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ABSTRACT

Background: Accumulating evidence suggests that low frequency repetitive transcranial magnetic
stimulation (rTMS), which generally decreases cortical excitability and remodels plastic connectivity,
improves sleep quality in patients with insomnia disorder. However, the effects of rTMS vary substan-
tially across individuals and treatment is sometimes unsatisfactory, calling for biomarkers for predicting
clinical outcomes.
Objective: This study aimed to investigate whether functional connectivity of the target network in
electroencephalography is associated with the clinical response to low frequency rTMS in patients with
insomnia disorder.
Methods: Twenty-five patients with insomnia disorder were subjected to 10 sessions of treatment with
1 Hz rTMS over the right dorsolateral prefrontal cortex. Resting-state electroencephalography was
collected before rTMS. Pittsburgh Sleep Quality Index, Hamilton Depression Rating Scale, Hamilton
Anxiety Rating Scale, and Mini-Mental State Exam were performed before and after rTMS treatment,
with a follow-up after one month. Electroencephalographic connectivity was measured by the power
envelope connectivity at the source level. Partial least squares regression identified models of connec-
tivity that maximally accounted for the rTMS response.
Results: Scores of Pittsburgh Sleep Quality Index, Hamilton Depression Rating Scale, and Hamilton
Anxiety Rating Scale were decreased after rTMS and one-month later. Baseline weaker connectivity of a
network in the beta and alpha bands between a brain region approximating the stimulated right
dorsolateral prefrontal cortex and areas located in the frontal, insular, and limbic cortices was associated
with a greater change in Pittsburgh Sleep Quality Index and Hamilton Depression Rating Scale following
rTMS.
Conclusions: Low frequency rTMS could improve sleep quality and depressive moods in patients with
insomnia disorder. Moreover, electroencephalographic functional connectivity would potentially be a
robust biomarker for predicting the therapeutic effects.
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Abbreviations

DLPFC dorsolateral prefrontal cortex

HAMA Hamilton Anxiety Scale

HAMA 1 change Telative change of HAMA from Exam 1 to Exam 2
HAMAG3;change relative change of HAMA from Exam 1 to Exam 3
HAMD Hamilton Depression Rating Scale

HAMD;; change relative change of HAMD from Exam 1 to Exam 2
HAMD3;change relative change of HAMD from Exam 1 to Exam 3

ID insomnia disorder

MMSE Mini-Mental State Exam

PEC power envelope connectivity
PLS partial least squares

PSQI Pittsburgh Sleep Quality Index

PSQlLyichange relative change of PSQI from Exam 1 to Exam 2
PSQI3ichange Telative change of PSQI from Exam 1 to Exam 3

RAMFG right anterior division of middle frontal gyrus
ROI regions of interest

RMT resting motor threshold

rsEEG resting-state electroencephalography

rTMS repetitive transcranial magnetic stimulation
TMS transcranial magnetic stimulation

1. Introduction

Insomnia disorder (ID) is the most common sleep disorder
characterized by difficulties in falling asleep, maintaining sleep, and
waking in the early morning [1]. It not only leads to dissatisfying
daytime function, but also may serve as an indicator for mental
disorders such as depression, anxiety, and dementia, as well as
physical problems such as cardiovascular disease and diabetes [2].
Management of insomnia is vital for the prevention and amelio-
ration of these conditions [3]. Cognitive behavioral therapy for
insomnia is the initial treatment for ID. However, this therapy is
time-consuming and costly, and the lack of specialty trained
practitioners hinders its implementation in clinical practice [4].
Hypnotic agents, including benzodiazepine receptor agonist drugs,
have been widely used as a first-line pharmacological treatment for
ID in clinical practice. However, their side effects, such as increased
risk of falls, cognitive impairment, and potential dependence, are
unfavorable [5]. Approximately 40% of patients with ID do not
achieve sustained remission with the treatment of cognitive
behavioral therapy and benzodiazepine-receptor agonists [4].
Therefore, new treatments for ID are needed.

