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Study Objectives: By examining spontaneous activity changes of sleep-related networks in patients with the Alzheimer’s disease
(AD) spectrum with or without insomnia disorder (ID) over time via neuro-navigated repetitive transcranial magnetic stimulation
(r'TMS), we revealed the effect and mechanism of rTMS targeting the left-angular gyrus in improving the comorbidity symptoms of
the AD spectrum with ID.

Methods: A total of 34 AD spectrum patients were recruited in this study, including 18 patients with ID and the remaining 16 patients
without ID. All of them were measured for cognitive function and sleep by using the cognitive and sleep subscales of the
neuropsychiatric inventory. The amplitude of low-frequency fluctuation changes in sleep-related networks was revealed before and
after neuro-navigated rTMS treatment between these two groups, and the behavioral significance was further explored.

Results: Affective auditory processing and sensory-motor collaborative sleep-related networks with hypo-spontaneous activity were
observed at baseline in the AD spectrum with ID group, while substantial increases in activity were evident at follow-up in these
subjects. In addition, longitudinal affective auditory processing, sensory-motor and default mode collaborative sleep-related networks
with hyper-spontaneous activity were also revealed at follow-up in the AD spectrum with ID group. In particular, longitudinal changes
in sleep-related networks were associated with improvements in sleep quality and episodic memory scores in AD spectrum with ID
patients.

Conclusion: We speculated that left angular gyrus-navigated rTMS therapy may enhance the memory function of AD spectrum
patients by regulating the spontaneous activity of sleep-related networks, and it was associated with memory consolidation in the
hippocampus-cortical circuit during sleep.

Clinical Trial Registration: The study was registered at the Chinese Clinical Trial Registry, registration ID: ChiCTR2100050496,
China.

Keywords: Alzheimer’s disease, insomnia disorder, sleep-related functional connectivity network, neuro-navigated repetitive

transcranial magnetic stimulation, spontaneous activity

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by memory loss and multidomain cognitive
impairment, with a long course and progressive aggravation.' In the treatment of Alzheimer’s disease, in addition to the
improvement of cognitive impairment, it is also particularly important to understand and control the risk factors in the
occurrence and development of the disease.? Insomnia disorder (ID) often exists as concomitant symptoms in patients

Clinical Interventions in Aging 2023:18 1333—1349 1333
Received: 13 April 2023 © 2023 You et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at httpx / Iwww.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati nc/3.0/). By accessing the work

Accepted: 3 August 2023
Published: 15 August 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-7961-1602
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

You et al Dove

with AD, including difficulty in sleep maintenance, difficulty in falling asleep, early awakening, circadian rhythm
disorders, drowsiness, etc. Previous studies have reported that insomnia disorder increases the risk of cognitive
impairment in different stages of the continuum of AD we called the AD spectrum, including subjective cognitive
impairment (SCD),? mild cognitive impairment (MCI)** and AD dementia® and is highly correlated with pathological
factors in AD,” such as the deposition of AP, an increase in inflammatory factors, and damage to neuroplasticity.®
Therefore, understanding the interaction mechanism between AD spectrum-correlated cognitive decline and sleep is
helpful to improve and may delay the condition of AD spectrum patients on the basis of controlling risk factors.

At present, the clinical treatment of AD and insomnia disorder mainly includes pharmacological and nonpharmaco-
logical pathways.” As a kind of external intervention therapy, repetitive transcranial magnetic stimulation (rTMS) is
painless, noninvasive, has strong manoeuvrability, wide applicability and high safety.'® Its treatment principle lies in the
use of a pulsed magnetic field, which passes through the scalp and skull to produce a reverse induced current in the
cerebral cortex, changing the cell membrane potential to excite or inhibit nerve cells and causing physiological
changes.'" An increasing number of studies on the effective intervention of rTMS to improve cognitive function and
sleep have been reported.'” In particular, our previous study showed that high-frequency rTMS in the left angular gyrus
(MNI: —45, —67, 38) had a significant effect on improving episodic memory in AD spectrum patients,'® which was set in
a cortical point with the strongest connectivity function to the left hippocampus in AD spectrum patients. Some studies
also proved that high-frequency rTMS is applicable to improve cognitive impairment caused by sleep deprivation.'*'>
Due to the close relationship between the two and the increasing trend of comorbidity symptoms, based on our previous
research, we proposed a hypothesis that sleep and sleep-related networks may play a role in rTMS intervention in the AD
spectrum to improve cognition. We try to measure the efficacy of rTMS treatment in AD spectrum patients with different
sleep status levels and evaluate whether it makes common improvement and how it works in functional neuroimaging
changes. Notably, due to the sensitivity and variability of sleep status, the previous neuroimaging mechanism analysis of
insomnia disorder does not show consistent spatial coordinate markers,'® and the functional connectivity networks
related to insomnia disorder also showed polymorphism,'” but based on the systematic review, we found that the
amygdala, thalamus, and insular lobe are always regarded as regions of interest (ROI) related to insomnia disorder. It
actually reflects that insomnia disorder is highly consistent with emotional disorders and cognitive states that are
dominated by rumination meditation and increased consciousness.'® Therefore, in view of the difficulty of providing
a univocal framework of insomnia disorder and its correlation with cognition, our study by way of observing the function
of sleep-related ROI-based networks and their activity intensity changes after rTMS intervention in improving sleep and
cognition of AD spectrum patients would make more sense to understanding the interaction mechanism of sleep and
cognition.

