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Abstract

The long-lasting neuromodulatory effects of repetitive transcranial magnetic stimulation (rTMS) 

are of great interest for therapeutic applications in various neurological and psychiatric disorders, 

due to which functional connectivity among brain regions is profoundly disturbed. Classic TMS 

studies selectively alter neural activity in specific brain regions and observe neural activity 

changes on nonperturbed areas to infer underlying connectivity and its changes. Less has been 

indicated in direct measures of functional connectivity and/or neural network and on how 

connectivity/network alterations occur. Here, we developed a novel analysis framework to directly 

investigate both neural activity and connectivity changes induced by rTMS from resting-state EEG 

(rsEEG) acquired in a group of subjects with a chronic disorder of imbalance, known as the mal de 

debarquement syndrome (MdDS). Resting-state activity in multiple functional brain areas was 

identified through a data-driven blind source separation analysis on rsEEG data, and the 

connectivity among them was characterized using a phase synchronization measure. Our study 

revealed that there were significant long-lasting changes in resting-state neural activity, in theta, 

low alpha, and high alpha bands and neural networks in theta, low alpha, high alpha and beta 

bands, over broad cortical areas 4 to 5 h after the last application of rTMS in a consecutive five-

day protocol. Our results of rsEEG connectivity further indicated that the changes, mainly in the 

alpha band, over the parietal and occipital cortices from pre- to post-TMS sessions were 

significantly correlated, in both magnitude and direction, to symptom changes in this group of 

subjects with MdDS. This connectivity measure not only suggested that rTMS can generate 
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positive treatment effects in MdDS patients, but also revealed new potential targets for future 

therapeutic trials to improve treatment effects. It is promising that the new connectivity measure 

from rsEEG can be used to understand the variability in treatment response to rTMS in brain 

disorders with impaired functional connectivity and, eventually, to determine individually tailored 

stimulation parameters and treatment procedures in rTMS.

Index Terms

Connectivity; dysconnectivity disease; independent component analysis (ICA); mal de 
debarquement syndrome (MdDS); neuromodulation; phase; repetitive transcranial magnetic 
stimulation (rTMS)

I. Introduction

Transcranial magnetic stimulation (TMS) has proven to be an important neural stimulation 

tool in investigating the pathophysiological bases of neurological and psychiatric conditions 

[1]. It can be used to modulate cortical excitability using either inhibitory low-frequency (≤1 

Hz) or facilitatory high-frequency stimulation (≥5 Hz) [1]–[3]. The effects of TMS can be 

observed not only in local areas at the stimulation site, but also in remote, anatomically 

and/or functionally connected sites [1], [2], [4]. The effects of TMS in remote cortical 

structures are of therapeutic interest, since deep brain and certain neocortical structures that 

exhibit more individual variations are difficult to accurately and efficiently target with 

surface stimulation. Moreover, repetitive TMS (rTMS) can induce robust and long-lasting 

effects (outlasting the stimulation period) [4], especially at low-frequency stimulation. Thus, 

there is great interest in the therapeutic applications of rTMS in neurological and psychiatric 

disorders [5]–[7].

A variety of methods have been introduced to measure the neuromodulatory effects of TMS. 

Electromyography (EMG) has been mainly used with single- and paired-pulse TMS to 

investigate normal and/or impaired motor cortical excitability [8] and various EMG 

measures [8] have been developed in single-pulse TMS paradigms (motor evoked potential, 

MEP; resting/active motor threshold, MT and cortical silent period, CSP) and in paired-

pulse TMS paradigms (short-interval intracortical inhibition/facilitation, SICI/ICF; short-

latency/long-latency afferent inhibition; and transcallosal inhibition). Altered values of these 

measures have been reported in neurological and psychiatric disorders [8]. The major 

drawback of the TMS-EMG protocol is that the intervention and read-out is largely limited 

to the motor cortex (M1) and only in a few brain disorders there have been clear 

neuropathological evidence of a direct link to motor dysfunction [9]–[11]. Studies of M1 

cannot be simply translated to other cortical structures due to differences in cortical 

architecture, neuron density, and receptor distribution, which might cause different 

neuromodulation responses [8].

Recent developments that combine TMS and functional neuroimaging techniques, including 

electroencephalography (EEG) [12]–[16], functional magnetic resonance imaging (fMRI) 

[17]–[21], and positron emission tomography (PET) [22], have extended the investigation of 

modulation of cortical excitability to regions other than M1. In particular, the TMS-EEG 
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protocol has been extensively used to assess neuromodulation effects in occipital [23], 

parietal [24], premotor [25], and dorsolateral pre-frontal cortices (DLPFC) [12], [26], in 

addition to M1 [13], [14]. Accordingly, many TMS-EEG measures have been proposed to 

elucidate cortical excitatory and inhibitory changes. As an example, the long-interval 

cortical inhibition (LICI) measure has been used to assess TMS stimulation responses in 

DLPFC [27] and other cortical regions [28]. It revealed deficits of cortical inhibition in the 

gamma frequency band at DLPFC in schizophrenia patients [29]. TMS-EEG measures have 

been derived from evoked potentials (EPs), such as fronto-central gamma-band EP in 

schizophrenia patients [15] and P30 in Alzheimer patients [30]. EEG spectral power 

difference before and after TMS is the most widely used measure, especially when resting-

state EEGs (rsEEGs) are being investigated [12], [13], [15]. Some of these studies indicate 

that long-lasting effects of rTMS can be induced in areas outside the motor cortex, adding 

evidence beyond from behavioral [31], [32] and clinical effects [5], [33].