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive brain stimulation method, be easy to operate and have
relatively few side effects, that can transiently modulate excit-
ability/plasticity of neuronal networks and may persist in time [6].
It has been shown to improve sleep quality in several sleep disor-
ders such as ID, restless legs syndrome, obstructive sleep apnea
syndrome, and narcolepsy [7]. In subjects with ID, various rTMS
strategies have been studied and low frequency (LF) rTMS over the
right dorsolateral prefrontal cortex (DLPFC) showed therapeutic
benefits by reducing cortical hyperexcitability [6,8]. However, the
behavioral and physiological aftereffects of rTMS vary substantially
across individuals [9]. Identifying biological predictors of rTMS
outcomes would be beneficial for selecting an appropriate thera-
peutic approach and reduce unnecessary financial and time in-
vestments [10]. In restless legs syndrome, rTMS has disclosed
clinical, electrophysiological, and neuroplastic markers of response,
along with translational neurochemical implications [11].
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Considering the potential for treating ID by rTMS and the subse-
quent possibility of clinical translation, it is necessary to identify
robust predictive biomarkers of rTMS outcomes in these patients.

Multiple electrophysiological characteristics have been investi-
gated for predicting therapeutic effects of rTMS. Several specific
TMS variables, such as the balancing of resting motor threshold
(RMT) and intracortical facilitation between the two hemispheres,
have been used as both neuroplastic indexes and neuropsycho-
logical outcome measures to rTMS treatment [12]. Resting state
electroencephalography (rsEEG) is effective for capturing brain
electrophysiological activity, and emerging studies have shown its
ability to identify rTMS treatment-predictive heterogeneity [13,14].
For instance, variability in treatment-emergent changes of rsEEG
alpha spectral correlation was related to differences in rTMS
treatment outcomes in patients with major depressive disorder
[15,16]. Although electrophysiological connectivity predicting rTMS
outcomes in major depressive disorder has been widely investi-
gated, this is yet to be elucidated in ID. ID is a functional brain
disorder with abnormal network connections and anomalous
cortical plasticity [17—19]. Hence, it is rational to use rsEEG func-
tional connectivity to predict rTMS outcomes in patients with ID.

In this study, we explored the association between baseline
rsEEG functional connectivity and consequent neuropsychological
performance after rTMS interventions in patients with ID. Func-
tional connectivity was measured by the power envelope con-
nectivity (PEC), a reliable connectivity measure reflecting the
large-scale cortical correlation [20]. We hypothesized that elec-
troencephalographic connectivity may serve as neural network
biomarker of rTMS outcomes for insomniacs.

2. Methods
2.1. Participants

This study was approved by the ethics committee of Shenzhen
People's Hospital and was conducted in accordance with the
Declaration of Helsinki guidelines (chictr.org.cn identifier
ChiCTR1900026904). Eligible patients with ID were recruited at the
outpatient Department of Neurology of our hospital between
March 2020 to March 2021. Consent forms were signed by all pa-
tients before participating in this study. The inclusion criteria were
as follows: (1) met the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition for diagnosis of ID; (2) Pittsburgh Sleep
Quality Index (PSQI) score >7; (3) aged 18—70 years old; (4) self-
reported right handedness; (5) Chinese speaking, reading, and
writing. The exclusion criteria included patients: (1) taking any
insomnia drug in the four weeks prior to enrollment; (2) other
sleep disorders (eg, sleep-related movement disorders, hyper-
somnia, or parasomnia); (3) significant psychiatric history (eg, bi-
polar disorder, schizophrenia, major depression disorder,
generalized anxiety disorder); (4) neurological disorders (eg,
stroke, Parkinson's disease, multiple sclerosis); (5) serious physical
illnesses (eg, heart failure, kidney failure, or cancer); (6) history of
alcohol or drug abuse; (7) Mini-Mental Status Exam (MMSE) score
<24; or (8) any contraindication to TMS (eg, metallic implants,
pregnancy, and a history of seizures) [21]. Consuming energy
drinks, caffeinated beverages, or tea was not allowed [22] during
the study period.

2.2. Transcranial magnetic stimulation

TMS was applied by a figure-of-eight magnetic coil (Coil B658,
external wing diameter 90 mm) connected to a MagPro 100 mag-
netic stimulator (MagVenture, Denmark). RMT was defined as the
minimum stimulus intensity producing a motor evoked potential
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exceeding 50 pV in a minimum of five out of ten trials in the relaxed
left abductor pollicis brevis [23]. During rTMS treatment, the coil
was placed over the F4 electrode site (10-10 EEG system) for
delivering the stimulations to the right DLPFC. It was held
tangentially to the scalp with the handle pointing posterolaterally
at an angle of 45° from the midline. Pulses at 100% intensity of the
resting motor threshold were administered at 1 Hz (10 s trains, 1 s
intertrain interval, 1360 pulses/session, total stimulation time
25 min). Patients received daily treatment, 5 days a week, over a 2-
week course. Any discomfort during rTMS or adverse events during
stimulation and follow-up were recorded.