We used the method of constructing sleep-related functional connectivity networks in the resting state amplitude of
low-frequency fluctuations (ALFF) to reflect the strength of intrinsic brain activity, the mechanism of which is based on
blood oxygenation level-dependent changes in brain tissue in the resting state.'”** The rTMS stimulation parameters and
methods used in this study are consistent with our previous work.

Materials and Methods

Participants

The participants were enrolled by the Department of Neurology of the Nanjing Drum Tower Hospital of Nanjing
University Medical School or recruited by advertising from April 2019 to November 2021. Based on the US National
Institute on Aging-Alzheimer’s Association (NIA-AA) criteria,”' SCD is proposed for preclinical AD and diagnosed with
the Jessen et al criteria®” in this study. Amnestic mild cognitive impairment (aMCI) is one type of MCI, often considered
the prodromal phase of AD. aMCI and AD participants were enrolled based on the recommendations of our previous
study,'® which followed the NIA-AA criteria.”**** The staging of dementia severity in these patients was determined
through a comprehensive evaluation of Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment
(MoCA) score and diagnosis by experienced neurologists (AD dementia was defined with education adjusted values
by MMSE: 0 year < 22, 1-6 years < 23, 7-12 years < 24, more than 12 years < 26; MCI: MoCA < 25). Ultimately, forty-
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six AD spectrum patients of different stages were included. After careful data analysis and screening, 12 subjects who did
not complete the testing procedures dropped out of the study (for details, see the following). According to the differences
in sleep quality, thirty-four patients were separated into two groups: 18 patients with ID (including 5 SCD, 10 aMCI and
3 AD) and the remaining 16 patients without ID (2 SCD, 11 aMCI and 3 AD) underwent the whole experimental
procedure, and written informed consent was obtained from each subject prior to participation. This study was conducted
in accordance with the Declaration of Helsinki standards and was approved by the ethics committees of the Nanjing
Drum Tower Hospital of Nanjing University Medical School. The exclusion criteria were as follows: (i) other disease that
may cause memory decline, such as cerebrovascular disease, epilepsy, Parkinson’s disease, brain tumor, traumatic brain
injury, etc.; (ii) severe depression (Hamilton Depression Rating Scale, HAMD > 17), anxiety (Hamilton Anxiety Rating
Scale, HAMA > 21), schizophrenia or other mental illness; (iii) severe systemic diseases such as heart failure, etc.; (iv)
other contraindications for MRI or rTMS; and (v) other primary diseases that cause insomnia, such as apnea syndrome
and restless leg syndrome.

Experimental Procedure

The experimental procedure is shown in Figure 1. One week before the formal intervention, each patient underwent
a comprehensive neuropsychological test (including cognitive assessment and sleep status evaluation) and 3.0-T whole
brain functional and structural scanning. Based on the patient’s initial sleep assessment score, this study included
participants with Pittsburgh Sleep Quality Index (PSQI) > 5 into the AD spectrum with ID group, which was consistent
with the diagnosis of insomnia disorder in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5),%° and participants with PSQI < 5 were classified into the AD spectrum without ID group. All subjects carried
out a unified intervention process. The stimulation took place in a quiet and light-attenuated room, and participants were
seated in a comfortable and adjustable height chair during the whole treatment, which lasted 20 minutes every day for
a fixed time. During the treatment, 3 patients developed occasional dizziness at the time of initial treatment but
spontaneously self-recovered later. We considered this to be caused by differences in individual sensitivity and adapt-
ability. After four weeks of treatment, the patients received fMRI scanning and a comprehensive neuropsychological
evaluation again.
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Figure | Description of the clinical trial outline in repetitive transcranial magnetic stimulation (rTMS) intervention of AD spectrum patients. All enrolled patients received
MRI scans and neuropsychological and sleep assessments at baseline and after 20 sessions of rTMS treatment. The parameters of rTMS treatment are presented as shown.
Abbreviations: L_AG, Left_Angular gyrus; MNI, Montreal Neurological Institute.
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Neuropsychological Assessment