Recently, accumulating evidence suggest that functional connectivity, especially resting-

state functional connectivity, is profoundly altered in many neurological and psychiatric 

disorders [8], [34]–[36], i.e., a category of diseases involving dysconnectivity [6], [37]. A 

technique that is sensitive enough to detect early and subtle functional connectivity changes 

in these disorders would thus be important in the diagnosis and eventual treatment of these 

disorders. While the TMS measures discussed earlier imply certain functional connectivity 

and network changes, most of them do not directly measure changes or alterations in 

networks. The tools to directly map functional connectivity and to develop network 

measures in studying their changes under various conditions (healthy, diseased and/or TMS 

stimulated) would be of both theoretical and eventual practical utility. It has been suggested 

that network measures are more sensitive clinical biomarkers for dysconnectivity diseases 

[34], that they can better predict stimulation outcomes [38], [39], and that network-guided 

stimulation treatments lead to better outcomes [40]. Recent studies using resting-state fMRI 

(rsfMRI) [17]–[19], [21] have shown different excitatory/inhibitory effects of rTMS between 

the stimulated and functionally connected regions. Early EEG studies have used coherence 

as a connectivity measure with increased coherence indicating inhibitory rTMS effects in 

resting state [14], [41] and under tasks [25]. These network measures highlight the 

possibility of extending TMS measures to investigate functional connectivity and network 

changes.

In this study, we developed a novel rsEEG analysis framework to study neural activity 

changes (using spectral power) and connectivity changes (using phase coherence) after the 

application of rTMS. We evaluated these two measures at the component level of rsEEG 

signals, as decomposed from group-level independent component analysis (ICA) [42], [43]. 

Our method addressed the volume conduction effect [44] in EEG channel signals, and thus 

avoided false positives in identifying significant rsEEG connectivity (e.g., coherence) due to 

volume conduction. Since these EEG network measures were computed from rsEEG data, 

we expected that our capability of detecting significant network structural and connectivity 

changes would be similar to those measured from rsfMRI [17]–[20].

We applied this new TMS-EEG protocol to a chronic neurological disorder of imbalance, 

called mal de debarquement syndrome (MdDS) [45]. MdDS is a disorder caused by 
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entrainment to background oscillating environments in which individuals experience a 

persistent sensation of low frequency rocking dizziness after disembarking from a moving 

vessel such as a boat or a plane. In some rare individuals, as those investigated in this study, 

this rocking dizziness lasts for months or years. Inner ear function testing and structural 

brain imaging are normal in MdDS [45]. However, fluorodeoxyglucose PET and rsfMRI 

data have revealed resting-state metabolic and functional connectivity differences in MdDS 

individuals compared to healthy controls [35], which can be used to study the proposed 

connectivity measure in this new TMS-EEG protocol. We chose MdDS patients also because 

the disorder appears to be one of abnormal neuroplasticity that is not related to organ 

damage, which is optimal in studying functional connectivity changes rather than those due 

to structural alterations. Furthermore, the perception in MdDS can be modulated by moving 

subjects passively, such as driving [45], which suggests that a similar effect might 

potentially be achieved by external brain modulation. Our pilot study [33] showed that the 

rocking perception of MdDS can be acutely modified by rTMS over DLPFC.

Many studies have investigated short-term EEG changes induced by single session rTMS 

with effects lasting up to 90 min [46]. Since acute changes can be affected by nonspecific 

rTMS related factors like pain, fatigue, and anxiety, in this study, we were particularly 

interested in measuring more remote effects of rTMS that would be indicative of actual 

neuromodulation [1]. The rsEEG data in this study were thus recorded 4 to 5 h after the last 

rTMS session at the end of a consecutive five-day protocol [33]. We hypothesized that rTMS 

targeted at DLPFC might generate long-lasting effects on networks broader than those 

regions specifically related to the treatment of MdDS since the same stimulation protocol 

has been used for other disorders [12], [26], [27]. Therefore, we not only correlated rsEEG 

changes to the direction and magnitude of symptom changes that subjects reported during 

the course of their treatment, but also compared rsEEG measures before and after five rTMS 

sessions using the group of subjects as a whole without distinguishing symptom 

improvement and/or worsening.

II. Materials and Methods

A. Subjects

Patients with a history of persistent MdDS meeting the following criteria were recruited 

through a university neurology clinic as well as an advertisement on the MdDS Balance 

Foundation website (www.mddsfoundation.org): 1) a chronic perception of rocking 

dizziness that started after disembarking from sea, air, or land based travel; 2) symptoms 

lasting at least six months to avoid any possibility of a spontaneous remission during the trial 

[45]; 3) no other cause for symptoms after evaluation by an experienced neurotologist 

(Y.H.C); 4) no contraindications to receiving rTMS including pregnancy, medications that 

lower seizure threshold, or a personal or family history of seizures; 5) at least 18 years old.

Ten right-handed women (age: 47.6 ± 10.7 yrs) with persistent MdDS lasting from 8 to 91 

(40.5 ± 24.2) months participated in the study. Though there was no gender exclusion in 

recruitment, MdDS is significantly more prevalent in women [45] and so this composition 

was not unexpected. Symptoms were triggered by sea travel in four subjects, air travel in 

three subjects, land travel in two subjects, and an amusement park ride in one subject. 
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Written informed consent was obtained from participants before the start of all procedures, 

and the study was approved by Western IRB. Subjects completed the Edinburgh Handedness 

Inventory [47].