2.3. Neuropsychological assessment

The neuropsychological assessments were evaluated by a
trained neurologist at three time points: the day before rTMS
(Exam 1), the day of the last rTMS session (Exam 2), and one month
after the last rITMS session (Exam 3). The primary clinical outcome
was the PSQI, and the secondary measures included the Hamilton
Depression Rating Scale (HAMD), the Hamilton Anxiety Scale
(HAMA), and the Mini-Mental State Exam (MMSE).

2.4. EEG recording and preprocessing

EEG was recorded on the day before first rTMS session. Patients
were asked to sit in a comfortable chair and to relax during
recording but avoid falling asleep. Sixty-four channels of EEG sig-
nals (electrodes in standard 10-10 positions) were recorded in eyes-
closed condition for 8 min using a BrainAmp DC amplifier (Brain-
Products, GmbH). The contact impedances were kept below 10 kQ
by applying conductive gel. The reference electrode for EEG
recording was FCz channel, while the ground was mounted AFz.
Signals were initially sampled at 5000 Hz.

Preprocessing analysis was performed in MATLAB using the
EEGLAB toolbox [24]. The preprocessing steps are as follows: (1) the
EEG signals were visually inspected, and the typical artifact seg-
ments were removed manually; (2) the signals were down-
sampled to 250 Hz; (3) the signals were notch filtered to remove
the 50 Hz A C. line noise artifact; (4) the signals were bandpass
filtered between 1 and 45 Hz by using finite impulse response filter;
(5) the bad channels were rejected and were then interpolated via
spherical spline interpolation; (6) the signals were then epoched
into 2 s segments; (7) other contamination including eye move-
ment, or muscle and heart noise were removed using an inde-
pendent component approach; (8) the signals were re-referenced
to the common average; and then (8) the signals were filtered into
five frequency ranges: delta (1-3 Hz), theta (4—7 Hz), alpha
(8—12 Hz), beta (13—30 Hz), and gamma (31—45 Hz).

2.5. EEG source connectivity analysis

Source localization was performed using the Brainstorm toolbox
[25]. The FreeSurfer average brain template was used and a sym-
metric boundary element method was used to compute the head
model with OpenMEEG [26]. To compute the inverse operator, the
following analysis strategy was defined: (1) using unconstrained
orientations with all three current components at each location, (2)
a depth weighting algorithm was used to compensate for any bias
affecting the superficial sources calculation, and (3) the regulari-
zation parameter was set to 0.33 minimizing numerical instability
to reduce the sensitivity of the minimum-norm estimates to noise
and to effectively obtain a spatially smoothed solution. Rotating
dipoles at 3003 vertices were generated on the cortical surface.

EEG functional connectivity based on the PECs between
orthogonalized spontaneous signals was calculated among 31
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regions of interest (ROIs) in the Montreal Neurological Institute
space which was derived from an independent parcellation of
resting-state functional magnetic resonance imaging (fMRI) con-
nectivity using an independent component analysis from 38
healthy subjects applied in a prior study [27]. For details estimating
the PECs between orthogonalized signals were described previ-
ously, see Ref. [28]. Briefly, the analytical signal of each vertex in the
source space was separately and iteratively orthogonalized with
respect to all other vertices. Power envelopes were then calculated
from each of the orthogonalized analytical time series, and the
natural logarithm of these envelopes was obtained to render them
more normal. Pearson's correlation coefficient between the log-
transformed power envelopes was obtained for each pair of
vertices. For each pair of ROIs, the Fisher Z transforms of the
Pearson correlations of each pair of vertices within each ROI were
averaged to determine the connectivity of that specific pair of ROIs.
PEC was calculated at each frequency.

