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Abstract

Background: Transcranial magnetic stimulation (TMS) is an effective therapy for patients with
treatment-resistant depression. TMS likely induces functional connectivity changes in aberrant
circuits implicated in depression. Electroencephalography (EEG) “microstates” are topographies
hypothesized to represent large-scale resting networks. Canonical microstates have recently been
proposed as markers for major depressive disorder (MDD), but it is not known if or how they
change following TMS.

Methods: Resting EEG was obtained from 49 MDD patients at baseline and following six
weeks of daily TMS. Polarity-insensitive modified k-means clustering was used to segment EEGs
into constituent microstates. Microstates were localized via SLORETA. Repeated-measures mixed
models tested for within-subject differences over time and t-tests compared microstate features
between TMS responder and non-responder groups.

Results: Six microstates (MS-1 - MS-6) were identified from all available EEG data. Clinical
response to TMS was associated with increases in features of MS-2, along with decreased metrics
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of MS-3. Nonresponders showed no significant changes in any microstate. Change in occurrence
and coverage of both MS-2 (increased) and MS-3 (decreased) correlated with symptom change
magnitude over the course of TMS treatment.

Conclusions: We identified EEG microstates associated with clinical improvement following a
course of TMS therapy. Results suggest selective modulation of resting networks observable by
EEG, which is inexpensive and easily acquired in the clinic setting.

Keywords
TMS; EEG; microstates; MDD; neuromodulation

Introduction

Repetitive Transcranial Magnetic Stimulation (rTMS or simply “TMS”) is an effective
therapy for treatment-resistant major depressive disorder (MDD). While its putative
mechanism of action is not known, TMS modulates dysfunctional global networks
underlying depression symptoms (1). Imaging studies have shown TMS activates distal
nodes of specific functional networks, and in turn, elicits sustained connectivity changes
correlated with clinical improvement (2). In addition to global effects, the repetitive pulses
of TMS entrain stimulation-site cortical oscillations to the frequency of stimulation (3).
These local dynamics also appear relevant to TMS therapeutic mechanism of action, as the
proximity of an individual’s endogenous peak alpha frequency to the stimulation frequency
applied during TMS therapy is associated with better treatment response (4) (5).

While the efficacy of TMS therapy is robust for a population that has not benefitted from
trials of standard antidepressant medications, only about 50% of patients who undergo TMS
will see improvement from a six-week daily course (6). These outcome disparities likely
reflect a heterogenous etiology within the broad depression diagnosis. Functional magnetic
resonance imaging (fMRI) has quantified this heterogeneity as differences in resting state
functional connectivity (7), but recent work has shown electroencephalographic (EEG) scalp
recordings can accurately delineate depression subtypes (8). Particularly in light of its
relatively low cost, portability, and ease of use compared to fMRI, the use of EEG to identify
intra-diagnosis differences in clinical samples undergoing TMS holds promise for improving
results via personalized, targeted protocols and predicting treatment outcomes (9) (10).

Other recent work has characterized large-scale network dynamics altered in depression
using EEG microstates (11). EEG microstates are semi-stable, transient voltage topographies
that are frequently recurring in resting-state EEG. Individual consistently-recurring
microstate voltage topographies are likely generated by repeated co-activation of connected
brain regions, generating a consistently recurring and temporarily stable pattern of positive
and negative voltages which can be detected at the scalp. Microstates last approximately
80ms before shifting to another temporarily stable pattern. A set of four “canonical”
microstates (A-D) exist in almost all subjects, and these states are believed to represent the
synchronous activity of large-scale network nodes (12). In studies of disease abnormalities,
microstates offer the ability to capture cortical activity from the entire EEG montage in a
computationally optimized method. While the four canonical prototypes commonly appear
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in awake EEG, microstates can be clustered from the EEG recordings in any given study
without a priori assumptions about the number of prototypical maps to be selected; rather,
goodness-of-fit measures determine the optimal number of topographies in each dataset.
This data-driven approach is advantageous for studies of brain disorders in which aberrant
(i.e. non-canonical) networks may manifest clinical symptoms.

