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Background: The efficacy of repetitive transcranial magnetic stimulation (rTMS) to the left dorsolateral prefrontal cortex (dIPFC) has been
established in patients with treatment-resistant depression (TRD), suggesting that alterations in signal propagation from the left dIPFC to
other brain regions may be linked to the pathophysiology of TRD. Alterations at the cellular level, including dysfunction of oligodendro-
cytes, may contribute to these network abnormalities. The objectives of the present study were to compare signal propagation from the
left dIPFC to other neural networks in patients with TRD and healthy controls. We used TMS combined with electroencephalography to
explore links between cell-specific gene expression and signal propagation in TRD using a virtual-histology approach. Methods: We
examined source-level estimated signal propagation from the left dIPFC to the 7 neural networks in 60 patients with TRD and 30 healthy
controls. We also calculated correlations between the interregional profiles of altered signal propagation and gene expression for 9 neural
cell types derived from the Allen Human Brain Atlas data set. Results: Signal propagation from the left dIPFC to the salience network was
reduced in the 6 and o bands in patients with TRD (p = 0.0055). Furthermore, this decreased signal propagation was correlated with cell-
specific gene expression of oligodendrocytes (p < 0.000001). Limitations: These results show only part of the pathophysiology of TRD,
because stimulation was limited to the left dIPFC. Conclusion: Reduced signal propagation from the left dIPFC to the salience network
may represent a pathophysiological endophenotype of TRD; this finding may be associated with reduced expression of oligodendrocytes.

Introduction

Major depressive disorder (MDD) is one of the most preva-
lent mental disorders.! However, nearly one-third of patients
with MDD show little or no response to 2 or more antide-
pressant medications, a condition that is termed treatment-
resistant depression (TRD).? Patients with TRD have a lower
quality of life, greater impairment of work productivity and
increased use of health care resources compared to treatment
responders.’ There is an urgent need to elucidate the patho-
physiology of TRD to develop novel, effective therapies.

A host of studies using functional MRI and resting-state elec-
troencephalography have contributed to our understanding of

the pathophysiology of MDD.* Recent studies using resting-
state functional MRI have revealed that patients with MDD
have abnormal activity in the default mode, salience and fronto-
parietal networks.’ In contrast, few studies have comprehen-
sively evaluated network anomalies in patients with TRD on a
large scale. Although previous studies have demonstrated ab-
normal activity in the default mode and salience networks in
patients with TRD compared to treatment responders, these
studies have shown inconsistent findings, including a mixture
of hyperactivity and hypoactivity.®”

On the other hand, repetitive transcranial magnetic stimu-
lation (rTMS) to the left dorsolateral prefrontal cortex (dIPFC)
is an established treatment for TRD, providing insight into a
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pathophysiological basis for TRD.® Alkhasli and colleagues’
showed that rTMS over the left dIPFC altered the connectiv-
ity between the left dIPFC and other brain structures, includ-
ing the striatum and amygdala, as well as other cortices.
Other studies have indicated that connectivity between the
left dIPFC and the subgenual anterior cingulate cortex could
predict the efficacy of rTMS to the dIPFC in TRD.!*!' More-
over, Godfrey and colleagues'? demonstrated that rTMS for
TRD reduced activity in the salience network. These findings
suggest that alterations within and between functional con-
nectivity networks from the left dIPFC to other brain regions
may contribute to the pathophysiology of TRD.

Attention is being paid to the pathophysiology seeded
by the dIPFC in patients with TRD; however, challenges
in elucidating TRD-specific pathophysiology may be the
result of difficulties in conducting clinical studies limited
to TRD — both in terms of recruitment and in the limita-
tions of analytical techniques in studies that use func-
tional connectivity as an indicator. Recent functional
connectivity studies have employed resting-state or task-
based functional MRI or electroencephalography (EEG),
but these measures assess endogenous brain activity,
making it difficult in principle to examine brain activity in
specific regions. In addition, Smart and colleagues™ noted
that deep brain stimulation to the subcallosal cingulate in-
creased o power and decreased  power at the site of
stimulation, implying that activity at each frequency band
may have a distinct neurophysiological mechanism and
function. To elucidate the pathophysiology of TRD, it is
crucial to quantitatively evaluate how signal propagation
from the dIPFC (the site of rTMS) to other brain regions is
neuromodulated, and to investigate the characteristics
related to its frequency modulation.