2.6. Partial least squares regression

Partial least squares (PLS) regression analysis is a suitable way
for evaluating brain activity—behavior relationships in neuro-
imaging studies [29]. The N-way Toolbox was used to perform the
PLS analyses in this study [30]. The PEC at each frequency band was
taken as separate independent variables. The dependent variable
consisted of the relative change of PSQI from Exam 1 to Exam 2
(PSQI21change) and relative change of PSQI from Exam 1 to Exam 3
(PSQI31change). First, data were mean-centered, after which they
underwent a direct orthogonal signal correction to remove the
largest independent measures orthogonal to the behavior score to
ensure more efficient PLS models with fewer components. Right
anterior division of middle frontal gyrus (RAMFG), which is
approximating the stimulated right DLPFC, was chosen as the seed
ROI in this study. The connectivity between the RAMFG and brain
regions strongly related to behavioral status was identified by
setting an arbitrary threshold for each model [31]. A threshold of
0.75 relative to the absolute value of the maximal correlation co-
efficient which is more conservative than similar previous studies
[32,33] was set in this study. Cross-validation using a leave-one-out
and predict approach was performed, where data from one subject
were iteratively removed, and the removed subject's behavioral
data were predicted from the PEC data using the PLS model
generated from the remaining n-1 subjects. Once PLS models were
generated, the mean connectivity values of the network between
the RAMFG and the identified regions were determined and
correlated against the dependent variable. Multiple linear regres-
sion was used with age and gender as additional nuisance cova-
riates if there was a correlation between the bivariate. Moreover,
the mean connectivity for the identified network was correlated to
the relative change of HAMD and HAMA from Exam 1 to Exam 2
(HAMD2;changes HAMAR1change), and the relative change of HAMD
and HAMA from Exam 1 to Exam 3 (HAMD3;change, HAMA31change)-

2.7. Statistical analysis

Statistical analyses of clinical data were conducted using SPSS
11.0 (Chicago, IL, USA) and MATLAB. Normality was checked using
the Shapiro—Wilk test. Normally distributed data were presented
as mean =+ standard deviation, while non-normally distributed data
were presented as medians and interquartile ranges. Nonpara-
metric statistics were used when necessary. The statistical differ-
ences of neuropsychological assessments at three different time
points were analyzed using one-way repeated measures analysis of
variance (Bonferroni correction was used for the post-hoc test).
Relative changes of PSQI, HAMD, and HAMA were calculated;
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hence, higher percentages of these changes represent better
improvement in sleep quality and depressive or anxious symptoms
separately. The correlation analysis between the clinical charac-
teristics, baseline, and the relative change in neurological scores,
and that between the mean connectivity value of the identified
network and the dependent variables following PLS analysis were
performed by Pearson's correlation or Spearman's rank-order
correlation.

3. Results

A total of 25 patients participated in this study. They all
completed rsEEG recording, rTMS treatment, and the neuropsy-
chological assessments at Exam 1 and Exam 2. Four patients
dropped out for the neuropsychological assessments at Exam 3. All
patients tolerated rTMS well, and none reported adverse effects.
The patients’ age ranged from 22 to 69 (48.5 + 11.6) years, with 16
females and 9 males, and RMT was 39.4 + 12.5%.

3.1. Effect of rTMS on clinical performance

Table 1 shows the neuropsychological scores at Exam 1, Exam 2
and 3. There was a significant difference among the three exams in
PSQI [F(2, 40) = 21.58, p < 0.001], as well as in the HAMD [ F(2,
40) = 19.03, p < 0.001] and HAMA [F(2, 40) = 20.24, p < 0.001]. A
post hoc paired t-test showed the PSQI scores significantly declined
after rTMS and one month later. Moreover, the HAMD and HAMA
scores declined as well. No significant difference was found in
MMSE (Table 1). Additionally, PSQI1change Was positively correlated
with HAMD2;cnange (P < 0.001, r = 0.649) but not to HAMA?;change
(p = 0.109). PSQI3;1change Was positively correlated with HAMD3;.
change (P = 0.007, r = 0.580), but not with HAMA3;cpange (p = 0.112).
Age, gender, and RMT were not associated with the PSQI, HAMD, or
HAMA at any time point and their changes from Exam 1 to Exam 2,
or Exam 1 to Exam 3.

3.2. Baseline EEG connectivity and rTMS clinical response at Exam 2

PLS regression analyses were used to identify models of con-
nectivity between RAMFG and the whole brain that maximally
predicted PSQIyichange. Models were generated for delta, theta,
alpha, beta, and gamma frequencies with the strongest relationship
observed in beta frequency (fitted PLS model R? = 0.80), which also
had a high predictive value (cross-validated R? = 0.80).