Each patient underwent a series of neuropsychological assessments to evaluate their cognitive level and sleep status. The
cognitive functions of all the subjects were evaluated by an experienced neuropsychologist, including general cognitive
function assessment, the Chinese version of the Mini-Mental State Examination (MMSE)*° and the Beijing version of the
Montreal Cognitive Assessment (MoCA);?’ the auditory verbal learning test Huashan version (AVLT)*® was used as
a verbal memory function assessment, the Wechsler Memory Scale-Visual Reproduction (WMS-VR) was used to
measure visual memory, and they were jointly used to test the level of episodic memory of participants; HAMD and
HAMA were used to test the basic emotional status.

The sleep status of participants was self-assessed using the PSQI to evaluate different dimensions of sleep quality and
quantity in the last month; the Insomnia Severity Index (ISI) was used to evaluate the severity of daytime and nighttime insomnia
disorder in the last week; the Self-Rating Scale of Sleep (SRSS) was used to evaluate general subjective severity of sleep in the
last month; the Epworth Sleepiness Scale (ESS) was used to assess the general level of sleepiness during the day; and the patients
were also required to report the average total sleep duration and subjective general sleep quality in the last month (evaluated on
a Likert scale, ranging from 1 to 5). Seven patients were excluded from the study due to missing scale data.

Left Angular Gyrus Neuronavigated rTMS Protocol

r'TMS was applied using a YIRUIDE YRD CCY-I Stimulator (YIRUIDE Company, WuHan, China) with a focal 70 mm
figure-eight-shaped air-cooled coil. Before the treatment, we first measured motor threshold (MT) by applying single-
pulse rTMS to the left motor cortex. This process was guided by registration of subjects’ T1-weighted image with actual
brain location with an optical navigator. The MT was determined using the minimum stimulus intensity that would elicit
an overt motor response in the right abductor pollicis brevis (APB) (5 of 10 times with amplitude of 50 wV), and the final
stimulation intensity was set at 100% of each patient’s motor threshold. All participants were seated in a chair with a coil
placed over the left angular gyrus (MNI: x, y, z = —45, —67, 38), which had proven significantly effective in
improving AD spectrum patients’ memory based on our previous study. The target location was defined as a sphere of
6-mm radius by using an inverse matrix produced during T1 segmentation in the Statistical Parametric Mapping analysis
package (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and then individually transformed into each parti-

cipant’s T1 space by presenting and registering with the patients’ current head position according to the neuro-navigation
Neuroaim system. The stimulation parameters were as follows: stimulation frequency (20 Hz), 1600 stimuli per session
(40 trains with 40 stimuli per train), single-train duration (2 s), intertrain interval (28 s), and stimulation period (a session
per day, five days per week for four weeks).

Image Acquisition and Data Preprocessing
All of the participants were examined on a 3.0T MRI scanner (Philips Medical Systems), and they were asked to lie
quietly and not think of anything specific or fall asleep while inside the scanner. The resting-state fMRI scan images were
collected with echo-planar imaging (EPI) sequences covering the entire brain with the following parameters: repetition
time (TR) = 2000 ms; echo time (TE) = 30 ms; slice number = 35; slice thickness = 4.0 mm; flip angle (FA) = 90°;
acquisition matrix = 64 x 64; spatial resolution = 3 x 3 x 3 mm®, FOV = 240 x 240 mm?. The high-resolution T1-
weighted imaging parameters were TE = 4.6 ms, TR = 9.8 ms, slice number = 192, slice thickness = 1.0 mm, FA = §’,
FOV = 250 x 250 mm?, acquisition matrix = 256 x 256.

The preprocessing of EPI data was carried out on the Resting State fMRI Data Analysis Toolkit plus (RESTplus,
http://restfmri.net/forum/restplus) software. To reduce the signal interference when the equipment started, we removed

the first 20 time points of the data, uniformly corrected the scanning time and head motion, removed the images whose
head motion was more than 3 mm, registered each image to a unified Montreal Neurological Institute (MNI) standard
space, Gaussian random field smoothing, FMHM = 6 mm, and removed linear offset. Head movement, white matter and
cerebrospinal fluid were extracted as covariates, and the image frequency was limited to 0.01-0.08 Hz to reduce noise.
Of all our enrolled subject data, 5 patients were excluded because of excessive head motion, and the flow of enrollment is
presented in Figure 2.