In this context, concurrent TMS-EEG measurement is a
promising modality that can be used to measure such
causal network activity in the human cortex in a noninva-
sive manner. TMS-EEG is a novel method of assessing brain
function; it works by stimulating a target area with TMS
(which strictly limits the extent of spatial activation, affect-
ing cortical spike activity in an area less than 2 mm in diam-
eter) and measuring the response using EEG.!*'5 It enables
the measurement of how firing of the area stimulated by
TMS spreads to other brain areas (i.e., signal propagation
from one area to others).!*'¢® This method has been applied
successfully in previous studies: for example, to detect and
evaluate network changes in the sleep-wake state, as well
as in consciousness disorders.’”? Furthermore, Ozdemir
and colleagues? have shown that TMS to specific brain re-
gions could activate remote brain regions via specific neural
networks using TMS-EEG. In this way, TMS-EEG is a suit-
able method for evaluating the network-specific signal
propagation of each frequency band from the dIPFC to
other brain areas.

A recent study indicated that rTMS increased the num-
ber of oligodendrocytes in the cerebral cortex of adult mice,
suggesting that oligodendrocyte dysfunction may contrib-
ute to network abnormalities.?> As a molecular basis for
TRD, alterations at the cellular level may be associated

with impaired signal propagation from the left dIPFC to
other brain regions.” To date, no study has examined the
relationship between EEG signal propagation and gene ex-
pression at the cellular level in patients with TRD.?*% De-
termining which cell-specific changes are responsible for
impaired signal propagation would shed new light on the
pathogenesis of TRD.

In the present study, our primary objective was to evaluate
differences in signal propagation from the left dIPFC to other
brain regions in patients with TRD compared to healthy con-
trols; to do this, we applied time—frequency analysis to TMS-
evoked potentials (TEPs). Our hypothesis was that the signal
propagation from the left dIPFC to other brain regions (espe-
cially in the default mode, salience and frontoparietal net-
works) would be altered in patients with TRD compared to
healthy controls. Our secondary objective was to explore the
relationships between TEP-derived altered signal propaga-
tion and gene expression levels (variations in the expression
of genes marking specific cell types) in patients with TRD
using a virtual-histology approach.?? We hypothesized that
abnormalities in the signal propagation of TEPs would be
associated with variations in the gene expression profiles of
specific cells, such as oligodendrocytes.

Methods
Participants

The present cross-sectional study was conducted at Keio
University Hospital between 2017 and 2022. All participants
provided written informed consent according to the Declara-
tion of Helsinki, and the protocol was approved by the eth-
ical committee at Keio University School of Medicine. The
study included patients aged 18 years or older who were
treated in regular clinical practice at Keio University Hospi-
tal. Patients met the inclusion criteria if they had a diagnosis
of MDD based on the DSM-5.” Exclusion criteria and criteria
for TRD are described in Appendix 1, available at www.jpn.ca/
lookup/doi/10.1503/jpn.220102 / tab-related-content. Be-
cause all participants in the present study were scheduled to
participate in another clinical trial RCT 032180188) that re-
quired adjustment of antidepressant medication, all patients
with TRD were unified on venlafaxine (150 mg/d to 225 mg/d),
and all other antidepressants were tapered and discon-
tinued, with a 4-week lead-in period that included safety
monitoring for adverse events. Healthy controls met inclu-
sion criteria if they had no history of psychiatric illness (con-
firmed by psychiatrists).

The patient and healthy control groups were matched as
closely as possible for age (within 5 years) and sex. We calcu-
lated the sample size based on a previous study that com-
pared TMS-EEG indices between patients with MDD and
healthy controls.* The ratio of the TRD and healthy control
groups was adjusted to 2:1 for recruitment considerations. In
the present study, we determined that 60 participants in the
TRD group and 30 participants in the healthy control group
would provide at least 80% power to detect the expected dif-
ference in TMS-EEG indices at o. = 0.05.
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Clinicodemographic assessments

We obtained clinical information (including medical history
and years of education) by interview. Trained psychiatrists and
clinical psychologists assessed participants’ severity of depres-
sion using the Montgomery—Asberg Depression Rating Scale.