The beta PLS model identified a RAMFG-whole brain network
that predicted PSQlichange to rTMS. The network involved the
bilateral frontal cortex, bilateral insular cortex, and limbic cortex.
All brain regions within the network are shown in Fig. 1. The mean
connectivity strength of the network was negatively associated
with PSQlichange (r = —0.68, p < 0.001; Fig. 1). Multiple linear
regression showed that the mean connectivity in this network
(B=-0.629, t = —3.297, p = 0.003) negatively predicts PSQl;cnange.

Table 1

Neurological assessment scores of the day before rTMS (Exam 1), the day of the last
I'TMS session (Exam 2) and one month after the last rTMS session (Exam 3).
*p < 0.05 (bonfferoni corrected) compared with Exam1. °p < 0.05 (bonfferoni cor-
rected) compared with Exam2.

Variables Exam 1 Exam 2 Exam 3

PSQI 15.10 = 2.17 11.90 + 4.25 * 9.86 + 4.76 **
HAMD 1243 + 3.17 8.29 + 4.30 * 714 + 423 *
HAMA 13.29 +5.71 6.29 + 3.84 * 6.00 +4.51 *
MMSE 29.29 + 143 29.50 + 1.06 29.86 + 0.36
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Fig. 1. Power envelope connectivity (PEC) in the beta band at baseline predicted the
improvement of sleep quality after repetitive transcranial magnetic stimulation (rTMS)
treatment. (top) The network of right anterior division of middle frontal gyrus
(RAMFG) seeded in the beta band which associated with the relative change of
Pittsburgh Sleep Quality Index from Exam 1 to Exam 2 (PSQI2;change)- The related brain
regions in the network include the left orbitofrontal cortex (LORB), left anterior divi-
sion of middle frontal gyrus (LAMFG), left frontal eye field (LFEF), left supplementary
eye field (LSEF), left posterior division of middle frontal gyrus (LPMFG), left inferior
frontal junction (LIF]), left insular cortex (LINS), left sensorimotor cortex (LSMC),
medial prefrontal cortex (MPFC), dorsal anterior cingulate cortex (DACC), right orbi-
tofrontal cortex (RORB), right frontal eye field (RFEF), right supplementary eye field
(RSEF), right posterior division of middle frontal gyrus (RPMFG), right inferior frontal
junction (RIF]), and right insular cortex (RINS). The cyan dot indicates the seed, and the
red dots indicate the related brain regions comprising the network. (bottom) The
correlation between the mean connectivity within the network and the PSQLcnange.

Both age and gender were not significant variables. The mean
connectivity strength of the network was also related to HAMD,;.
change (r = —0.48, p = 0.02) but not HAMA2;change (p = 0.95).

The alpha PLS model (R?> = 0.74, cross-validated R*> = 0.60)
identified a RAMFG-whole brain network that predicted the
PSQlo1change Tesponse to rTMS. The network approximated the
bilateral frontal cortex, left insular cortex, and the limbic cortex. All
brain regions within the network are shown in Fig. 2. Connectivity
between the RAMFG and other regions in the network was nega-
tively associated with PSQIzichange (r = —0.59, p = 0.01, Fig. 2).
Multiple linear regression showed that the mean connectivity in
this network (f = —0.503, t = —2.656, p = 0.015) negatively predicts
PSQI21change. Both age and gender were not significant variables. The
mean connectivity was also related to HAMD;cpange (r = 0.45,
p = 0.03) but not HAMA2;change (p = 0.96).
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Fig. 2. Power envelope connectivity (PEC) in the alpha band at baseline predicted the
improvement of sleep quality after repetitive transcranial magnetic stimulation (rTMS)
treatment. (top) The network of right anterior division of middle frontal gyrus
(RAMFG) seeded in the alpha band which associated with the relative change of
Pittsburgh Sleep Quality Index from Exam 1 to Exam 2 (PSQI2;change)- The related brain
regions in the network include the left anterior division of middle frontal gyrus
(LAMFG), left frontal eye field (LFEF), left supplementary eye field (LSEF), eft posterior
division of middle frontal gyrus (LPMFG), left inferior frontal junction (LIFJ), left insular
cortex (LINS), left sensorimotor cortex (LSMC), medial prefrontal cortex (MPFC), dorsal
anterior cingulate cortex (DACC), and right frontal eye field (RFEF). The cyan dot in-
dicates the seed, and the red dots indicate the related brain regions comprising the
network. (bottom) The correlation between the mean connectivity within the network
and the PSQL;change-

The gamma PLS model (R? = 0.67, cross-validated R* = 0.66)
identified a RAMFG whole brain network that predicted PSQIy;.
change t0 F'TMS. The network involved the bilateral frontal and limbic
cortex. However, the mean connectivity within the network was
not significantly associated with response to rTMS (r = -0.35,
p = 0.08, Fig. 3).