1336 "= Clinical Interventions in Aging 2023:18

Dove!


http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://restfmri.net/forum/restplus
https://www.dovepress.com
https://www.dovepress.com

Dove You et al

____________________________

(n=46)

...........................

_ | Excluded (n=5)
o E Head motion >3 mm

| ——

{ Excluded (n=7)
E missing scale data

A

............................

3 sleep-related networksi
constructed

v

\

Two sample #-test at
baseline ALFF -

A

Conjunction map of
three networks

B

/
1

i

i

i

i

i

i

1

i

1

i

i

¢ i
i

i

i

i

i

i

i

i

i

i

i

o

<

E Differential network activity E
! differences at baseline and |
i longitudinal ,E

\.

Behavioral significance

Figure 2 Flowchart of data analysis.
Abbreviation: ALFF, amplitude of low-frequency fluctuations.

Principal Component Analysis (PCA)

To reduce the number of sleep variables and make our sleep score more representative, we performed a principal component
analysis (PCA; index of factorability KMO = 0.880) on the overall patients (N = 34) to generate new simplified factors that
reflected the communalities between the various sleep quality measures. Principal components were generated from a correlation
matrix of normalized original sleep variables (ie, ISI, AIS, PSQI, SRSS and ESS, sleep duration, sleep quality). To maximize the
explanatory power and make it more interpretable to the original variables, we required that each principal component extracted
explain at least 5% of the data variation and then employed a varimax rotation.” Attributed to it, two factors were ultimately
generated and cumulatively explained 91.5% of the total variance. ISI, AIS, PSQI, SRSS, sleep duration, and sleep quality loaded
onto the first factor, and ESS loaded into the second factor. Table 1 shows the rotated factor matrix. Based on the proportion of each
component, we used linear regression to calculate a combined sleep score for all patients, referred to as “subjective sleep quality”.

Construction of Sleep-Related Networks
To date, multiple studies have suggested that insomnia disorder symptoms are associated with principal resting-state
networks,'” such as the salience network (SN), sensory-motor network (SMN),*' auditory network (AN)*? and default
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Table | Varimax Rotated Factor Matrix

Components
PC | PC 2 Communality
ISI 0.947 0.164 0.924
AlIS 0.955 0.232 0.966
PSQI 0.976 0.110 0.965
SRSS 0.936 0.260 0.944
ESS 0.179 0.983 0.998
Sleep duration —-0.873 —0.134 0.781
Sleep quality 0.894 0.171 0.828

Notes: N = 34. Major loadings for each item are bolded. The two components explained
91.5% of the total variance.

Abbreviations: ISI, Insomnia Severity Index Scale; AlS, Athens Insomnia Scale; PSQI, The
Pittsburgh Sleep Quality Index; SRSS, Self-Rating Scale of Sleep; ESS, The Epworth Sleepiness
Scale.

mode network (DMN).33 Given the complexity and inconsistency of the sleep-related networks, we speculated that
exploring intrinsic activity in these sleep-related collaborative networks was meaningful. Then, we selected 3 spatial
coordinates in the literature, which proved that functional connectivity networks were correlated with insomnia disorder
and were separately located in the thalamus, amygdala and insula.

First, 3 coordinates were located in the left thalamus (MNI: —4 —11 —6),** right amygdala (MNI: 17.7 —1.3 —21.9),*
and left insular lobe (MNIL: —42 —8 —6),?° centered at these MNI coordinates, sphere of 5-mm radius as the region of
interest (ROI), and the average signal change of each ROI at baseline was calculated with 41 patients (after preprocessing
of 46 included patients’ image data, 5 were excluded due to excessive head motion). We took it as a time-processed
reference, analysed the cross-correlation between it and the time-series signal of each voxel in the whole brain, and
finally obtained the spatial maps of the correlation coefficient, that is, the functional connectivity maps. We normalized
these functional connectivity values by Fisher r-to-z transformation, and entire brain z value maps were created. Then, we
performed a one-sample ¢ test in each of the 3 ROI-based z value maps. The corrected network maps are separately
shown in Figure 3 (voxel-wise p < 0.001, FWHM = 6 mm, cluster size > 351mm?; determined by Monte Carlo
simulation), and we further calculated the conjunction of three corrected networks (Figure 3). The final conjunction
maps comprised extensive fronto-temporal-parietal cortical and subcortical regions and nearly covered most key regions
of the above insomnia disorder-related principal resting-state networks.