Study design

A conceptual diagram of how we combined TMS-EEG and
MRI data to evaluate signal propagation and its relationship
to human brain gene expression is provided in Figure 1.

MRI data acquisition

Procedural details for MRI data acquisition are described in
Appendix 1.

TMS administration

TMS was delivered using a monophasic TMS stimulator
(DuoMAG MP; Deymed Diagnostic Ltd.) and a figure-8 but-
terfly coil with 2 x 70 mm diameter windings (DuoMAG
70BF; Deymed Diagnostic Ltd.). All participants received
80 instances of single-pulse TMS at a stimulus intensity of
120% of the resting motor threshold, with the coil positioned
at 45° to the midline during stimulation. Other details are
provided in Appendix 1. TMS is considered safe in humans,
as demonstrated by comprehensive studies of potential
adverse effects and complications.®

EEG recording and preprocessing

EEG was recorded on the patient’s scalp at a sampling rate of
3 kHz by a TMS-compatible 64-channel EEG amplifier
equipped with a sample-and-hold circuit system and an EEG
cap with silver cling electrodes (TruScan LTI; Deymed Diag-
nostic Ltd.). All electrodes were referenced to an electrode
connected to the right earlobe, and the ground electrode was
set on the left earlobe. The impedance between the scalp and
electrodes was kept below 5 k() throughout the experiments.

EEG data were processed using EEGLAB v2021.0 and cus-
tomized scripts running in MATLAB (R2020a; MathWorks
Inc.)® and TMS-EEG Signal Analyzer (TESA v1.1.1).3* Other
details are provided in Appendix 1.

EEG data analysis

Sensor-based EEG analysis

We performed sensor-based EEG analysis using minimum
norm estimate software.*® We calculated global mean field
power (GMFP) at the participant level for each group by sub-
tracting the mean potential of all electrodes from the potential of
each electrode; dividing the sum of squares by the number of
electrode channels; and then taking the square root. GMFP rep-
resents the standard deviation between the potentials of all elec-
trode channels and is used to assess the global brain response to
TMS over the left dIPFC.3%” We also calculated local mean field

power (LMFP; an index of local responsiveness) corresponding
to the dIPFC site (average of F3, F5 and AF3 electrode sites)
using the same procedure as for the GMFP calculation.?

To examine the TMS-elicited oscillatory characteristics when
single-pulse TMS was applied to the dIPFC, we calculated
event-related spectral perturbation (ERSP) and evoked power
with time—frequency analyses. ERSP indicates the time-locked
spectral activity elicited by TMS in power relative to a pre-
stimulus baseline. Evoked power indicates the phase-locked
spectral activity elicited by TMS in power relative to a prestimu-
lus baseline. We calculated ERSP by averaging each power over
epochs at given channel-frequency time points using open-
source minimum norm estimate software (tfr_morlet), imple-
mented with Morlet wavelets ranging from 3 to 10 cycles. We
calculated evoked power in the same manner after averaging
the data across trials for each electrode. Then, we baseline-
corrected ERSP and evoked power (=500 to —100 ms) and con-
verted them to logarithmic ratios. For ERSP and evoked power,
we also calculated the overall mean value and the dIPFC stimu-
lation site value (average of F3, F5 and AF3 electrode sites).

Source-based EEG analysis

We performed all TMS-evoked EEG source reconstruction
using minimum norm estimate software;* details are pro-
vided in Appendix 1. We applied group-level functional par-
cellations and confidence maps estimated from 1000 healthy
participants, based on a 7-network cortical parcellation that
corresponded to the visual, somatomotor, limbic, dorsal
attention, salience, default mode and frontoparietal net-
works.?> The EEG source reconstruction resulted in the
output of dynamic statistical parametric mapping (dSPM)
current density time series for each network.

To investigate TMS-elicited oscillatory characteristics in
each network, we performed a time—frequency analysis in the
manner used to estimate ERSP and evoked power for each
network (described above).