The theta PLS model (R?> = 0.63, cross-validated R?> = 0.58)
identified a RAMFG whole brain network that predicted PSQIy;.
change to TTMS. The network involved the left frontal and parietal
cortex, and right temporal cortex. However, the mean connectivity
within the network was not significantly associated with response
to rTMS (r = -0.32, p = 0.12, Fig. 4).

PLS models for delta frequencies showed a low proportion of
variance of PSQI1change in the rTMS response (delta: R? = 0.46, cross
validated R? = 0.44).
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Fig. 3. Power envelope connectivity (PEC) in the gamma band at baseline predicted
the improvement of sleep quality after repetitive transcranial magnetic stimulation
(rTMS) treatment. (top) The network of right anterior division of middle frontal gyrus
(RAMFG) seeded in the gamma band which associated with the relative change of
Pittsburgh Sleep Quality Index from Exam 1 to Exam 2 (PSQI2;change)- The related brain
regions in the network include the left orbitofrontal cortex (LORB), medial prefrontal
cortex (MPFC), right orbitofrontal cortex (RORB), right frontal eye field (RFEF), right
supplementary eye field (RSEF), right inferior frontal junction (RIF]), right posterior
division of middle frontal gyrus (RPMFG), and right insular cortex (RINS). The cyan dot
indicates the seed, and the red dots indicate the related brain regions comprising the
network. (bottom) The correlation between the mean connectivity within the network
and the PSQIZIChangev

3.3. Baseline EEG connectivity and rTMS clinical response at Exam 3

PLS regression analyses were used to identify models of con-
nectivity between RAMFG and the whole brain that maximally
predicted PSQI37change. Models were generated for delta, theta,
alpha, beta, and gamma frequencies with the strongest relationship
observed in beta frequency (fitted PLS model R? = 0.62), which also
had a high predictive value (cross-validated R?> = 0.62).

The beta PLS model identified a RAMFG whole brain network
that predicted PSQI3ichange to rTMS. This network involved the
bilateral frontal cortex, right parietal cortex, and limbic cortex. The
lower connectivity between the RAMFG and the identified brain
regions was associated with a greater improvement of PSQI31change
(r = -0.57, p = 0.01; Fig. 5). However, the mean strength of the
connectivity did not reach statistical significance (p = 0.227) when
age and gender were added as covariates in the regression model.
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Fig. 4. Power envelope connectivity (PEC) in the theta band at baseline predicted the
improvement of sleep quality after repetitive transcranial magnetic stimulation (rTMS)
treatment. (top) The network of right anterior division of middle frontal gyrus
(RAMFG) seeded in the theta band which associated with the relative change of
Pittsburgh Sleep Quality Index from Exam 1 to Exam 2 (PSQI2;change)- The related brain
regions in the network include the left inferior frontal junction (LIF]), left posterior
division of middle frontal gyrus (LPMFG), left sensorimotor cortex (LSMC), left
supramarginal gyrus (LSUP), and right middle temporal gyrus (RMTG). The cyan dot
indicates the seed, and the red dots indicate the related brain regions comprising the
network. (bottom) The correlation between the mean connectivity within the network
and the PSQIz;change-

The theta PLS model (R®> = 0.62, cross-validated R*> = 0.55)
identified a RAMFG whole brain network that predicted PSQI3;-
change to ITMS. The network involved bilateral frontal and occipital
cortex, left parietal and right temporal cortex. However, the mean
connectivity within the network was not significantly associated
with response to rTMS (r = -0.06, p = 0.79, Fig. 6).

PLS models for other frequencies identified a low proportion of
variance of the PSQIg;Change in the rTMS response (delta: R?> = 0.28,
cross -validated R? 0.28; alpha: R? 0.52, cross-validated

= 0.42; gamma: R? = 0.31, cross-validated R? = 0.31).