Second, to compare the spontaneous activity in this conjunction map before and after rTMS treatment in these two
groups, whole brain ALFF was calculated to measure it; that is, the time series were converted to the frequency domain
by fast Fourier transform on each voxel, and the square root of the power spectrum was calculated and averaged. For
standardization purposes, the individual ALFF map was divided by the global mean ALFF within the mask, and we
obtained zALFF maps. These processes were implemented in RESTplus software.

Statistical Analysis
(i) When judging if there were differences in gender, age, and education level between the AD spectrum with ID and
without ID groups, we performed a chi-square test to compare the differences in gender, and a two-sample ¢ test and
Mann—Whitney U-test were used based on whether the data satisfied variance homogeneity and normality to compare age
and education level. Cognition and sleep level differences between two groups at baseline were performed by two-sample
t test and Mann—Whitney U-test; paired sample ¢ test and the Wilcoxon test were used to compare the differences in
neuropsychological scores before and after treatment within two groups. The thresholds were set at p < 0.05 using SPSS
version 26.0 software (SPSS, Inc., Chicago, IL, USA).

(il) We compared the differences in spontaneous activity in brain regions between and within the two groups before
and after treatment. A two-sample ¢ test was performed on the maps of zALFF, which was limited to the conjunction
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Figure 3 Coordinate-based network of the sleep-related mapping construct. Exacted coordinates that were previously reported to be significantly correlated with the sleep
functional connectivity network in the left thalamus, right amygdala, and left insula. Three connectivity maps were created for each patient, and the result was performed by
one sample t test (voxel-wise uncorrected p < 0.001, FWHM=6 mm, cluster size > 35| mm?, corrected p < 0.05, determined by Monte Carlo simulation). The conjunction
of these corrected networks was mainly distributed in fronto-temporal-parietal cortical and subcortical regions (indicated by the grey arrow), comprising the salience
network (SN), sensory-motor network (SMN), auditory network (AN) and default mode network (DMN) sleep-related key regions previously reported.

Abbreviation: MNI, Montreal Neurological Institute.

region between two groups, and a paired ¢ test was used to compare differences before and after treatment within groups.
zALFF values were extracted from the changed regions within each subject. After controlling for the covariates, Pearson
correlations were calculated to measure the association between the longitudinal changes in neuropsychological tests and
spontaneous activity (Figure 2).

Results

Demographic and Clinical Characteristics

As shown in Table 2, we compared the differences in clinical data between groups both at baseline and follow-up neuro-
navigated rTMS treatment. Differences in age, gender, and education level were excluded between the AD spectrum with
ID group and without ID group, and there were no significant differences in cognitive domains at baseline between the
two groups. For sleep assessments, there were significant differences in poor sleep quality at baseline in the AD spectrum
with ID group compared to the control group (ISI, AIS, PSQI, SRSS, sleep duration and sleep quality, p < 0.001).
However, four weeks of neuro-navigated rTMS treatment had a significant effect on general cognition (ie, MMSE,
MoCA, p < 0.05), episodic memory (ie, AVLT-IDR, AVLT-LDR, WMS-VR, p < 0.05), and sleep improvement (ie, ISI,
AIS, PSQI, SRSS, ESS, sleep duration and sleep quality, p < 0.05) in the AD spectrum with ID group, and cognitive
function and sleep were significantly improved compared with the baseline stage. Conversely, the cognitive dimensions
of the AD spectrum without ID group were also significantly improved, and the sleep status was basically the same as
that at baseline.
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Table 2 Demographic and Neuropsychological Data Between and Within Groups

Baseline Follow-Up

AD Spectrum AD Spectrum p' With ID p Without ID | p'