Statistical analysis for EEG analysis

We performed all statistical analyses using minimum norm es-
timate software.®® To compare the time series of GMFP, LMFP
and network-based dSPM current density between the 2 study
groups, we performed a 1-dimensional cluster-level statistical
permutation test (permutation # = 10000)*¥4 with a time win-
dow of 30 to 500 ms after TMS. For time-frequency analysis,
we performed a 2-dimensional cluster-level statistical permu-
tation test (permutation n = 10000)*4 with a time window of
30 to 500 ms after TMS and a frequency window of 4 to 50 Hz.
We applied Bonferroni correction to control for multiple com-
parisons. We set the significance level for sensor-based EEG
analysis at o = 0.05 for GMFP and LMFP, and at oo = 0.0071
(0.05/7 networks) for the source-based EEG analysis.

Cell-specific gene expression analysis and statistical analysis
We conducted cell-specific gene expression analysis using post-
mortem brain data generated from 6 healthy donors in the Allen
Human Brain Atlas genetics data set.* We mapped average
gene expression data from the 6 donors to 34 regions in the
Desikan—Killiany atlas.* We performed the analysis according
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Fig. 1: Schematic diagram showing how combined TMS-EEG and MRI data were used to assess signal propagation in this study. (A) Brain
neural activities comprise 3 main categories: noncausal correlated activity in the resting state; neural activity elicited by a specific task, which
is assessed with endogenous neural activity specific to the task modality, elicited in the specific neural module corresponding to the task; and
causal neural activity with a clear input—output relationship using an external mechanical physical stimulus as a probe. The first 2 categories
have a limitation: although they can be used to evaluate local activity as the sum of the interactions between regions in the entire brain, they
cannot be used to evaluate activity in the local brain region itself. The third category (extrinsic neural stimulation targeting specific brain re-
gions using TMS as a probe) is characterized by its ability to evaluate both neural activity at the stimulation site and neural activity originating
from the stimulation site to other regions to determine causal relationships, independent of neural activity from regions other than the stimula-
tion site. (B) Rationale for using TMS-EEG to assess signal propagation in the present study. TMS-evoked neural activities (within and be-
tween regions) that show significant signal propagation from the stimulation site to other specific brain regions or neural networks are propa-
gated in a causal manner. (C) An overview of TMS-EEG data analysis. First, for reconstruction of the TEP signal source, we manually
registered EEG channel locations on individual MRI spaces, along with anatomic landmarks. Then, we projected EEG source activations onto
individual surface spaces using forward and inverse modelling of EEG sources. Finally, to compare signal propagation from the stimulation
site to each brain network between the TRD and healthy control groups, we extracted dSPM current densities from the 7 networks defined by
Yeo and colleagues.®' To investigate the cellular-level abnormalities that would be associated with the signal propagation abnormalities, we
examined correlations between the interregional profiles of cell-specific gene expression using the Allen Human Brain Atlas data set and the
interregional profiles of altered signal propagation from our TMS-EEG data. dIPFC = dorsolateral prefrontal cortex; dSPM = dynamic statistical
parametric mapping; EEG = electroencephalography; HC = healthy control; ROl = region of interest; TEP = TMS-evoked potential; TMS = trans-
cranial magnetic stimulation; TRD = treatment-resistant depression.
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Table 1: Participant demographics

Patients with TRD

Healthy controls

Characteristic* n =60 n =230 Statisticst
Age, yr 45.37 + 11.85 45.63 + 13.16 t,s = 0.096, p = 0.92
Female, % 40 40 %% =0.0,p=1.0
Education, yr 15.3+1.9 14721 ts=1.50,p =0.14
MMSE score 29114 285+ 3.3 ts=1.38,p=0.17
Age at onset of TRD, yr 36.0 £ 15.6 — —
Duration of iliness, yr 10.9+£9.2 — —
MADRS score 32171 — —

MADRS = Momgomery—Asberg Depression Rating Scale; MMSE = Mini-Mental State Examination; TRD = treatment-resistant depression.

*Values are mean + standard deviation or %.
1p values are uncorrected.

to a practical guide for estimating local gene expression levels in
the cerebral cortex (more details are provided in Appendix 1).2
Then, we classified the genes according to the data of Zeisel and
colleagues* using single-cell RNA from the somatosensory cor-
tex and cornu ammonis 1 region of the hippocampus in mice,
specific to 1 of the 9 cell types: ependymal cells, oligodendro-
cytes, microglial cells, cornu ammonis 1 pyramidal neurons,
interneurons, endothelial cells, somatosensory cortex pyramidal
neurons, astrocytes and mural cells expressed in the cortex.