4. Discussion

This study investigated whether electroencephalographic con-
nectivity could predict the clinical outcomes of LF rTMS treatment in
patients with ID. The results demonstrated that (1) LFrTMS improved
sleep quality and depressive mood, and maintained clinical benefits
up to one month after treatment; (2) weaker connectivity of the beta
and alpha bands between the RAMFG, a seed approximating the
stimulated right DLPFC, and brain regions involving the frontal,
insular, and limbic cortices was strongly associated with the
improvement of sleep quality and depressive mood after LF rTMS.
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Fig. 5. Power envelope connectivity (PEC) in the beta band at baseline predicted the
improvement of sleep quality one month after repetitive transcranial magnetic stim-
ulation (rTMS) treatment. (top) The network of right anterior division of middle frontal
gyrus (RAMFG) seeded in the beta band which associated with the relative change of
Pittsburgh Sleep Quality Index from Exam 1 to Exam 3 (PSQI3;change). The related brain
regions in the network include the left orbitofrontal cortex (LORB), left anterior divi-
sion of middle frontal gyrus (LAMFG), left frontal eye field (LFEF), left supplementary
eye field (LSEF), left posterior division of middle frontal gyrus (LPMFG), left inferior
frontal junction (LIF]), left sensorimotor cortex (LSMC), medial prefrontal cortex
(MPEC), dorsal anterior cingulate cortex (DACC), right orbitofrontal cortex (RORB), right
frontal eye field (RFEF), right supplementary eye field (RSEF), right posterior division of
middle frontal gyrus (RPMFG), right inferior frontal junction (RIF]), right insular cortex
(RINS), right left sensorimotor cortex (RSMC), and right intraparietal sulcus (RIPS). The
cyan dot indicates the seed, and the red dots indicate the related brain regions
comprising the network. (bottom) The correlation between the mean connectivity
within the network and the PSQI3;change-

Insomnia is conceptualized as a hyperarousal model of struc-
tural and functional psychobiological disorder [19]. LF rTMS, which
generally decreases cortical excitability, has been demonstrated
could trigger slow waves and spindles, enhance stage Ill sleep cycle,
and increase the serum brain-derived neurotrophic factor and
gamma-aminobutyric acid level in ID [34—36]. The present study
found that LF rTMS effectively improved the sleep quality in pa-
tients with ID. Previous work reported that two weeks of daily 1 Hz
r'TMS over the right DLPFC improved stage Il sleep and REM sleep
cycle with the lowest relapse and recurrence rates within three
months when compared with control conditions of psychotherapy
or medication treatment [36]. Acupuncture combined with 12
sessions of 1 Hz rTMS over the left DLPFC also had better efficacy of
improving sleep quality than combination with sham rTMS in pa-
tients with ID [37]. All these suggested the efficacy of LF rTMS and
its potential in clinical transition for treating ID.
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Fig. 6. Power envelope connectivity (PEC) in the theta band at baseline predicted the
improvement of sleep quality one month after repetitive transcranial magnetic stimulation
(rTMS) treatment. (top) The network of right anterior division of middle frontal gyrus
(RAMFG) seeded in the theta band which associated with the relative change of Pittsburgh
Sleep Quality Index from Exam 1 to Exam 3 (PSQI3;change). The related brain regions in the
network include the left posterior division of middle frontal gyrus (LPMFG), left insular
cortex (LINS), left angular gyrus (LANG), left primary visual cortex (LV1), right frontal eye
field (RFEF), right supplementary eye field (RSEF), right middle temporal gyrus (RMTG), and
right primary visual cortex (RV1). The cyan dot indicates the seed, and the red dots indicate
the related brain regions comprising the network. (bottom) The correlation between the
mean connectivity within the network and the PSQI3;change-