Abnormalities in the temporal dynamics of resting state cortical activity have been
associated with specific EEG microstate findings in neuropsychiatric disorders such as
schizophrenia, delirium, and multiple sclerosis (see review by (12)). Recently, Murphy and
colleagues (11) identified both state and trait microstates characterizing MDD, and a report
by Yan et al. (13) identifies microstate changes associated with Selective Serotonin Reuptake
Inhibitor (SSRI) - mediated MDD improvement. Additionally, certain microstates predicted
clinical response in patients with treatment resistant depression who underwent both
magnetic seizure therapy (MST) and electroconvulsive therapy (ECT) (14). Data describing
effects of TMS on microstates are limited to one study of patients with schizophrenia

(15); changes in two microstates’ durations were interpreted as normalization of networks
associated with symptoms. We investigated microstates in treatment-resistant MDD patients
undergoing a standard, six-week rTMS therapy course in a naturalistic setting to evaluate
possible microstate changes associated with rTMS and their relationship to treatment
outcomes. While we considered these analyses to be largely exploratory, our hypotheses
were based on the few published microstates findings in depression and following brain
stimulation treatments. We anticipated that microstates would selectively change in patients
who experienced improvement in depressive symptoms, reflective of large-scale functional
network modulation previously shown to be involved in MDD pathology and TMS
mechanism of action.

All subjects had a primary diagnosis of MDD confirmed through clinical interview by
experienced psychiatrists applying diagnostic criteria from the Diagnostic and Statistical
Manual of Mental Disorders (5th ed.) (16). Subjects received a standard course of TMS
therapy at the Butler Hospital TMS Clinic. The research protocol for collection of

EEG data was approved by the Butler Hospital Institutional Review Board. All subjects
provided informed consent prior to any procedures being performed. Subjects continued to
receive previously prescribed psychotropic medications during their course of TMS therapy,
consistent with routine standard of care. Butler TMS Clinic patients undergo routine medical
clearance before receiving TMS treatment and are assessed with standardized self-report
depression assessment scales at pre-treatment baseline, and after every 5 TMS sessions (17)
(18).

Clinical Outcome

Clinical outcome was based upon change (from pre-treatment baseline to endpoint,
represented as percent relative to baseline) of total score on the 30-item Inventory
of Depressive Symptomatology, Self-Report scale (IDS-SR) (19). Categorical clinical
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“response” was defined as a decrease of 250% in total IDS-SR score at the time of the
post-TMS EEG. This outcome measure is widely used in the clinical and research fields
surrounding TMS therapy for depression. For correlation and regression analyses, IDS-SR
change over treatment was calculated as a baseline-adjusted endpoint score. Antidepressant
response can be nonlinear, as more severely depressed patients show a greater percent
change at endpoint. As a more appropriate measure of change in symptom severity for
modeling purposes, we applied a six knot, restricted cubic spline regression of the post-
TMS IDS-SR score using baseline IDS-SR (20). The cubic spline regression approach was
used to specifically quantify the correlation of significant changes in microstate metrics
and antidepressant changes. Regressing out the baseline score from the endpoint measure
with this method creates a transformed value to more rigorously assess the relationship

of neuroimaging changes with antidepressant effect. The selection of knots was based on
similar prior investigations (21, 22).

TMS Therapy Course

Patients underwent a series of once-daily (weekdays) TMS treatment sessions on Neurostar
(Neuronetics Inc., Malvern, PA) TMS devices with figure-8 coils incorporating an iron

core. The course of treatment was delivered per Butler TMS Clinic’s standard of care, and
typically included protocols for stimulation at 10 Hz or 5 Hz over the left dorsolateral
prefrontal cortex (DLPFC) at 120% intensity, relative to left-sided resting motor threshold,
with a total of 3000 pulses per session. In cases of poor tolerability, some patients (n=4)
were switched to unilateral 1Hz stimulation sessions (1800 pulses per session) over the right
DLPFC. A typical course of TMS therapy includes 30 sessions over 6 weeks followed by

6 additional sessions in a taper schedule, but a small minority of patients received fewer or
more sessions in their course of treatment, based on clinical response and other factors.