with ID (n=18) Without ID (n=16)
Gender (M/F) 5/13 6/10 0.545¢ - - - -
Age 67.3317.22 67.31+6.00 0.993° - - - -
Education 11.39+2.06 11.56£3.12 0.932° - - - -
HAMD 6.39+4.23 3.94+3.26 0.070* 4.50+3.29 0.079* 2.02£1.76 0.051¢
HDMA 8.50+6.12 6.4414.32 0.261* 6.06+5.34 0.187¢ 4.24+3.45 0.155?
General cognition
MMSE 27.5+2.20 25.38+3.50 0.088° 28.44+1.38 | 0.045%* 26.69+2.52 0.106*
MoCA 23.22+3.50 21.13+4.50 0.137¢ 24.78+3.02 | 0.038%* 23.00+3.35 0.0207*
Cognitive domains
AVLT-SDR 3.83+2.79 2.88+2.75 0.322% 6.00+2.93 0.004%* 4.38+3.34 0.004*
AVLT-LDR 3.2242.26 2.50+2.76 0.408* 5.44+2.90 0.002%* 4.44+4.00 0.003°*
WMS-VR 8.07+£3.31 6.50+3.23 0.173* 9.94+2.67 0.017%* 8.00+3.63 0.003%*
Sleep status
ISI 10.50+4.21 2.63%1.67 <0.001%* | 7.89+4.14 <0.001* | 2.63+1.67 NS
AIS 9.44+3.90 3.00£1.41 <0.001%* | 7.06+3.69 <0.001 | 3.00%1.41 NS
PSQI 10.83+3.50 3.75£1.39 <0.001%* | 8.28+3.44 <0.001** | 3.75%1.39 NS
SRSS 26.83+6.37 16.38+2.09 <0.001** | 22.33%6.11 <0.001%* | 16.38+2.09 NS
ESS 8.39+£5.25 7.13+4.40 >0.05* 7.28+4.46 0.002%* 7.13£4.40 NS
Sleep duration 5.306+1.21 7.281+0.88 <0.001** | 5.97%1.01 <0.001%* | 7.31£0.91 >0.05
Sleep quality 3.11+0.83 2.06 £0.25 <0.001% | 2.83%0.79 0.010%* 2.06+0.25 NS

Notes: Data are presented as mean * standard deviation (SD); p'Showed group differences between AD spectrum with ID and AD spectrum without ID patients at baseline;
p"Showed the differences before and after treatment within two groups. *The p-value was obtained by t-test (two-tailed two sample t and paired t). ®p-value was obtained by
Mann-Whitney U-test. “p-value was obtained by Wilcoxon signed-rank test. “p-value was obtained by chi-square test. *Indicated a statistical difference within and between
groups, p < 0.05.

Abbreviations: MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; AVLT-SDR, Auditory Verbal Learning Test Short-term Delayed Recall; AVLT-
LDR, Auditory Verbal Learning Test Long-term Delayed Recall; WMS-VR, Wechsler Memory Scale-Visual Reproduction; HAMD, Hamilton Depression Scale; HAMA,
Hamilton Anxiety Scale; IS, Insomnia Severity Index Scale; AlS, Athens Insomnia Scale; PSQI, The Pittsburgh Sleep Quality Index; SRSS, Self-Rating Scale of Sleep; ESS, The
Epworth Sleepiness Scale.

Baseline Differences in Spontaneous Activity and Its Behavioral Significance

By comparing the spontaneous activity difference of sleep-related conjunction networks between the AD spectrum
with ID and without ID groups at baseline, two-sample ¢ tests were performed after adjusting for gender, age,
education, HAMD and HAMA levels (voxel-wise p < 0.05, FWHM = 6 mm, cluster size >5292 mm°, determined
by Monte Carlo simulation, see programme AlphaSim by D. Ward, and http://athi.nimh.nih.gov/pub/dist/doc/

manual/AlphaSim.pdf). The main sleep-related networks were identified within the set of significant regional

group effects in their spatial distribution (Figure 4). The AD spectrum with ID patients exhibited a significant
decrease in a collaborative network at baseline, which comprised core regions of the affective auditory processing
network, left amygdala and left middle temporal gyrus (LMTQG), left superior temporal gyrus (LSTQG), left
putamen, left insula, and main regions of the sensory-motor network, left postcentral gyrus (LPoCG), and left
precentral gyrus (LPreCG) (Table 3). The Pearson correlation further showed a significantly negative correlation
between baseline collaborative network activity and subjective sleep quality score after adjusting for differences
in gender, age, educational level, HAMD and HAMA (ie, sleep PCA scores, r = —0.497, p = 0.006) in all AD
spectrum patients, but nothing with cognitive domains. However, there was no significant correlation in the AD

spectrum with or without ID group.
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Baseline differences of spontaneous activity in sleep-related network between two groups
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Figure 4 Distribution of baseline collaborative network spontaneous activity differences between the AD spectrum with ID and without ID groups in the sleep-related
conjunction network. Two-sample t tests were performed between two groups’ normalized ALFF maps with gender, age, education level, HAMD, HAMA as covariates,
thresholds were set at p < 0.05, determined by Monte Carlo simulation, and the differential brain region covered affective auditory processing and sensory-motor networks
(peak MNI coordinate: —30, —3, —3), including the left middle temporal gyrus (LMTG), left putamen, left amygdala, left superior temporal gyrus (LSTG), left postcentral gyrus
(LpostCG), and left precentral gyrus (LpreCG). It showed significantly decreased activity in the AD spectrum with ID group (purple violin graph) compared to without ID
group (green violin graph), **** means p<0.0001. Spontaneous activity in this collaborative network was significantly negatively correlated with “subjective sleep quality”
scores in all patients at baseline (r= —0.497, p=0.006), which meant that the lower the intrinsic activity in this collaborative network, the worse the sleep quality within AD
spectrum patients.