B. rTMS Sessions

Prior to the rTMS treatment, subjects underwent a magnetization-prepared rapid acquisition 

with gradient echo (MPRAGE) scan on a General Electric (GE) Discovery MR750 3 T MRI 

whole-body scanner (GE Healthcare, Milwaukee WI, USA). The MPRAGE images were 

used for neuronavigation during the treatment sessions.

Each subject underwent five sessions of rTMS on five consecutive days. The Localite TMS 

Navigator (Localite GmBH, Germany) frameless stereotaxy system was used for 

neuronavigation to identify the middle of the middle frontal gyrus, which is the center of the 

DLPFC. Navigation was used throughout the procedure to ensure consistent targeting. rTMS 

was performed with the Magventure MagPro X100 stimulator with a cooled figure-of-eight 

coil. Motor thresholding was performed each day with independent measurements made for 

both the right and left M1 hand areas. MTs were defined as the percent intensity of the 

stimulator output that generated a 50 μV MEP in the contralateral abductor pollicis brevis 

muscle in five out of ten trials.

Each rTMS session consisted of a standard protocol of 1 Hz right DLPFC stimulation at 

110% of MT for 1200 pulses (20 min) followed by 10 Hz left DLPFC stimulation at 110% 

MT for 2000 pulses (25 min). The 10 Hz protocol was administered as trains of 40 pulses 

over 4-s followed by 26 s of rest, i.e., each train was 30 s. Fifty 10 Hz trains were 

administered at each session. Subjects were seated in a recliner in a quiet room with their 

eyes open. Subjects rated the degree of their MdDS symptoms on a visual analogue scale 

(VAS) of 0–100 each day, where 0 was complete suppression of symptoms. The change in 

the VAS from Day 1 to 5 was used as the measure of symptom change.

C. EEG Recording and Preprocessing

rsEEG was recorded in two 5-min sessions: one before the subjects received their first TMS 

treatment on Day 1 (the pre-TMS rsEEG session) and another 4 to 5 h after the last TMS 

session on Day 5 (the post-TMS rsEEG session). 126-channel EEG signals were recorded 

using a BrainAmp amplifier (Brain Products GmbH, Munich, Germany). The online 

reference channel was located at the FCz position, while the ground electrode was located at 

the AFz position. The impedance of all electrodes was maintained below 10 kΩ during 

recordings. EEG signals were recorded at a sampling frequency of 1000 Hz with an analog 

filter (from 0.016 to 250 Hz) and a resolution of 0.1 μV. Subjects were siting in a recliner 

quietly with eyes closed in a quiet darkened room when rsEEG data were recorded.

The preprocessing steps for each individual subject are depicted in Fig. 1(a). First, a 

bandpass filter of 0.5–30 Hz was performed on pre- and post-TMS rsEEG data separately 

from each subject. Second, bad channels were detected using an automatic method from the 

FASTER toolbox [48] integrated in EEGLAB [49], as well as by visual inspection. rsEEG 

data on bad channels and at the channel FCz were then interpolated from neighboring 

channels using the EEGLAB toolbox [49]. Third, rsEEG data were segmented into 1-s 
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epochs with bad epochs identified and removed using the FASTER toolbox. In these 

FASTER processes, the statistical threshold was selected at Z-score >3 for each metric used 

[48]. Finally, rsEEG data were rereferenced to an arithmetically derived common average 

and downsampled to 250 Hz. After these steps, the resulting rsEEG epochs from pre- and 

post-TMS rsEEG sessions of each individual subject were concatenated for an Infomax ICA 

[49] to reject additional artifacts [see Fig. 1(a)]. rsEEG data from each subject were 

decomposed into 64 independent components (ICs); those ICs linked to ocular, cardiac, and 

muscular activity were rejected. The purpose of combining pre- and post-TMS rsEEG data 

before ICA-based artifact rejection was to avoid possible spectral power differences between 

them due to different numbers of artifact-related ICs being rejected if processed separately. 

After all processes were performed on all subjects, an average of 291 (SD: 15) epochs for 

each rsEEG session was obtained for each subject.

D. Group-Level ICA Analysis

To obtain dissociable rsEEG patterns linked to distinct neural substrates over all subjects, a 

group-level ICA scheme was employed [see Fig. 1(b)]. Preprocessed rsEEG epochs from 

individual subjects were separately normalized using a z-transform to reduce intersubject 

variations, and then temporally concatenated. These concatenated time-domain 1-s epoch 

data were converted into a 3-D time–frequency representation (TFR) (X̂ ∈ CNc ×Nf ×NT ) 

using a short-time Fourier transform (STFT), where Nc, Nf, and NT denote the number of 

channels (i.e., 126 plus the interpolated FCz), the number of frequency bins (i.e., 27 bins 

from 4 to 30 Hz with a resolution of 1 Hz), and the number of epochs (i.e., 5827 epochs 

from ten subjects each with two rsEEG sessions), respectively. Thereafter, the 3-D complex-

valued TFR data were rearranged into a 2-D matrix X̃ ∈ CNc ×(NfNT) by mixing samples in 

temporal and spectral domains, and fed into a complex ICA model [42], [43] as follows:

(1)

where A ∈ RNc ×Ns is the real-valued mixing matrix, S̃ ∈ CNs ×(NfNT) is the IC source 

activation matrix, and Ns denotes the number of ICs (i.e., 25). After the group-level ICA 

decomposition, the spatial patterns (columns of A) of the group-level ICs were obtained. 