To correlate cell-specific gene expression profiles with
TEP-derived altered signal propagation metrics, we analyzed
the difference in signal propagation between the 2 study
groups indexed by t value in each region. First, we applied
source reconstruction to the 34 regions of the Desikan—
Killiany atlas as described above. Then, we calculated the
ERSPs for each brain region as described above. Finally, we
calculated the differences in ERSP between the 2 study
groups using ¢ tests (ERSP of healthy controls v. ERSP of pa-
tients with TRD in each of the 34 regions). Then, we adapted
the time—frequency window in which we found significant dif-
ferences in ERSP for all electrodes (with cluster-based analysis)
to ERSPs for each of the 34 regions. We then extracted the dif-
ferences in averaged ERSP in the time window as t values.

As described above, we calculated cell-specific gene ex-
pression profiles and differences in ERSP (i.e., altered signal
propagation profiles) for each region. Then, we tested the as-
sociation between the interregional profiles of cell-specific
gene expression and the interregional profiles of altered sig-
nal propagation using a resampling-based approach based
on methods previously described.”* We estimated signifi-
cant average correlations between gene expression and
altered signal propagation for each cell type panel separately
using the distribution pattern from the random sampling.
A rationale for this was that if specific cell types contribute to
differences in altered signal propagation levels, the average
correlation coefficients between gene expression and altered
signal propagation levels for the genes of each cell type
should be significantly different from those for a random set
of genes. We evaluated the significance of the average cor-
relations between gene expression and altered signal propa-
gation for each cell type using an empirical null distribution
of correlation coefficients between random genes and the sig-
nal propagation profile (repeated 1million times). We then

used the proportion of average correlation coefficients for each
cell type that exceeded the null distribution correlation coeffi-
cients to calculate a 2-sided p value. We applied Bonferroni
correction to control for the multiple comparisons. We set
significance of the model at o. = 0.0056 (0.05/9 cells).

Results
Demographic data

A total of 90 participants were included in the present study:
60 patients with TRD and 30 healthy controls. Age and sex
were well matched between the 2 groups. Participants’ de-
mographic data are presented in Table 1. The number of par-
ticipants who had psychiatric comorbidities or a history of
other psychiatric diagnosis is shown in Appendix 1.

Sensor-based power analysis

Single-pulse TMS for the dIPFC produced characteristic but-
terfly TEP plots for both groups (patients with TRD and
healthy controls; Figure 2). The results of power analysis
obtained from the sensor-based analysis are shown in
Appendix 1, Figure S1. We observed no significant differ-
ences between the 2 groups in GMFP or LMFP.

Sensor-based time—frequency analysis

The results for ERSP and evoked power calculated by sensor-
based time—frequency analysis are shown in Figure 3. The
mean ERSP for all electrode sites and the local ERSP for the
dIPFC stimulation site were decreased in the 6 band in pa-
tients with TRD compared to healthy controls 200 to 400 ms
after TMS (all electrodes, p = 0.019, uncorrected; dIPFC
stimulation site, p = 0.017, uncorrected; o = 0.05). The mean
evoked power for all electrode sites was also decreased in pa-
tients with TRD compared to healthy controls (p = 0.039, un-
corrected; oo = 0.05; Appendix 1, Figure S2A). We observed no
significant difference between the 2 study groups for local
evoked power (i.e., dIPFC stimulation site; p = 0.30, uncor-
rected; o. = 0.05; Appendix 1, Figure S2B).

For clusters that were significant, we performed post hoc
tests on the individual mean power values calculated within
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Fig. 2: Butterfly plots of the TEP waveforms among healthy controls (top) and patients with TRD (bottom). The TMS post-stimulus interval (-5
to 30 ms) is shown as a grey bar because of data cut-offs. Topoplots corresponding to the N100 and P180 components of the TEP are shown
alongside the butterfly plots for both groups. In the butterfly plots, the colour of each waveform corresponds to the electrode colour diagram in
the upper left corner, and the yellow symbols indicate TMS stimulation sites. TEP = TMS-evoked potential; TMS = transcranial magnetic
stimulation; TRD = treatment-resistant depression.