EEG Recording and Processing

Sixty-four channel EEG data were recorded at 2000Hz or 2048Hz sampling rate with

CPz electrode reference during the first session of each patient’s course (“pre”) and

again 6 weeks later at the end of the course (“post”) with the ANT TMS-compatible

EEG system (Advanced Neuro Technology [ANT]; Enschede, the Netherlands). At each
timepoint, five minutes of eyes-closed resting EEG was acquired. Offline preprocessing was
conducted in the EEGLAB toolbox (v2020.0) (23) for MATLAB (2019b, The MathWorks
Inc). The two mastoid channels were presumed to contain no neural data and removed,
leaving 61 channels for analysis. Data was down sampled to 200Hz with the EEGLAB
pop_resample antialiasing filter using a cutoff of 160Hz and transition bandwidth of 80Hz,
high-pass filtered at 1Hz, and cleaned of large artifactual segments and noise by EEGLAB’s
clean_rawdata. Bad channels were rejected and spherical spline interpolated (24). Data was
re-referenced to common average and 60Hz line noise was removed using Zapline (25).

The down-sampled and cleaned data was then submitted to AMICA (26) for independent
component analysis. Components were localized using DIPFIT3 (v3.4) by fitting single
equivalent current dipoles to a template head model (27). Neural components were identified
by two criteria: components labeled “brain” by ICLabel (v1.2.3) (28), and components
localized inside the brain with a residual variance < 15% (29). Non-neural, artifactual
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components were removed before further analysis. Prior to Microstate Analysis, the pre-
processed recordings were low-pass filtered at 30Hz.

Microstate Clustering

While the sample selected for analysis in this study reflected just those patients who

had EEG data collected both at baseline and following their most recent course of

TMS treatments, a larger dataset comprising all available resting EEG data was used for
clustering with the Microstate Analysis Toolbox (v1.0) (30) implemented in EEGLAB.
Recordings from both pre-treatment and post-treatment were clustered simultaneously to
ensure identification of shared microstate prototypes and to improve odds of selecting
prototypes relevant to TMS. Additionally, clustering across sessions and conditions, rather
than separately for each, has been shown to reduce within-subject error and ensure test-retest
reliability (31).

Clustering was calculated by a polarity-insensitive modified k-means algorithm (32). The
k-range was set from 2 to 8, with 50 random start repetitions for each k to improve
replicability. The number of prototype maps was determined as the optimization value

of both the Global Explained Variance (GEV) and Cross-Validation Criteria over the k-
range. The Krzanowski-Lai (KL) criterion (33) is an additional, commonly-used metric to
select the number of microstates; however, KL is not a polarity insensitive measure and,
accordingly, was not considered in this analysis.

After choosing the number of states and their corresponding voltage maps, the prototype
maps were backfit to the entire duration of recordings for the study sample (n=49). Each
EEG sample was labeled as a microstate in a winner-take-all approach, segmenting EEG
into constituent microstates. The minimum microstate segment duration was set to 30ms.
Three variables of interest were extracted from the microstate label time series: occurrence,
coverage, and duration. Occurrence is the frequency of microstate appearance in states/
second; coverage measures the proportion of the total recording dominated by a given
microstate; and duration is the average length, in milliseconds, a microstate class remains
active when it appears.

Source Analysis

Microstates were source localized using the Brainstorm Toolbox for MATLAB (34). For
subjects included in formal analysis, individual EEG data was extracted and concatenated
by microstate. These concatenated-microstate recordings were imported to Brainstorm.
Standard 10-20 electrode locations were co-registered to an ICBM25 template head

MRI, and a boundary element model forward solution was calculated using OpenMEEG
(35). Standardized low-resolution electromagnetic tomography (SLORETA) localized scalp
signal to cortically constrained (normal to cortex) source space (36). For each subject,
individual microstate source activations were averaged across time. For each microstate,
subject-average source maps were z-scored, rectified, and group averaged. Group-averaged
maps were thresholded to activations above 95t percentile, as suggested in fMRI
conjunction analysis (37). Source analysis was only performed on pre-TMS recordings due
to computational constraints.

Brain Stimul. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al.