Their spectral dynamics were calculated from STFT-transformed temporally concatenated 

rsEEG epochs (without z-transform) using the unmixing matrix (A−1 ), and reorganized into 

pre-and post-TMS sessions for each individual.

From the resulted 25 group-level ICs, 13 ICs were identified based on their spatial-spectral 

patterns, i.e., spatial patterns approximately explained by dipolar sources [50] and/or 

spectral powers with evident peak(s) in theta, alpha, and/or beta bands, after excluding those 

ICs related to nuisance processes (e.g., eye movement and residue muscle activity). Epoch-

wise spectral dynamics of 13 ICs were then used to compute rsEEG measures as discussed 

next [see Fig. 1(c)].
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E. Spectral Domain rsEEG Measures

Two rsEEG measures, i.e., spectral powers of individual ICs and inter-IC phase-based 

coherences (ICPCs) [49] of any pair of two different ICs (i.e., 78 pairs from 13 ICs), were 

computed and statistically compared in the contrast of pre- and post-TMS rsEEGs [see Fig. 

1(c)].

Spectral power—For both pre- and post-TMS sessions, spectral powers at four frequency 

bands, i.e., theta (4–7 Hz), low alpha (8–10 Hz), high alpha (11–13 Hz), and beta (14–30 

Hz) band, were obtained by averaging spectral powers over the frequency bins in each band. 

The statistical difference between pre- and post-TMS rsEEGs at each frequency band was 

examined [see Fig. 1(c)] by a paired t test (two-tailed) for each IC, with the significant level 

set at p < 0.05.

Phase coherence—ICPC was employed to detect the connectivity between two 

functional brain regions (i.e., two ICs) [49], which is calculated as follows:

(2)

where n is the number of epochs, and φj (f,e) and φk (f,e) are the phases from the eth epoch of 

jth and kth ICs at the frequency f. If the phases of two ICs fluctuate in synchrony over time 

courses (i.e., epochs), the difference between them would be a constant and the ICPC value 

is close to 1. Otherwise, it would be close to 0. As in the analysis of spectral power, ICPC 

differences between pre- and post-TMS rsEEGs were also examined at the same four 

frequency bands [see Fig. 1(c)]. We first tested whether ICPCs obtained in each rsEEG 

session (separately for pre- and post-TMS rsEEGs) were significantly different from zero 

(null hypothesis for no significant connections) using one-sample t-tests (two-tailed), and 

those significant connections obtained were used to form neural networks in each condition. 

The significant level was set to p < 0.01 with Bonferroni correction (divided by the number 

of IC pairs, 78). Thereafter, the ICPC differences between pre- and post-TMS sessions at 

four frequency bands were examined by a paired t test (two-tailed) only in cases with at least 

one significant ICPC (p < 0.01, corrected) in either pre- or post-TMS rsEEG. The significant 

level was set to p < 0.05.

F. Relationship Between rsEEG Measures and VAS Scores

To investigate the relationship between rsEEG measures and changes in symptoms [see Fig. 

1(c)], the differences in spectral power and ICPC between pre- and post-TMS rsEEGs at the 

four frequency bands of individual ICs were correlated to VAS score changes from pre- to 

post-TMS tests using a cross-subject Pearson correlation analysis. The correlation 

coefficients (CCs) with p < 0.05 were considered to be significant. Similarly, the correlation 

analyses involving ICPC were only conducted in cases with at least one significant ICPC in 

either pre- or post-TMS rsEEG. The directions of changes in both rsEEG measures and VAS 

scores were investigated to further verify the correspondence between electrophysiological 

and symptom changes. Since the number of ICPC changes was relatively large, the 
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directions of ICPC changes of individuals were investigated using metrics concerning total 

ICPC changes. First, subjects were categorized, based on VAS score changes, into positive 

(reduced at least 10 points), neutral (less than 10 points), and negative groups (increased at 

least 10 points). Second, the connections that indicated significant CCs from the correlation 

analysis earlier were tested in individual subjects to identify a subset of connections that 

show significant ICPC changes (p < 0.01, corrected) from pre- to post-TMS rsEEG for each 

subject. The direction of ICPC changes of each subject in three groups was then evaluated 

using two metrics computed from the subset of connections: 1) fraction of connections of 

reduced ICPCs; and 2) sum of ICPC changes.

III. Results

Edinburgh handedness scores ranged from 40 to 100 (mean: 86; median: 95), indicating 

overall strong right-hand dominance in patients. A range of symptom changes was reported 

in this cohort of ten subjects (see Fig. 2). A minimum of a 10-point change in the VAS was 

required to be considered either a positive or negative response. According to this 

categorization criterion, three subjects (S1, S2, and S3) were in the positive responder group, 

three subjects (S8, S9, and S10) were in the negative responder group, and the remaining 

subjects (S4, S5, S6, and S7) were in the neutral group.