the clusters. The t tests revealed a significant reduction of each controls from 100 to 500 ms after TMS in the 6 and o bands

mean power (ERSP of all electrodes, t,, = 3.23, p = 0.002; ERSP (salience network: p = 0.0055, uncorrected; o = 0.0071;

of dIPFC stimulation site, i, = 3.02, p = 0.004; evoked power of Figure 4). Evoked power in most of the other networks was

all electrodes, ty = 3.16, p = 0.002). also decreased in patients with TRD compared to healthy
controls at a trend level (visual network, p = 0.021, uncor-

Source-based current density time-series analysis rected; somatosensory network, p = 0.041, uncorrected; dorsal
attention network, p = 0.0089, uncorrected; limbic network,

Results for the current density time series obtained from the p = 0.026, uncorrected; and frontoparietal network, p = 0.020,

source-based analysis are shown in Appendix 1, Figure S3. uncorrected; o = 0.0071), but not the default mode network

We found no significant difference in current density be- (p = 0.185, uncorrected; o. = 0.0071; Appendix 1, Figure S5).

tween the 2 study groups in the source-based analysis. For the clusters of evoked power in the salience network
that were significant, we performed post hoc tests on the in-

Source-based time—frequency analysis dividual mean power values calculated within the cluster.
The t tests revealed a significant reduction of mean power

Results for the time—frequency current density distribution of (tes =3.70, p = 0.0005).

ERSP and evoked power obtained from the source-based

analysis are shown in Appendix 1, Figure S4. We found no Cell-specific gene expression analysis

difference in ERSP between the 2 study groups.

On the other hand, evoked power in the salience network The interregional associations between the gene expression of
was decreased in patients with TRD compared to healthy specific cell types and altered signal propagation from the left
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Fig. 3: Time—frequency analyses with ERSP. (A) ERSP from all electrode sites. (B) ERSP from electrodes corresponding to the stimulation site
(i.e., left dIPFC). The ERSPs elicited by single-pulse TMS are shown for healthy controls in the upper left, and for patients with TRD in the upper
right. Differences between the 2 groups are shown in the lower left. Areas with no significant differences between groups on the 2-dimensional
cluster-level permutation tests are shown by green masks in the lower right. In each condition, the ERSPs for patients with TRD were signifi-
cantly lowered in the 6 band compared to healthy controls (all electrodes: p = 0.019, uncorrected; stimulation site (left dIPFC): p = 0.017, un-
corrected; o = 0.05). dIPFC = dorsolateral prefrontal cortex; ERSP = event-related spectral perturbation; HC = healthy control; TMS = transcra-

nial magnetic stimulation; TRD = treatment-resistant depression.

dIPFC are presented in Figure 5. Mean correlation coeffi-
cients for each of the following cell types differed from the
empirical null distributions: oligodendrocytes (p < 0.000001,
uncorrected; oo = 0.0056; average correlation coefficient 0.13,
95% CI -0.0170 to 0.0392); cornu ammonis 1 pyramidal neur-
ons (p < 0.000001, uncorrected; o = 0.0056; average correlation
coefficient —0.077, 95% CI —0.0189 to 0.0413); somatosensory
cortex pyramidal neurons (p = 0.00003, uncorrected; o =
0.0056; average correlation coefficient —0.033, 95% CI —0.0266
to 0.0491); and interneurons (p < 0.000001, uncorrected; o =
0.0056; average correlation coefficient —0.048, 95% CI =
-0.0209 to 0.0431). We found no significant difference in the
other cell types after correcting for multiple comparisons
(ependymal cells, p = 0.0353, uncorrected; microglial cells, p =
0.0288, uncorrected; endothelial cells, p = 0.0069, uncorrected;
astrocytes, p = 0.1312, uncorrected; and mural cells, p = 0.59,
uncorrected; o = 0.0056).