Statistics

Results

Page 6

Formal analysis was conducted in MATLAB, SPSS 26 (IBM), and RStudio (v1.4.1106).
Pearson correlations and independent samples t-tests were used to evaluate microstate
features relative to baseline depression severity and demographic features. Repeated-
measures analyses of variance tested for differences in microstate metrics over time
between responder and non-responder groups, utilizing time as a within-subjects factor and
responder status as between-subjects factor. Thus, a main effect of time for all subjects

and an interaction effect of responder status were evaluated with significance thresholds
adjusted for testing the 3 features within each microstate domain, i.e, alpha=0.017. When

a significant effect of response group effect was found, sensitivity analyses were run with
age and sex included in the models. Paired Student’s ~tests (two-tailed) compared Pre
versus Post microstate means in the overall sample and in each treatment outcome group.
To be consistent with the methods described in other microstates analyses, p-values for the
paired t-tests were Bonferroni-corrected for the number of microstates tested within each
response group (p = 0.05/6 =.0083 for significance). Effect size for paired-sample tests were
calculated using Cohen’s d. To evaluate treatment-predictive characteristics of microstates,
Pearson correlations tested the association between changes in microstate metrics with
changes in depression severity (calculated as IDS-SR % change from baseline to treatment
endpoint). Significance thresholds for microstate correlations with baseline features and
IDS-SR change values were uncorrected due to their exploratory nature. Sensitivity analyses
were conducted by inclusion of age and sex as covariates in statistical models.

Clinical Outcomes

Patient (n=49) demographics and clinical history are presented in Table 1. Depression
outcomes assessed at the timepoint closest to the “post” EEG were used to provide an
accurate measure of clinical changes between the two recording sessions. Patients saw a
significant reduction in depressive symptoms over the course of TMS therapy (IDS-SR
mean+SD change: —23.1+15, t =-10.8, p < 0.0001, &= 1.6), as expected from open-label
trials. At the time of post-EEG data acquisition, 21/49 (43%) met criteria for categorical
response to TMS. Responders and non-responders did not significantly differ in any baseline
clinical characteristics.

Microstate Analysis

Six microstates were identified from clustering 175 recordings (Figure 1). The 175
recordings included both Pre-TMS (n=110) and Post-TMS (n=65) phases of EEG data
collection, representing 98 unique MDD patients treated in our TMS clinic. Of the 65
patients with post-treatment recordings, 61 had corresponding pre-treatment recordings. The
61 matched Pre- and Post-TMS recordings comprised 52 unique subjects, as some subjects
received multiple TMS treatment courses. Of these, EEG from the most recent course of
TMS treatment was utilized for formal analysis of microstate change related to clinical
response. Finally, 3 patients had incomplete clinical outcomes at the time of our current
analysis and were removed from the dataset, leaving a final sample of 49 for formal analysis
of microstate change associated with TMS.

Brain Stimul. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al. Page 7

The six microstates explained 76.5% of global variance and had a cross-validation score

of 0.3 across all recordings (Supplemental Figure 1). The GEVs of individual microstates
(MS1-MS6) were, in order, 0.31, 0.19, 0.095, 0.093, 0.064, 0.051. The four common
microstates appear to be represented in this set, as expected. MS-1 corresponds to canonical
C, MS-3to D, MS-4 to B, and MS-5 to A. MS-2 appears to similarly be a derivative of
canonical state C. We used this visual similarity as a basis for comparison to prior relevant
microstate investigations (Supplemental Figure 2).

Microstate Relationship to Baseline Characteristics

At baseline, pre-treatment depression severity was correlated with the MS-1 coverage (r =
0.34, p = 0.02) and occurrence (r = 0.33, p = 0.02). No other microstate metric (coverage,
occurrence, duration) was related to self-rated depression scores. Neither age nor sex was
significantly related to any of the microstate metrics at baseline.

Microstates Changes Associated with TMS Therapy

Results of the repeated measures mixed models revealed significant (p < 0.015 corrected
threshold) main effects of time for MS-2 (occurrence p = 0.005, F = 8.74; duration p =
0.014, F = 6.51; coverage p = 0.006, F = 8.36), and MS-3 (occurrence p = 0.004, F = 9.15;
coverage p = 0.006, F = 8.38) reflecting increases in MS-2 and decreases in MS-3 (see
supplemental Table 2). When pre-TMS vs post-TMS changes were analyzed with paired
t-tests and the more stringent correction for multiple comparisons was applied, none of the
mean changes for the pooled sample (n=49) reached the significance threshold (p < 0.008)
(see top row in Figures 2 and S2).