A. ICs of Interest

Thirteen ICs (see Fig. 3) were identified with typical spatial-spectral patterns (labeled as 

ICk, k = 1. . .13), which were consistent with previously reported IC patterns from rsEEG 

[43], [51]–[53]. IC1 indicates an occipital topography over the primary visual cortex. IC2 

and IC3 show the left and right occipital topographies, respectively, over the lateral primary 

visual cortex. IC4 and IC5 indicate the left and right occipital topographies, respectively, 

which are toward the temporal cortex and cover the secondary visual cortex. These five ICs 

to a large extent correspond to the visual resting-state networks (RSNs) identified in fMRI 

[51]. IC6 and IC7 indicate the left and right temporal topographies, respectively, covering 

the left and right secondary somatosensory cortex [43]. IC8 indicates the most complex 

pattern among all ICs and resembles the IC that has been identified in a recent study [51], 

showing the significant correlation to the default mode network (DMN) from fMRI [51]. 

IC9 indicates a typical parietal topography over the parietal cortex. IC10 shows the patterns 

over both left and right central sulcus (CS) in the primary motor cortex. IC11 indicates a 

dipolar pattern over the central medial region, which corresponds to the supplementary 

motor area. Both IC12 and IC13 indicate prefrontal topographies, while IC12 shows a 

symmetrical distribution over the left and right DLPFC and IC13 shows a distribution over 

the medial prefrontal cortex. Note that the left and right symmetric patterns are sometimes 

detected in combination [51] or separately [52], [53].

It is noted that IC1 to IC7 are all related to sensory functions involved in processing motion 

information, which is of particular interest since many symptoms in MdDS appear to involve 

abnormal motion information processing [35]. Moreover, the posterior parietal cortex (IC9) 

has also been reported to involve motion processing [35]. IC12 is of interest since it overlaps 

the rTMS stimulation sites over DLPFC.
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B. Spectral Power Differences Between Pre- and Post-TMS rsEEG

All 13 ICs had alpha peaks in both pre- and post-TMS rsEEG data, while IC13 exhibited the 

most diminished peak (see Fig. 4). The two prefrontal ICs (IC12 and IC13) and one motor 

component (IC11) indicated another peak in the beta band. While no spectral peaks in the 

theta band were evident, the two prefrontal ICs had more elevated theta power in the entire 

spectral power distributions as compared with other ICs.

Only four out of 13 ICs indicated spectral power differences in at least one of the four 

frequency bands examined. In IC2, IC8, and IC12, a significant theta power difference 

between pre- and post-TMS rsEEG (p < 0.05; Fig. 4) was revealed, with enhanced theta 

powers in post-TMS rsEEG in all three ICs. IC8 further revealed significantly higher 

spectral power in the low alpha band (p < 0.05) in post-TMS rsEEG than pre-TMS rsEEG 

(see Fig. 4), which might be extended from the theta band power difference. IC11 indicates 

significantly higher spectral power in the high alpha band (p < 0.05) in post-TMS rsEEG 

than pre-TMS rsEEG (see Fig. 4).

C. Relationship Between Spectral Power Changes and VAS Score Changes

The significant correlations between spectral power changes and VAS score changes were 

only revealed in two ICs (IC2 and IC9) (see Fig. 5). IC2 showed the significant negative 

correlations in the high alpha (CC = −0.64; p < 0.05) and beta bands (CC = −0.73; p < 0.02) 

[see Fig. 5(a)]. IC9 indicated a significant positive correlation in the beta band (CC = 0.67; p 
< 0.05) [see Fig. 5(b)]. Most subjects from the positive group and negative group indicate 

opposite directions of changes in both spectral power and VAS score, and all subjects from 

the neutral group show small changes.

Comparing the ICs showing significant rTMS effects (see Fig. 4) and the ICs showing 

significant correlations to VAS scores (see Fig. 5), only one IC overlapped (IC2). However, 

if specific frequency band changes are also taken into consideration, no IC overlapped in 

these two investigations.

D. ICPC Differences Between Pre- and Post-TMS rsEEG

Both pre- and post-TMS rsEEGs indicate a network of significant connections (as measured 

by ICPC) among 13 ICs in multiple frequency bands (see Fig. 6). Note that those ICs with 

symmetric left and right distributions (IC8, IC10, and IC12) are represented by two dots 

(with each on one hemisphere) and thus the total number of nodes in Fig. 6 is 16. The 

numbers of significant connections (p < 0.01, corrected) in the beta band in both pre- and 

post-TMS rsEEGs were the highest ones among all frequency bands, as well as the numbers 

of the most significant connections (p < 0.001, corrected). The low alpha band had the least 

number of significant connections and the smallest number of the most significant 

connections. Based on visualization, long connections over different lobes (e.g., among the 

prefrontal, temporal, parietal, and occipital lobes) and connections between homologous 

structures in both hemispheres were present (e.g., in the temporal, parietal, and occipital 

lobes) in all frequency bands and in both pre- and post-TMS rsEEGs. The only obvious 

missing significant connections were between the frontal lobe and the temporal lobe in the 

high alpha band in both pre- and post-TMS rsEEGs. The most significant connections within 
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the frontal lobe seemed to be only in the beta band. Importantly, the numbers of significant 

connections in all frequency bands were less in post-TMS rsEEGs than in pre-TMS rsEEGs.

Fig. 7 shows the quantitative results of connectivity differences between pre- and post-TMS 

rsEEGs. The most significant ICPC decrease (p < 0.005) appeared in the beta band between 

the prefrontal and parietal lobes (between IC12 and IC8). There were more modestly 

significant ICPC decreases (p < 0.01) between IC8 and IC5 in the high alpha band. Other 

significant ICPC decreases (p < 0.05) were between IC3 and IC12 in both the theta and high 

alpha bands and between IC7 and IC13 in the beta band. Two significant ICPC increases (p 
< 0.05) were between IC8 and IC10 in both theta and high alpha bands. Other significant 

ICPC increases were all between a sensory related area [circled in Fig. 7(a)] and a 

nonsensory related area (not circled). In sum, there were total 12 significant connectivity 

changes, four of them involving DLPFC with decreased connectivity and five involving the 

parietal lobe.