Abbreviations: ALFF, amplitude of low-frequency fluctuations; PCA, principal component analysis.

Neuro-Navigated rTMS Induced Longitudinal Activity Changes and Their Behavioural
Significance

(i) Longitudinal changes in the baseline affective auditory processing and sensory-motor collaborative network difference
between before and after rTMS treatment: Within-group comparisons (ie, posttreatment vs pretreatment, AD spectrum
with and without ID group, respectively, Figure 5a), the AD spectrum with ID showed significantly increased sponta-

neous activity compared to these baseline collaborative network differences (corrected p < 0.01 by paired ¢ test), while

Table 3 Spontaneous Activity Difference of Baseline Between Groups and Longitudinal Changes in AD Spectrum with ID Group

Brain Region BA Peak MNI Peak t value Cluster Size (mm®)
Coordinate
AD spectrum with ID < AD spectrum without ID | 48/21/22/6 -30-3-3 —3.9284 10,935

L middle temporal gyrus
L superior temporal gyrus
L putamen

L insula

L postcentral gyrus

L precentral gyrus

L amygdala
Pre-treatment < post-treatment in ID group 43/48/6/4/3/7/122/21 | 0 —24 75 —5.0099 42,606
L postcentral gyrus

L precuneus

R postcentral gyrus

L middle temporal gyrus
L superior temporal gyrus
L paracentral lobule

R precuneus

L precentral gyrus

Abbreviations: ID, insomnia disorder; BA, Brodmann’s area; MNI, Montreal Neurological Institute.
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Figure 5 Longitudinal activity changes of the baseline difference collaborative networks (peak MNI coordinate: —30, —3, —3) within-group comparisons. (a) Significantly
increased spontaneous activity compared to baseline in the AD spectrum with ID group (** means p < 0.01, by paired t test), with no significant changes in the AD spectrum
without ID. Purple bars represent the pretreatment mean spontaneous activity value, green bars represent the posttreatment mean value; wiring from purple dots to green
dots shows a changing trend before and after rTMS treatment in baseline affective auditory processing and sensory-motor collaborative network differences within the two
groups. Spontaneous activity changes in the AD spectrum with ID patients significantly corresponded to this increased collaborative network, and the purple bar and green
bar represent the mean delta spontaneous activity value (posttreatment minus pretreatment) within the two groups, showing significant differences (**Means p < 0.01 by
two-sample t test). After rTMS treatment, this sleep-related collaborative network’s intrinsic activity showed no significant differences between the two groups. (b) The
spontaneous activity changes in the AD spectrum with ID patients of the baseline difference collaborative network were correlated with sleep status improvement (PSQI
changes, r = 0.556, p = 0.017; sleep duration changes, r= —0.520, p = 0.027). The collaborative network spontaneous activity increased more, the PSQI score decreased less,
and sleep duration increased less; that is, within the AD spectrum with ID group, the collaborative network’s activity change with sleep status improvement corresponded
but was nonlinear. (c) After adjusted covariate differentiation, Pearson correlation analysis between delta spontaneous activity of the baseline difference collaborative
network with cognitive performance changes in the AD spectrum with ID patients demonstrated that the increased network spontaneous activity correlated with verbal
memory improvements, including AVLT-S changes (r=0.603, p=0.029) and AVLT-L changes (r=0.679, p=0.011).

a decreasing trend but no significant changes were observed in the AD spectrum without ID (corrected p > 0.05 by paired
t test). Between-group comparisons (ie, delta AD spectrum with ID vs delta AD spectrum without ID, Figure 5a) and
delta AD spectrum with ID were associated with significantly increased collaborative network spontaneous activity
(corrected p < 0.01, by two sample ¢ test), and the follow-up activity on the collaborative network between two groups
had no significant differences (corrected p > 0.05, by two sample ¢ test). Furthermore, within the AD spectrum with ID
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group, increased spontaneous activity of the baseline difference collaborative network showed a significant negative
correlation with sleep quality improvement (ie, PSQI changes, r = 0.661, p = 0.003; sleep duration changes, r = —0.567,
p =0.014, Figure 5b). After adjusting for gender, age, education, HAMD and HAMA level differentiation, it also showed
a significant positive correlation with verbal memory improvement (ie, AVLT-S changes, r = 0.603, p = 0.029; AVLT-L
changes, r = 0.679, p = 0.011, Figure 5c).