Microstate Changes Associated with Response to TMS Therapy

Motivated by prior work showing the responder-specific physiological effects of rTMS (1,
10, 38) and consistent with our hypothesis that TMS responders would display changes in
microstate dynamics, we evaluated microstate changes within each response group (=50%
improvement IDS-SR = responder; Figure 2a,b).

Repeated-measures models showed responder status had a significant effect on MS-2
changes in occurrence (F(1,47) = 6.38, p=0.015, pponferroni = 0.045); this finding retained
significance when age and sex were entered as covariates. TMS responders (n=21) had
significantly increased occurrence (mean + SD, pre: 2.29 + 0.6; post: 2.79 + 0.56, p

=.007, Pponterroni = 0.042, 0=0.67) and coverage (pre: 0.17+0.05; post: 0.22 £ 0.07; p =
0.006, pponferroni = 0.036, d=0.68) of MS-2 from pre- to post- treatment. By contrast, hon-
responders (n=28) showed no change in MS-2 occurrence (p = 0.69), coverage (p = 0.48),
or duration (p = 0.25). Duration of MS2 among responders did not change significantly over
the course treatment (p = 0.023, pponferroni = 0.14).

For MS-3, repeated measures models showed trend-level effects of responder status on
changes in occurrence (F(1,47) = 5.57, p = 0.023; pponterroni= 0.069), duration (F(1,47)
=5.86, p=.019, pponferroni =-057), and coverage (F(1,47) = 6.25, p = 0.016, pponferroni =
0.048); p-values remained unchanged or were further reduced in sensitivity analyses with
age and sex. Paired-t-tests revealed that among responders, MS-3 occurrence decreased (pre:
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2.39 + 0.69; post: 1.88 £ 0.74; p = 0.001, pponferroni = 0.006, o= 0.87). MS-3 coverage
similarly decreased for responders from baseline (0.18 £ 0.086) to endpoint (0.13 + 0.058;

p = 0.006, pponterroni = 0.036, =0.67). No significant change was seen in MS-3 duration
among responders (P ponferroni = 0.156). Nonresponders did not have significant change in
MS-3 occurrence (p = 0.64), coverage (p = 0.73), or duration (p = 0.86). Post-hoc tests
indicated that the increase in MS-2 characteristics and decrease in MS-3 characteristics were
significantly correlated (change in occurrence: r = —0.54, p < 0.0001; coverage: r = —-0.48, p
< 0.0001), suggesting a true reciprocal relationship.

For responders, paired-t-tests suggested MS-6 decreased in duration from pre-TMS (68 +
4.7) to post-TMS (64 + 5.8, p = 0.003, pponferroni = 0.018, d =0.73). Non-responders saw
no change in MS-6 duration (p =0.66). However, this responder interaction did not meet
significance in the repeated measures model (F(1,47) = 3.12, p = 0.084, pponferroni = 0.24).
No other significant duration changes were observed (Supplemental Figure 3).

Microstates 1, 4, and 5 revealed no significant changes over the course of TMS treatment for
either response group or nonresponse group.

After observing the responder-specific changes in MS-2 and MS-3, we evaluated the explicit
relationship of microstate changes to degree of improvement in depression symptoms
(Figure 3). Change between timepoints [post-pre] in each microstate metric (occurrence,
coverage, duration) was examined in correlation tests with symptom change (IDS-SR
endpoint score corrected for baseline, where more negative values represent a greater degree
of depressive symptom reduction). Symptom improvement over the course of TMS was
associated with increases in MS-2 occurrence (r = —0.44, p = 0.002, Figure 3a) and coverage
(r=-0.39, p = 0.006, Figure 3b). Symptom improvement was also associated with a greater
decrease in MS-3 occurrence (Pearson r = 0.35, p = 0.01, Figure 3c) and MS-3 coverage
(r=0.34, p=0.02, Figure 3d). No significant associations were observed between changes
in duration of MS-6 and clinical change. In total, 3 p-values (uncorrected) were generated
for correlations with symptom improvement within each of the 3 microstates that showed
significant changes (MS-2, MS-3, MS-6) in prior analyses; Bonferroni correction would
decrease the significance threshold to p = 0.017 for these tests.