Abnormal functional connectivity of ID has been reported
widely in fMRI studies, such as lower connection between the
amygdala and insula, the striatum and thalamus, the medial pre-
frontal cortex and right medial temporal lobe, and the left medial
temporal lobe and the left inferior parietal cortices [38]. Some of
these changes contributed to the severity of sleep quality [39]. A
concurrent TMS-EEG study showed that the information outflow
from the left occipital, the frontal mid-line and the right posterior
temporal region was excessive, and that in the right central, pari-
etal, and temporal regions was inadequate in patients with ID
compared with healthy controls [40]. While complicated alter-
ations of brain networks are involved in ID, rTMS was considered a
circuit-targeting neuromodulation strategy. Animal models
demonstrated that LF rTMS modulated dentate gyrus morpholog-
ical plasticity in neurons while high frequency rTMS induced
remarkable changes in dendritic complexity in primary motor
cortex [41,42]. The DLPFC is a functionally heterogeneous brain
region and a key node of several brain networks, involved in
cognitive, affective, and sensory processing [43]. Stimulation over
DLPFC could induce changes of functional connectivity widely
across the brain [44]. In healthy subjects, right DLPFC inhibition by
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theta-burst stimulation induced enhanced occipito-parietal brain
activity [45], and transcranial direct current stimulation over left
DLPFC could induce changes in the activation of the motor cortex
[46]. Moreover, rTMS over DLPFC leads to clinical improvement in
patients with neuropsychological diseases such as major depressive
disorder, stroke, and Alzheimer's Disease partially by modifying
brain connection [44,47]. Meanwhile, predicting value of connec-
tivity characters has been investigated. rsEEG theta connectivity
could predict rTMS response in depression [48]. The present study
demonstrated that rsEEG alpha and beta functional connectivity,
which was associated with the improvement of sleep quality after
LF rTMS over right DLPFC in patients with ID, and multiple brain
regions across the frontal, insular, and limbic cortices were involved
in the prognosis predication.

Elevated beta EEG activity during sleep has been important
pathophysiological evidence for the characterization of insomnia
by central nervous system hyperarousal [49]. A consistent increase
in alpha activity during deep nonrapid eye movement sleep was
found in patients with insomnia compared to good-sleeping con-
trols [50]. Though these features were reported in sleep EEG
studies, wake EEG has been shown to provide valuable physiolog-
ical features of insomnia with greater feasibility than sleep
recording devices [51]. In this study, we found the relationship
between awake connectivity in the alpha and beta bands with the
sleep quality improvement after rTMS. The predictive value of EEG
connectivity for rTMS outcomes observed in the beta and alpha
bands of the functional connectivity is possibly due to the intrinsic
activity changes in these bands in ID. Another hypothesis could be
formed from the bandwidth sensitivity of the PEC, with which the
strongest correlations between brain regions were found in the
alpha and beta frequency ranges [28]. This could indicate that it is
favorable to preselect the desired bandwidth in concurrence with
the frequency-specific sensitivity of the chosen functional con-
nectivity measure. Further research to determine which frequency
band is the most valid in ID is needed to answer these questions.

In addition to improved sleep quality after rTMS, depressive and
anxiety symptoms ameliorated in this study. Moreover, the
improvement of sleep quality strongly correlated with the bettered
depressive mood. Insomnia, depression, and anxiety commonly co-
occur and might have overlapping neural substrates [52,53]. In
practice, most patients visiting the clinic complaining of insomnia
have depressive and/or anxious symptoms but do not meet the
diagnostic criteria for any depressive or anxiety disorders. The
clinical features of participants of this study are in accordance with
real-world situations. While the 1 Hz rTMS over the right DLPFC
could also be a treatment protocol for depression [54], it is uncer-
tain whether the rTMS reversed the insomnia by remitting the
depressive and anxious mood, or vice versa. The relation between
the improvement of sleep quality and depressive mood after LF
r'TMS over right DLPFC deserves further studies.

There are several limitations of this study. A neuro-navigated
system was not used to locate therapeutic targets that may influ-
ence the accuracy of the effects. However, targeting the stimulation
site based on anatomical landmarks is common in clinical practice and
may reduce the significance of this limitation. In addition, we used
PSQI as the measure for sleep quality at three time points. The PSQI
asks for sleep quality in the past month, so the questionnaire might
not fully disclose the clinical benefit during the immediate post-
treatment assessment, which is only 2 weeks after treatment star-
ted. However, assessment at one month post-treatment did not
demonstrate an enhanced benefit over the post-treatment test.
Further, the sample size was small. Future studies with a more
rigorous design and larger sample size should be conducted to
address these issues.
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5. Conclusion

Patients with ID who underwent LF rTMS over the right DLPFC
could have the benefit on their sleep quality and depressive
symptoms. rsEEG functional connectivity between the stimulation
site and multiple regions across the whole brain in the beta and
alpha bands is a robust and specific biomarker for predicting these
therapeutic effects. The results contribute to the current knowledge
on factors that modulate responses to rTMS and provide further
insight into the complex intrinsic characteristics associated with
sleep amelioration in people with ID.
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