E. Relationship Between ICPC Changes and VAS Score Changes

Eight significant correlations (p < 0.05) between the ICPC changes and the VAS score 

changes from pre- to post-TMS session were revealed in the theta [see Fig. 8(a)], low alpha 

[see Fig. 8(b)], and high alpha [see Fig. 8(c)] bands, but none in the beta band. Most of the 

significant correlations (p < 0.05) involved ICs from the parietal lobe (five involving either 

IC8 or IC9) and sensory-related areas (seven involving either IC1, IC2, IC3, IC5, or IC7). 

The only significant correlation involving the prefrontal lobe was linked to the parietal lobe 

(between IC9 and IC12). It is important to note that all significant correlations were positive, 

meaning that the coherences among these areas decreased as the VAS score decreased, i.e., 

symptoms improved. Fig. 9 exhibited that all subjects from the positive group and negative 

group exhibited opposite direction of changes, and all subjects from the neutral group 

showed smaller changes than subjects from other two groups.

While ICs showing many significant connectivity changes from pre- to post-TMS sessions 

(see Fig. 7) were from the prefrontal lobe in the theta, high alpha, and beta bands, ICs 

showing significant correlations with VAS scores (see Fig. 8) were mainly from the parietal 

lobe and sensory-related areas in the theta and low and high alpha bands. No IC pair 

overlapped in both investigations.

IV. Discussion and Conclusion

In this study, we developed novel rsEEG measures of neural activity and connectivity in 

evaluating lasting modulation effects induced by rTMS in a group of MdDS patients. First, 

we characterized the resting-state activity of multiple functional brain areas identified in a 

data-driven blind source separation analysis (i.e., ICA) from rsEEG data. We then 

characterized the RSNs defined by the connectivity among these brain areas. We studied the 

resting-state activity and connectivity changes in these brain areas before and after 

consecutive days of rTMS in an attempt to capture neuromodulation effects. We further 

correlated these changes to clinical symptom changes. We demonstrated that there are 

significant changes in resting-state neural activity (see Fig. 4) and neural networks (see Fig. 

7) over broad cortical areas before and after rTMS. We further showed that the changes in 
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the parietal and occipital lobes (see Figs. 5 and 8) were significantly correlated to the clinical 

effects between pre-and post-TMS sessions.

While TMS effects from classical measures have successfully elucidated the 

pathophysiology of various neurological and psychiatric disorders [54], [55], they also 

appear to be non-specific [4]. For example, many different disorders can exhibit the same 

kind of abnormalities [55] and disorders without clear motor cortex pathology have been 

found to exhibit abnormal motor cortical excitability [56]. This can be due to the nonspecific 

nature of TMS stimulation itself, the particular stimulation paradigm utilized, or because 

only indirect TMS effects are being measured. Specifically, some classical TMS measures 

(e.g., MEP and CSP) only investigate peripheral output system changes (e.g., muscles) to 

study corresponding brain areas (e.g., the motor cortex) [8]; some investigate hypothetical 

connectivity changes between the stimulation site and remote areas by comparing only 

neural activity changes at these areas using different conditions as contrasts (e.g., pre- and 

poststimulation, real and sham stimulations, and with and without stimulation) [12], [13]; 

and some from paired-pulse stimulation paradigms (e.g., SICI and LICI) depend on 

transiently altered interactions in pretargeted brain areas [8]. All these investigational means 

are limited in their capabilities of evaluating complex network/connectivity changes. On the 

other hand, while it is still uncertain, dysconnectivity diseases are likely driven by alterations 

in normal neurophysiological connectivity [57], e.g., synaptic plasticity or developmental 

wiring [58]. While the mechanisms of the lasting modulation effects of rTMS are also 

unclear, long-term potentiation [59] and depression [60] of cortical synapses have been 

suggested, which is also related to connectivity changes. These findings suggest that 

understanding the lasting neuromodulation effect of rTMS and its potential to affect 

dysconnectivity diseases requires directly mapping neural connectivity structures. Novel 

network measurements that can detect dynamic connectivity changes among various brain 

regions are needed in order to understand the neuromodulatory effect of rTMS.

The rsEEG connectivity analysis we developed in this study involved constructing neural 

connectivity maps (see Fig. 6) and detecting dynamic connectivity changes before and after 

rTMS (see Figs. 7 and 8). Results from the connectivity measure indicate that the human 

brain is highly functionally connected across hemispheres and various cortical lobes over 

multiple frequency bands in the resting state, regardless of the pre- or post-TMS condition 

(see Fig. 6). This finding was consistent with other rsEEG studies in healthy subjects [52], 

[53] and rsfMRI studies in both healthy subjects [61] and patients [34]. More importantly, it 

also revealed significant connectivity changes specific to the clinical effect of rTMS in our 

patients (see Fig. 8). Finally, it is worth noting that the advantage of measuring network 

changes from rsEEG over those from rsfMRI are twofold: 1) EEG has much higher temporal 

resolution than fMRI (milliseconds versus seconds), which provides significantly better 

capability of detecting dynamic connectivity changes; and 2) BOLD fMRI is an indirect 

measure of neural activity, which is complicated by other system variations (e.g., 

respiration) [62], as compared with a primary neural response measured in EEG.