Localization of Modulated Microstate Networks

Microstates represent spatially stable topographies of neural signal. Multiple reports have
linked the canonical microstates to certain functional networks in combined fMRI/EEG
studies (39), and source localization of microstate EEG signal to cortex has been performed
using various algorithms.

Microstates overlap in their neural generators while also retaining distinct network
properties (40). In light of the observed reciprocal changes in MS-2 and MS-3 prominent
among TMS responders, we visually compared their source localizations. MS-2 activated
most strongly in the frontal/temporal poles, rostral anterior cingulate cortex, orbitofrontal
cortex, and anterior insula. In contrast, MS-3 appears to represent activity in the posterior
cingulate, motor/premotor areas, and parietal lobe. Microstates 1, 3, 4, and 5, appear grossly
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similar to previous localizations of their analogous canonical microstates (Figure 4b and
Supplemental Figure 4) (12).

Discussion

While TMS is an effective therapy, its antidepressant mechanisms of action remain
uncertain. The heterogeneity in response to TMS suggests, at least in part, different
underlying dysfunctional networks and subtypes of MDD are at play (7) (41). EEG-
derived biomarkers hold promise to define depression endophenotypes that share common
neurophysiological features and to improve patient outcomes via targeted treatment
selection.

In this study we identified microstate networks that were dominant over time, i.e., in both
pre- and post-treatment resting EEG data, then evaluated changes in these (six) microstates
after a standard 6-week course of naturalistic TMS therapy in patients with MDD. We
found differential changes in multiple microstates as a function of response to TMS therapy;
two specific microstates (presented here as MS-2 and MS-3) significantly and reciprocally
changed among responders. Consistent with other groups (e.g. (42)), we did not find
baseline microstates to be associated with treatment outcomes. After a standard course

of TMS, however, those who got better showed significant increases in the presence of
MS-2 alongside significant decreases in MS-3. The robustness of these findings was also
reflected by correlation analyses indicating the magnitude of changes in microstates 2 and 3
significantly correlated with degree of clinical improvement.

Microstates are believed to represent transient activations of global networks. While recent
work on microstates in depression (11) was limited by use of prototype voltage maps to
localize cortical signal to unconstrained source, we applied SLORETA localization to our
recorded subject EEG data (see Figure 4 and Supplementary Figure 4) and observed distinct
networks that changed in relation to clinical response to TMS. Previous fMRI/EEG work
has attempted to translate the spatially imprecise microstate networks onto their underlying
cortical sources. Canonical microstate C, which corresponds to our microstate 2, had BOLD
activation in the dorsal anterior cingulate cortex (ACC), inferior frontal cortices, and right
insula (39) (Fig 4a). These regions, along with our microstate 2 source localization, overlap
favorably with the positive affective “reward” circuit, involving the orbitofrontal cortex, the
anterior and inferior prefrontal cortex, and ACC (43). Our finding suggests that in TMS
responders, this reward network may be activated more often and for a greater proportion

of time, perhaps reflecting changes underlying improvement in anhedonia. However, we did
not directly test the relationship between specific symptoms and microstate networks, and
so these interpretations are merely speculative, constituting a future direction in this line of
investigation.

In contrast, microstate 3 was decreased in coverage and occurrence after effective TMS
(Figure 4b). This microstate corresponds to canonical microstate D, both of which activate
dorsal and ventral frontal and parietal cortical areas (12, 39) subserving depression networks
of attention and cognitive control (43). Interestingly, while depression is commonly
associated hypoconnectivity of the cognitive control networks (44), other evidence suggests
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that some depressed patients indeed have hyperconnectivity in this network, which has
been suggested to contribute to ruminative thoughts, and is further reflected in the positive
correlations between this network and the default mode network (43). We again emphasize
that our speculations require direct testing correlating symptoms with network changes,
and future work would be complemented well with functional imaging to combine spatial
and temporal precision in elucidating the EEG microstate correlates of depression symptom
subtypes (45).

