapeutic mechanisms

FIG. 3. Connectivity changes before and after rTMS in the visual network are correlated with symptom changes. A visual
network was identified in EEG (A), which matched the fMRI template (B) by Yeo et al. (2011). The connectivity changes
extracted from the ROI in the primary visual cortex were positively correlated with symptom changes as shown in (C;
q < 0.05). Pre- and post-TMS values are shown in (D) for the subgroups of positive, neutral, and negative responders, sep-
arately. None of the between-group or within-group comparisons was significant. Color images are available online.
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of rTMS in MdDS may be to normalize hyperconnectivity in
visual networks. In a prior investigation at the sensor level
(Cha et al., 2018; Ding et al., 2014), a decrease of EEG con-
nectivity was represented by a decrease in post-TMS neural
synchrony over the posterior parietal and occipital areas.

This decrease in synchrony was associated with an improve-
ment in symptoms of MdDS, which are consistent with our
findings in the source-level connectivity of visual cortex. In
addition, this study has supported a role of the limbic network
in MdDS. Such a network has been discovered in our previ-
ous investigation of EEG networks in healthy participants
(the network E2 in Fig. 2 of Yuan et al., 2016). We observed
a similar network in individuals with MdDS. Interestingly,
our current results have revealed a reverse relationship be-
tween the modulation of limbic network connectivity and
changes of symptoms, as compared with the DMN and visual
networks. This region has not been broadly seen in our previ-
ous investigations (Cha et al., 2012; Ding et al., 2014), thus
solid interpretation may warrant future study.

Other studies have investigated rTMS effects on brain
networks such as in major depressive disorder (MDD). Lis-
ton et al. (2014) used 10-Hz rTMS targeting the left DLPFC
in patients with depression and imaged them both before
and after stimulation. They found that connectivity in the
DMN was reduced significantly toward the lower connec-
tivity level of healthy controls in treatment responders. Par-
ticipants’ symptom reductions were observed to be related
to decreased connectivity within the DMN in another
study by Philip et al. (2018), in which 5-Hz TMS was ad-
ministered to the participants. Those results suggested that
one mechanism of rTMS in alleviating depressive symptoms

FIG. 5. Association between fMRI connectivity and EEG
connectivity. Changes in fMRI connectivity between nodes
of the DMN (i.e., the EC and inferior parietal lobule) are re-
lated to changes of the EEG network in the left medial frontal
gyrus (q < 0.05). Color images are available online.

FIG. 4. Connectivity changes before and after rTMS in the limbic network are correlated with symptom changes. A limbic
network was identified in EEG (A), which matched the fMRI template (B) by Yeo et al. (2011). The connectivity changes
extracted from the ROI in the middle temporal gyrus were positively correlated with symptom changes as shown in (C;
q < 0.05). Pre- and post-TMS values are shown in (D) for the subgroups of positive, neutral, and negative responders, separately.
*Indicates significant between-group comparisons (positive responders vs. negative responders, unpaired t-test: t(10) = 2.49,
p = 0.03). DIndicates within-group comparisons that approached significance (paired t-test, t(5) = 2.45, p = 0.06). Color images
are available online.
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may be via normalization of the hyperconnectivity within the
DMN. Considering that the left medial frontal gyrus is a key
node within the DMN (Yeo et al., 2011), our observation of
the positive correlation between DMN desynchronization and
symptom improvement in MdDS emphasizes the important
role of DMN in treating disorders of abnormal functional con-
nectivity. In MdDS, desynchronization of visual cortex con-
nectivity is also related to symptom improvement after rTMS
implicating some disorder-specific effects that exist, in addi-
tion to more general signatures of maladaptive brain states.

Previous studies have revealed correspondence between
fMRI and EEG resting-state networks in both temporal (Britz
et al., 2010; Yuan et al., 2012) and spatial domains (Liu et al.,
2017; Yuan et al., 2016), mainly in healthy subjects. In our
study, symptom-related EEG synchronization changes over
medial frontal gyrus complemented symptom-related RSFC
changes shown by fMRI (Yuan et al., 2017). However, the lo-
cations where connectivity values were found to co-modulate
in EEG and fMRI did not completely overlap, that is, EEG
connectivity in medial frontal gyrus was shown to be related
to RSFC in the inferior parietal cortex in fMRI. The reason
may be different methodologies of identifying networks in
EEG and fMRI: EEG networks were defined by using a data-
driven approach, whereas fMRI connectivity was quantified
with a seed-based approach. In addition, EEG networks capture
connectivity among estimated electrophysiological sources
whereas fMRI connectivity depicts pair-wise correlation in he-
modynamics. Nonetheless, it is possible that a network-level
interaction led to the relationship observed between connec-
tivity in medial frontal gyrus and RSFC in inferior parietal
cortex, which are all nodes of the DMN. Connectivity changes
of both modalities showed consistent trends with symptom
changes (i.e., positive relationship between two modalities
in Fig. 5). Brain connectivity was mostly reduced in positive re-
sponders (Figs. 2C and 3C), a characteristic captured indepen-
dently by both fMRI and EEG. This finding is consistent with
the previous discovery of a close link between EEG and fMRI
as indicators of brain activity across many brain regions (Gold-
man et al., 2002; Laufs et al., 2003; Yuan et al., 2016).