Another EEG measure (i.e., IC spectral power) was also used in this study to evaluate neural 

activity changes after rTMS sessions. While both EEG measures indicated consistent 

patterns in general, the ICPC measure seemed to be more sensitive. For example, in Figs. 4 
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and 7, both measures revealed significant changes over broad cortical areas after rTMS 

sessions (including the frontal, central, parietal, and occipital areas) but the ICPC measure 

also indicated the involvement of the temporal area. In Figs. 5 and 8, both measures revealed 

that major significant correlations against VAS scores were from the parietal (particularly 

IC9) and occipital areas. The ICPC measure further indicated involvement of more areas 

within the occipital area, and some significant connectivity changes involving DLPFC 

(IC12) and DMN (IC8) (see Fig. 8).

It is hypothesized that the imbalance sensation in MdDS patients is caused by a poorly 

regulated network that involves reduced prefrontal connectivity and increased connectivity 

in parietal, temporal, and occipital areas for motion processing [35]. The EEG changes 

specific to symptom changes suggest a beta power decrease in the parietal area (IC9) and an 

alpha power increase in the left lateral primary visual area (IC2) (see Fig. 5). The symptom-

specific network changes indicate all positive (no negative) correlations to VAS score 

changes mainly over the occipital, temporal, and parietal areas (see Fig. 8). In summary, 

when the symptom improves, in above areas, cortical inhibition increases (alpha power) 

whereas cortical activations (beta power) and functional connectivity decreases, which can 

be interpreted as suppressed motion processing in these areas. However, the beta band EEG 

power increases in IC2 along with VAS score decreases [see Fig. 5(a)] was an exception to 

this pattern. One of the limitations in this study is the lack of Sham stimulation as a control 

due the rareness of the disease [45]. Therefore, we further investigated the direction of 

changes in two rsEEG measures (see Figs. 5 and 9). It is suggested that the direction of 

changes (i.e., decreased, almost none, and increased changes) in both spectral power and 

ICPC correspond to the direction of changes in VAS scores (i.e., positive, neutral, and 

negative, respectively). While the number of subjects in each group is limited, it provides 

evidence that these EEG changes are induced by rTMS, which can be further verified in 

future studies with more subjects.

It is interesting that the patterns related to general changes and those related to symptom-

specific changes in rsEEG measures do not overlap. This is because subjects with different 

symptom changes were grouped together in the investigation of rsEEG changes before and 

after rTMS. The different treatment responses might be caused by the symptom severity and 

duration of MdDS subjects [33]. As indicated in Fig. 2, the numbers of subjects in positive, 

negative, and neutral groups are almost equal, and the symptom-specific rsEEG changes (see 

Fig. 9) at the group level can be largely canceled out due to the opposite directions of 

changes in the positive and negative groups and almost zero changes in the neutral group. 

The detection of these nonspecific rsEEG changes suggests that more general and broader 

neural modulation effects might result from rTMS over DLPFC, which is why DLPFC has 

been targeted by rTMS in various psychiatric disorders [12], [26], [27]. More importantly, 

the detection of symptom-specific changes not only suggests that rTMS can generate 

positive treatment effects in MdDS patients, but can also reveal potentially new targets in 

future therapeutic trials to improve treatment effects. DLPFC was selected as the target area 

for rTMS in this study because rTMS over this area was shown to acutely decrease the 

sensation of low frequency oscillation in MdDS [33], [63]. An important finding in our 

study is that while many connectivity changes were observed in the prefrontal area after 

rTMS, they were not significantly correlated to symptom changes. Interestingly, those 
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connectivity changes within motion processing areas were significantly correlated to 

symptom changes (see Fig. 8). These facts suggest that the parietal and occipital areas may 

be additional or even better targets for rTMS in treating MdDS patients. Also interestingly, 

while more significant connections in the resting brain were in the theta and beta bands (see 

Fig. 6), the most significant connectivity changes related to symptom changes were in the 

alpha band (see Fig. 8). It is consistent with the fact that many TMS-EEG studies have 

yielded results in alpha oscillation changes [23].

In contrast to previous TMS-EEG studies [12], [13], [15], we examined oscillatory neural 

activity and connectivity changes from rTMS in multiple resting-state neural substrates at 

the IC level. Compared to the channel-level analysis, applying ICA to rsEEG data has the 

following advantages. First, ICA addresses the volume conduction issue [44] that reduces 

crosstalk in EEG data from different neural sources and avoids false detection of coherence. 

Second, locations of neural sources underlying individual ICs can be inferred from their 

spatial patterns and have been well reported in the literature. However, it should be noted 

that the source localization capability of ICA, as compared with fMRI, is still limited since it 

does not directly reconstruct sources inside the human brain, which might produce 

ambiguities in the interpretation of IC sources. As an example, while differences can be 

observed, IC8 and IC10 show similar spatial patterns in many aspects. This problem can be 

further addressed by EEG source imaging technologies [64], [65] and one of our works has 

demonstrated the capability of reconstructing RSNs from EEG alone [66]. Third, ICA can 

resolve oscillatory activity and obtain their patterns with high sensitivity that is otherwise 

difficult to measure directly at the channel level, particularly from rsEEG [53]. Finally, we 

adopted a newly developed complex ICA strategy built from our previous study [43]. 