As depression subtypes have been explained by functional connectivity differences (7) and
stimulation site connectivity may predict TMS treatment outcomes (46), the question of
network changes induced by treatment is particularly important to the mechanism of action
of TMS therapy. Our results appear generally consistent with prior work showing that
connectivity between the dorsolateral prefrontal cortex (stimulation site) and subgenual ACC
is relevant to TMS treatment outcome (47) and that frontoparietal networks play a role

in antidepressant response (44). Additionally, TMS has been shown to normalize default
mode network (DMN) hyperconnectivity (48). The increase in MS-2 and decreased presence
of MS-3 in our TMS responders may similarly reflect this DMN recalibration. We note,
however, that the controversial validity of reverse inference should be acknowledged (49,
50), and the inverse relationship of microstates 2 and 3 may reflect the constraints of
microstate clustering.

We found baseline microstate features were not significantly associated with baseline
clinical or demographic characteristics, including baseline depression severity. We did
not have a non-depressed control sample for cross-sectional comparisons, but others (11)
have found significant microstate group differences when comparing depressed individuals
to controls, with significant linear relationships between depression severity and certain
microstate features. Similar to EEG microstates, dynamic co-activation pattern (CAP)
analyses of resting fMRI time series data also identify states with subject-level metrics
such as dwell time, occurrence, persistence, and transition. Greater dynamic presence

of frontoinsular-default network states (involving regions identified in our EEG data as
microstates 2 and 3) was associated with more severe depression in an adolescent patient
sample (51).

Critical next steps include investigating the progression of these microstate changes over
the course of treatment to understand how they evolve. If microstate changes like those

we measured could be detected upon initial interrogation with a specific TMS protocol or
in advance of weeks of daily sessions required for symptom resolution, then perhaps EEG
microstate analysis could be harnessed for providing feedback to inform clinical decision
making on an individual patient level. However, determining whether the microstate changes
we observed are specific to TMS, or to other brain stimulation therapies, is an important
question for determining their potential clinical utility. Similar to our findings, successful
seizure therapy delivered either as electroconvulsive therapy or as magnetic seizure therapy
was found to correlate with a decrease in canonical microstate D frequency, subjectively
similar to MS-3 (14), arguing against specificity for TMS. Additionally, microstate metrics
comparing pre-treatment baseline and after two weeks of escitalopram were not associated
with differential treatment outcomes (42), but that investigation did not analyze within-
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subject microstate changes over time in relation to clinical response to the antidepressant.
Taken together, the current study adds to the evidence base that distinct depression networks
are therapeutically altered in those who respond to antidepressant treatment and not altered
in those who don’t. This is a step towards better understanding the network associated
deficits involved in depression and how they can be modulated in TMS therapy.

To place our findings in context with other relevant research, we note that previously
published microstate studies evaluated samples of unipolar, mostly unmedicated depressed
patients (11) or mixed unipolar and bipolar subjects (40, 52). Owing to insurance coverage
criteria, the patients in our sample had at least moderately-severe unipolar depression
resistant to pharmacotherapy. Most of our patients continued on multiple psychotropic
medications, including antidepressant agents, during their courses of TMS. While it has not
been specifically investigated, the use of psychotropic medications may impact microstates
associated with specific patterns (53). While representing an important subset of the general
depression patient population, the characteristics of our naturalistically treated sample may
limit comparisons of the current findings to those previously reported.

Some limitations should also be noted in the interpretation of our findings. Microstate
segmentation has drawn criticism as an overly simplistic measure of EEG dynamics. The
“winner-take-all” labeling excludes the possibility of competing microstate classes during
EEG segments and presumes discontinuous EEG evolution (54). Although these EEG
features appear to reflect a clinically relevant measure, we were careful to interpret results
of our microstate analysis within the constraints of its GEV (76.5%) and clustering methods,
and the approach we used generated results accounting for a large amount of the variance

in brain activity. We also note the stringency of our cleaning and artifact identification
methods as a possible limitation. Due to the number of recordings and the nature of
microstate analysis, we utilized largely automated cleaning methods with rigorous artifact
rejection, at the possible expense of eliminating true neural signal. Similarly, interpretations
of SLORETA localization are limited by the low spatial resolution of the inverse solution
and by using a template MRI for all subjects’ forward solution. Despite the lack of precision
inherent in this method, using source localization was useful to speculate about possible
mechanistic underpinnings for our microstate results.