Further, our baseline analysis showed that, on average,
higher pre-TMS connectivity over visual cortex (Fig. 6) pre-
dicted positive response. The connectivity between EC and
motion processing areas such as the temporal and posterior oc-
cipital areas was found to be higher than in healthy controls
(Cha et al., 2012). Those with higher baseline connectivity
in visual areas may have had more room to change than
those with lower connectivity. In a parallel fMRI study,
Yuan et al. (2017) also reported that higher fMRI baseline con-
nectivity between the rTMS targets (DLPFC) and EC (also a
part of DMN) correlated with better treatment response.
Higher RSFC was found to be critical in predicting positive
treatment effects in other studies employing rTMS. In a
study utilizing rTMS at DLPFC to treat patients with major de-
pression, Liston et al. (2014) identified higher baseline RSFC
in the positive response group compared with the poor re-
sponse group. As a follow-up study, Avissar et al. (2017)
reported that rTMS response could be predicted by higher
RSFC in DLPFC-to-striatum in a larger subject study. Baeken
et al. (2017) investigated theta burst stimulation effects on
MDD subjects comparing their baseline connectivity with
healthy controls, and they found that baseline RSFC between
subgenual anterior cingulate and medial orbitofrontal cortex
could distinguish responders from non-responders. Together,
these findings support the prospect that measurements of
RSFC before treatment could potentially be used to predict
treatment responses in MdDS, MDD, and other disorders.
This study shows that EEG can serve as a complementary mo-
dality in predicting treatment responses.

Our study suggests a strategy of using multimodal neuro-
imaging data to guide rTMS. These investigations have indi-
cated that connectivity within the DMN, measured by fMRI
as well as EEG, can be an imaging-based, objective symptom
biomarker. Treatments guided by the modulation of this bio-
marker may be informative in trials of brain stimulation, po-
tentially not limited to rTMS. More importantly, although
fMRI is capable of revealing symptom-related connectivity,
an EEG-based network is intriguing since it is compatible
with rTMS and may provide instantaneous feedback in trials

FIG. 6. Baseline connectivity in EEG visual network is related to symptom improvement. Pre-TMS connectivity extracted
from the ROI in the primary visual cortex is correlated with symptom changes, as shown in (A). The average connectivity
values in the subgroups of the positive, neutral, and negative responders are shown in (B). None of the between-group or
within-group comparisons was significant. Color images are available online.
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of stimulation protocols. Further, biomarkers from the two
modalities can be integrated to guide rTMS targets. For ex-
ample, fMRI can be used to capture a disease-modifying net-
work involving deep cortical or subcortical structures whereas
connectivity involving superficial nodes of the network can be
identified in EEG, potentially through a matching procedure
with the fMRI-measured network as described in our study.
Stimulation protocols could be adapted to promote networks
modulation in desired directions. Many neurological disor-
ders are characterized by dysfunction within the brain network
rather than in isolated hubs or from structural injury (Fox et al.,
2012). Integration of neuroimaging and neuromodulation pro-
tocols allows a broader platform of functional disorders to be
investigated.

One limitation of this study is the lack of a sham condition
to exclude non-specific effects of study participation. We had
categorized the participants by symptom level at the time
of image acquisition and contrasted responders and non-
responders. The correlations were based on state-based mea-
surements. Though a similar study could have been done by
using the natural fluctuation of symptoms, this would have
been impractical given the unpredictable nature of symptom
changes. With rTMS, we were able to probe the neuroplastic-
ity of the resting-state networks that are relevant to symptom
level by creating a clearer separation of high versus low symp-
tom states. A second limitation, partially related to creation of
three response categories, is the low number of participants in
each category. In our previous work, the ‘‘neutral’’ responders
showed similar connectivity changes after TMS as the ‘‘neg-
ative’’ responders (Yuan et al., 2017). Perhaps owing to the
greater magnitude in symptom change, ‘‘positive’’ responders
(those who improved) showed connectivity changes that were
distinct from either of the other two groups.

MdDS is a rare disorder that reveals the functional conse-
quence of when the human brain encodes persistent periodic
motion exposure. Until recently, there was no imaging correlate
for this brain state. Our group has previously reported on both
fMRI and EEG connectivity changes induced by rTMS; this
study looks at the correlation between the two. Symptom fluctu-
ations are typical in most neurological disorders but with a dis-
order such as MdDS, which is not related to any structural injury,
alterations in functional connectivity itself could be the basis of
symptom severity. Our study shows how EEG may be used as a
complement to fMRI and perhaps as a replacement in cases in
which high spatial resolution is not needed to more practically
capture the neurological signatures of symptom changes.

Conclusion

This study employed a multimodal approach to examine
the effect of rTMS treatment on brain networks in MdDS.
Our findings demonstrated the feasibility of using EEG to
characterize modulation of rTMS on brain networks that
complements information from fMRI. Resting-state networks
based on electrophysiological source images of EEG were
reconstructed. The connectivity changes in the left medial
frontal gyrus, the primary visual cortex, and the middle tem-
poral gyrus correlated with symptom changes. More impor-
tantly, baseline connectivity values in the primary visual
cortex emerged as a potential candidate that predicted symp-
tom changes after rTMS, specifically with higher baseline
connectivity being predictive of better treatment response.

Further, results of multimodal analyses indicate a mechanism
of network-level modulation. The network modulation mea-
sured by EEG in superficial regions (i.e., medial frontal
gyrus) was correlated to fMRI-based connectivity changes re-
garding the EC, implying that the observed modulation in su-
perficial areas is due to coupling within the DMN. These
findings suggest that network modulation can be an indicator
of symptom changes to guide rTMS protocols. A multimodal
approach leveraging the strengths of both EEG and fMRI at
the network level may enhance the targeting of brain net-
works with rTMS and enhance clinical outcomes.
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