Complex ICA methods have demonstrated better capability in detecting neural components 

over artifactual components than time-domain ICAs [42]. While the phase coherence was 

first used to measure interchannel synchrony caused by external [49] and internal events 

[67], [68], as well as in resting-state data [69], its use on ICs from event-related potentials 

has also been suggested [49]. In this study, we extended its use on ICs obtained from rsEEG 

data. While most previous studies use magnitude correlation to investigate connectivity 

among ICs [70], phase synchrony represents another important mechanism of 

communication in the human brain [71]. Due to the enforced constraint on detecting ICs, 

i.e., maximal statistical independence, synchronized sources might be detected in one IC 

(such as IC10 and IC12, in which left and right components from symmetric structures in 

both hemispheres are indicated) or in different ICs but showing significant coherences (see 

Fig. 6). Therefore, rsEEG changes in both activity and connectivity have been investigated in 

this study considering that the activity of individual ICs might suggest network changes too.

The use of the combination stimulation protocol in this study was based on a pilot study in 

investigating the role of rTMS in the treatment of MdDS [33]. This pilot study determined 

that high-frequency left DLPFC stimulation was overall the most effective one in acutely 

reducing the rocking perception in MdDS and low-frequency right DLPFC stimulation was 

the second most effective one. A similar pattern has been reported in the treatment of 

depression using rTMS. While both protocols have been noted to be more effective than 

sham stimulation in inducing response and remission in depression, recent studies have 

shown that combining two protocols can be more efficient than unilateral stimulations in 
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terms of number of pulses required and duration of sessions [72]. Theoretically, because of 

strong interhemispheric inhibition between the cerebral hemispheres [73], the net effect of 

low-frequency stimulation over the right DLPFC and high-frequency stimulation over the 

left DLPFC would synergistically act to reduce right DLPFC tone while increasing left 

DLPFC tone. Furthermore, since some patients may be left-sided responders while others 

are right-sided responders [33], this combined protocol would give all subjects the best 

chance at obtaining a clinical response.

Due to the rareness of MdDS [45], we only investigated ten subjects in this study. Thus, 

resting-state connectivity changes were not directly compared between responders and 

nonresponders. Instead, we used a correlation analysis and a direction analysis as surrogates 

which used the change in symptom score as a continuous or categorical variable. Sham 

group and more subjects are needed in future studies to further verify that rsEEG changes 

after rTMS are all induced by rTMS. With more subjects, issues, such as the relationship 

between treatment responses and symptom severity/duration, can be investigated. 

Furthermore, since there was only one EEG recording session after rTMS, time-varying 

features of positive neuromodulatory effects across hours and days cannot be studied. 

Multiple recording sessions after rTMS may provide more data in understanding long-

lasting characteristics of rTMS effects. These should be addressed in a future study. 

Nevertheless, the technology presented here is to advance the capability of the TMS-EEG 

protocol in evaluating neuromodulatory effects of rTMS. It has the potential to contribute to 

the establishment of a closed-loop system that can deliver electrical and/or magnetic 

stimulation to dysconnectivity disorders, in which the measured neural activity and 

connectivity changes from rsEEG can be used to determine patient-tailored stimulation 

parameters and treatment procedures. This kind of feedback system may enhance 

understanding of the variability in treatment response to rTMS while providing 

individualized treatment targets. This study on MdDS disease demonstrates the merits for 

further investigation into developing novel TMS-EEG technologies.
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Fig. 1. 
Block diagram of the analysis process: (a) preprocessing steps from raw rsEEG to artifacts-

rejected rsEEG epochs for individual subjects, (b) steps to calculate spatial patterns and 

spectral dynamics of ICs of interest using a group-level ICA, and (c) group-level analyses 

examining the effects of rTMS treatment on neural activity and connectivity.
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Fig. 2. 
Summary of VAS score changes over ten subjects.
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Fig. 3. 
Scalp maps of 13 ICs of interest.
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Fig. 4. 
Grand averaged spectral powers of 13 ICs over ten subjects for pre-and post-TMS sessions. 

Red lines denote the frequency bands of significant power differences (p < 0.05). Solid lines: 

mean powers; shaded areas: SEM.
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Fig. 5. 
Scatter plots of significant cross-subject correlations between spectral power changes and 

VAS score changes from pre- to post-TMS sessions: (a) significant correlations in high alpha 

and beta bands from IC2, and (b) significant correlations in beta band from IC9. Red crosses 

denote coordinate origins; black lines are regressed lines; and blue, black, and red dots 

indicate subjects from positive, neutral, and negative groups, respectively.

Ding et al. Page 25

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2017 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Significant ICPCs (p < 0.01, corrected) in the four frequency bands from both pre-TMS (a) 

and post-TMS (b) sessions.
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Fig. 7. 
Significant ICPC differences (p < 0.05) between pre- and post-TMS sessions identified in (a) 

theta band, (b) low alpha band, (c) high alpha band, and (d) beta band. Circles mark sensory 

function related ICs. Dashed lines: reduced connections; solid lines: enhanced connections.
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Fig. 8. 
Significant cross-subject correlations (p < 0.05) between ICPC changes and VAS score 

changes from pre- to post-TMS sessions in (a) theta, (b) low alpha, and (c) high alpha bands.
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Fig. 9. 
Directions of ICPC changes in subjects from positive (blue dots), neutral (black dots), and 

negative groups (red dots) using two metrics: 1) x-axis: number of negative significant ICPC 

changes over total number of significant ICPC changes; 2) y-axis: sum of all significant 

ICPC changes.
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