The naturalistic design of this study precluded a sham control group. Consequently, our
findings may simply reflect a more general antidepressant response, subject to placebo
confounds, rather than neuromodulation-induced changes. Concurrent medication use,
length of current episode, and motor threshold were not assessed as possible covariates
affecting microstate change, and future work should investigate these potential effects.

Analysis of EEG microstates is a nascent field and still focused largely on signal detection;
standards for correction of significance thresholds in the face of multiple comparisons with
several metrics for each microstate are lacking. We attempted to apply the same analysis
strategy and correction factors used by Murphy and colleagues (11) to promote consistency
and comparison across reports, but more replication efforts using additional databases across
multiple research groups will be helpful for interpretation of these results. As previously
noted, the significance thresholds for correlation tests between changes in microstate metrics
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and depression score changes are uncorrected and should be interpreted as such. Finally,
since the coverage metric is dependent on both duration and occurrence, findings that we
and others report about changes in microstate coverage might simply be a product of the
occurrence factor. Additional work is needed to evaluate whether coverage is an important or
meaningful independent metric of microstates.

Follow-up steps should evaluate the underlying functional connectivity of individual
microstates. While each state is believed to represent a global network, average source
activation, as presented here, is not a robust EEG connectivity metric. Coherence, phase-
amplitude coupling, and orthogonalized envelope correlation in source space would more
accurately quantify functional connectivity and possibly reveal stronger EEG biomarkers
descriptive of TMS response. Of particular interest will be future studies comparing static
and dynamic network activity, measured by either EEG or fMRI or both, in a longitudinal
fashion as patients progress through various states of symptom severity and remission.

In summary, these results are the first to describe a novel modulation of temporal

dynamics in antidepressant response to a standard course of TMS therapy. Numerous prior
investigations have utilized fMRI and EEG static spectral-power values in the context of
TMS, but here our microstate analysis quantifies temporally distinct aspects of resting-state
networks, unobservable at the slow fMRI timescale, and representative of global dynamics
lost in time-frequency decomposition. Our results generally replicated findings reported
from a depressed sample receiving other (non-TMS) types of neuromodulation therapies,
i.e, a decrease in occurrence of a microstate similar in topography and localization to our
MS-3 (14). Taken together, these neuromodulation-induced microstate changes may suggest
a shared teleologic antidepressant mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

EEG microstates are believed to represent transient activations of global
networks

Distinct microstate networks changed in clinical response to TMS

These changes may reflect default-mode network recalibration in
antidepressant response
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Figure 2: Categorical Microstate Changes After TMS Course.
A) Occurrence and B) Coverage of MS-1 — 6 (left to right) for the all subjects together (top

row), responders (middle row), and non-responders (bottom row). Red p-values meet the

Bonferroni-corrected significance threshold (p<0.0083); uncorrected p-values are displayed
on left, followed by corrected p*-values on right. Red line is the mean, red bar displays the
standard error of the mean, and blue bar displays the standard deviation
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Figure 3: Symptom Correlation with Microstates Change.
Increases in occurrence (a) and coverage (b) of MS 2 significantly correlate with

improvements in depressive symptoms. Reciprocally, decreases in MS 3 occurrence (c) and
coverage (d) correlate with symptom improvement.
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Figure 4: Source Localization for MS2 and MS3.
SLORETA average activations of MS 2 (a), MS 3 (b).
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Table 1.

Demographic, Clinical, and Treatment Characteristics (N=49)

Range or N | Mean (SD) or %

Baseline Depression Severity (IDS-SR total) 29 -82 49 (11)

Age (years) 20-77 44 (15)

Sex (Female) 32 65%

Past (Lifetime) ECT 11 22%

Past (Lifetime) Psychiatric Hospitalization 29 59%

Past TMS Therapy (Prior Depressive Episode) | 12 25%

Total Number of TMS (Current Episode) 33-46 36 (2)
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