Discussion

In the present study, we investigated signal propagation from
the left dIPFC to other brain regions in patients with TRD com-
pared to healthy controls using TMS-EEG-MRI. We also ex-
plored the role of the gene expression of specific cell types that
may be strongly associated with impairment of signal propaga-
tion in patients with TRD using the Allen Human Brain Atlas
data set. Our findings were 2-fold: that signal propagation from
the left dIPFC to the salience network was reduced in the 8 and
o bands at 100 to 500 ms after TMS in patients with TRD;
and that decreased signal propagation in patients with TRD was

positively correlated with the gene expression of oligodendro-
cytes and negatively correlated with the gene expression of
cornu ammonis 1 pyramidal neurons, somatosensory cortex
pyramidal neurons and interneurons. Taken together, these re-
sults suggest that reduced signal propagation from the left
dIPFC to the salience network may be a pathophysiological
endophenotype of TRD that could be linked to the reduced
expression of oligodendrocytes.

The strengths of the present study are as follows. First, it in-
cluded a large sample of participants. Second, this was the
first study to use individual MRI and high-density electrode
EEG — with spatial information about the head and brain in-
dividually digitized — to develop precise source estimates of
TMS-evoked EEG activity and perform time—frequency analy-
sis on the signal source-estimated data in patients with TRD.
Third, we used a virtual-histology approach for the first time
to explore the relationships between signal propagation com-
puted from the TMS-EEG measures and the degree of gene
expression, leveraging the Allen Human Brain Atlas data set.

The salience network is involved in the detection of promi-
nent external and internal stimuli and the orientation of
attention to these stimuli,*® whereas salience network dys-
function is implicated in the pathophysiology of depression
through emotional over-reactivity.* The salience network is
composed primarily of the anterior insula and the dorsal
anterior cingulate cortex. We found that patients with TRD
showed reduced signal propagation from the left dIPFC to
this network, consistent with previous studies: patients with
MDD showed reduced functional connectivity between the
dIPFC and dorsal anterior cingulate cortex compared to
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Fig. 4: Source-based time—frequency analyses with evoked power in the salience network. Evoked power is shown for healthy controls in the
upper left, and for patients with TRD in the upper right. Differences in evoked power between the 2 groups are shown in the lower left. Areas
with no significant differences between groups on the 2-dimensional cluster-level permutation tests are shown by green masks in the lower
right. Evoked power in patients with TRD was significantly lower than in healthy controls (p = 0.005, uncorrected; oo = 0.007). HC = healthy

control; TRD = treatment-resistant depression.

healthy controls,”” and patients with TRD showed reduced
functional connectivity between the dIPFC and anterior
insula compared to treatment responders.*®

Given that rTMS can reduce hyperactive functional connec-
tivity in the salience network in patients with TRD,"? the sig-
nals from the left dIPFC to the salience network may be rela-
tively attenuated, resulting in an uninhibited salience network,
overactivity and more severe depressive symptoms. However,
it is difficult to determine from the results of the present study
alone whether the reduction in signal propagation from the
left dIPFC to the other brain networks represents a long-term
potentiation-like or long-term depression-like neuroplastic
change in depression-related neural networks. Furthermore,
our finding that signal propagation from the left dIPFC to the
salience network was reduced by 5 to 15 Hz in patients with
TRD was also in line with the fact that 10 Hz rTMS treatment
to the left dIPFC in TRD has a robust therapeutic effect.84%
Thus, both neural networks and frequency bands may be
closely related in the therapeutic mechanism of rTMS in de-
pression. In other words, reduced signal propagation in the 6
and o bands from the left dIPFC to the salience network may
reflect an underlying pathophysiology in TRD through which
rTMS exerts its corrective therapeutic effect.

The salience network was the only network with a signifi-
cant reduction in signal propagation from the left dIPFC;
however, several other networks showed a trend toward de-
crease (not the default mode network). These findings sug-
gest that signal propagation from the left dIPFC is widely re-
duced in patients with TRD, but propagation to the salience
network is most marked.

Dysfunction of oligodendrocytes has been implicated in
the pathogenesis of depression.** Using microarray analysis
of postmortem tissue in patients with MDD compared to
healthy controls, Aston and colleagues™ revealed that the ex-
pression of genes related to oligodendrocyte function was de-
creased. Given that brain regions with high baseline expres-
sion of disorder-linked genes are more susceptible over the
course of the disease,” the function of oligodendrocytes is
more likely to be affected in these neural networks, leading to
dysfunction of signal propagation as indexed in the present
study. Our finding of a significant association between the
interregional profiles of oligodendrocyte-related gene expres-
sion in healthy controls and the interregional profiles of re-
duced signal propagation in patients with TRD was in line
with this context. It has been reported that antidepressant ad-
ministration restored lost white matter volume in patients
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Fig. 5: Mean correlation coefficients for the degree of gene expression and altered TMS-EEG signal propagation in corresponding inter-
regional profiles. We evaluated the significance of the average interregional correlations between gene expression and altered signal propaga-
tion for each cell type, compared to an empirical null distribution of correlation coefficients between the expression profiles of random gene sets
and the signal propagation profile. The black line indicates the estimated probability density function for the correlation coefficients between
each cell-type gene expression level and the signal propagation profiles from our data. The lower and upper cut-off for significance is indicated
by the vertical edges of the shaded grey box. The mean correlation coefficients for each cell type are indicated by dashed red lines. The follow-
ing cell types differed significantly from the empirical null distributions, even after correcting for multiple comparisons (p values uncorrected): oli-
godendrocytes (p < 0.000001; o. = 0.0056); CA1 pyramidal neurons (p < 0.000001; o = 0.0056); S1 pyramidal neurons (p = 0.00003; o. = 0.0056);
and interneurons (p < 0.000001; o. = 0.0056). CA1 = cornu ammonis 1; TMS = transcranial magnetic stimulation; S1 = somatosensory cortex.

with depression, and that antidepressants were less effective decompose neural activity into finer frequencies, allowing for
in patients with depression who had severe reductions in more accurate analysis and highlighting individual differ-
white matter volume.®® Taken together, these results sug- ences. As such, time—frequency analysis is more suitable for
gest that TRD may be the result of a decrease in signal propa- TMS-EEG measures with the dIPFC as the stimulation site.
gation within and between specific neural networks, possibly ERSP is the index of time-locked activities (including phase-
because of oligodendrocyte dysfunction. locked and non-phase-locked activity), whereas evoked power
The present study showed that time—frequency analysis ro- is the index of phase-locked activity only. In sensor-based
bustly revealed differences in signal propagation between the analysis, activity is perceived as the sum of various activities —
2 study groups that were not evident in a power analysis of not just activity directly below the electrode — because of the
TEP. Unlike TEP power analysis, time—frequency analysis can influence of volume conductance and other factors. In contrast,
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source-based analysis extracts only the activity of a specific
region or network to detect signals with higher purity than
sensor-based analysis. Consistent with this difference, we
found that ERSP activity was strongly observed in the sensor-
based analysis, and evoked power was strongly observed in the
source-based analysis. Our source-based time—frequency analy-
sis allowed us to depict neural activity with higher accuracy
compared to the sensor-based TEP power analysis.

Limitations

This study had several limitations. First, because this study in-
cluded only patients with TRD who were currently experien-
cing depressive symptoms, it was not possible to determine
whether the findings were state or trait markers of TRD.
Second, because TMS also elicits neural input from cutaneous
sensation, the evoked activity obtained in this study (which
was not compared with sham stimulation) did not necessarily
originate from the firing of the left dIPFC (the site of stimula-
tion). Third, the effects of antidepressants may have been im-
plicated in the differences in TEP between the patients with
TRD and the healthy controls. Antiepileptic drugs and benzo-
diazepines have some effects on TMS neurophysiological
measures, but studies of the effects of antidepressants are lim-
ited, and no study has examined their effects on time-
frequency analysis.*® Therefore, we cannot completely rule out
the possibility that antidepressants might have influenced the
TMS-EEG results in the present study. Finally, because we
stimulated only the left dIPFC, the present study might have
evaluated only part of the pathophysiological basis for TRD. In
the future, a more comprehensive analysis using TMS to the
right dIPFC and other brain regions as probes will provide a
more detailed understanding of the pathophysiology of TRD.

Conclusion

The findings of the present study suggest that signal propaga-
tion from the left dIPFC to the salience network in patients
with TRD was reduced in 6 and o bands compared to healthy
controls, and that this reduction may be associated with de-
creased gene expression of oligodendrocytes. These results
suggest that a refined assessment of signal propagation from
the left dIPFC to other brain regions or networks might be use-
ful for biotyping TRD. The development of novel neuromodu-
latory therapies based on these neurophysiological profiles
might further progress TRD treatment strategies.
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