(i1) Additional longitudinal affective auditory processing, sensory-motor and default mode collaborative network
activity changes and their behavioral significance. Except for the original difference of the baseline, AD spectrum
with ID group also performed additional longitudinal collaborative network activity changes after four-weeks neuro-
navigated rTMS treatment (voxel-wise p < 0.05, FWHM = 6 mm, cluster size > 5292 mm°, determined by Monte
Carlo simulation, Table 3 and Figure 6), it showed significantly activity enhanced, including left auditory cortex
(LMTG, LSTG) which was core region in affective auditory processing network, sensory-motor network (LPoCG,
RPoCG, left paracentral lobule, LPreCG), default mode network (bilateral precuneus), but not in AD spectrum
without ID group. Furthermore, the activity changes in the collaborative network in the AD spectrum with ID
group were extracted, and the longitudinal difference in collaborative network activity at baseline showed
a significant correlation with sleep status (ie, PSQIL, r = 0.753, p = 0.003; sleep duration, r = —0.658, p = 0.014,
Figure 6a), while no correlation was associated with cognitive domains. After rTMS treatment, the enhanced
spontaneous activity of the longitudinal difference collaborative network was negatively correlated with sleep quality

Additional longitudinal network activity changes and behavior significance in AD spectrum with ID
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Figure 6 Longitudinal affective auditory processing, sensory-motor and default mode collaborative network (peak MNI coordinate: 0, —24, 75) activity changes and behavior
significance in the AD spectrum with ID group. Distribution of spontaneous activity changes in the conjunction sleep-related network after rTMS treatment in the AD
spectrum with ID group, which covered affective auditory processing, sensory-motor and default mode collaborative networks, including the left postcentral gyrus
(LpostCG) and right postcentral gyrus (RpostCG), left precentral gyrus (LpreCG), left middle temporal gyrus (LMTG), left superior temporal gyrus (LSTG), left paracentral
lobule, and precuneus lobe. It showed a significant increase compared to baseline intrinsic activity. (a) The longitudinal difference in collaborative network activity at baseline
was significantly correlated with PSQI (r=0.753, p=0.003) and sleep duration (r= —0.658, p=0.014), revealing that the stronger the spontaneous activity in this longitudinal
difference network, the worse the sleep quality and the shorter the sleep duration. The rTMS treatment in this collaborative network enhanced spontaneous activity, and the
increased intensity correlated with sleep quality improvement within the group (PSQI changes, r = 0.556, p = 0.017; sleep duration changes, r= —0.520, p = 0.027). (b) The
cognitive domain improvement was positively correlated with longitudinal differences in collaborative network activity changes in the AD spectrum with ID group after
adjusting for differences in gender, age, educational level, HAMD and HAMA. That included MoCA changes (r=0.604, p=0.029), and episodic memory improvement, AVLT_S
changes (r=0.655, p=0.015), AVLT_L changes (r=0.597, p=0.031), WMS-VR changes (r=0.599, p=0.031), the greater increase of spontaneous activity value in this intragroup
longitudinal difference collaborative network was associated with more rise in memory function scores.
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improvement (ie, PSQI changes, r = 0.556, p = 0.017; sleep duration changes, r = —0.520, p = 0.027, Figure 6a).
Gender, age, education, HAMD and HAMA level were employed as covariates, and the longitudinal changes in
collaborative network activity were significantly positively correlated with general cognitive improvement (MoCA
score changes, r = 0.604, p = 0.029) and episodic memory improvement (ie, AVLT-S changes, r = 0.655, p = 0.015;
AVLT-L changes, r = 0.597, p = 0.031; WMS score changes, r = 0.599, p = 0.031) in the AD spectrum with ID group
(Figure 6b).

Discussion

Our study aimed to explore the functional mechanism of neuro-navigation guided rTMS in improving sleep and
cognition in patients with the AD spectrum. The cognitive function of the two groups of AD spectrum patients with
different sleep statuses was significantly improved after 4 weeks of rTMS treatment, mainly in episodic memory. In
patients with the AD spectrum with ID, we found that the improvement in cognitive level was closely related to the
change in sleep-related network activity.

Effects of Spontaneous Activity of Affective Auditory Processing and Sensory-Motor

Collaborative Network on Sleep and Cognitive

In sleep-related integrated networks, we compared the differences in spontaneous activity between AD patients with and
without ID and presented a cooperative network spontaneous activity change that collaborated with affective auditory
processing and the sensory-motor network. In this collaborative network, the spontaneous activity of AD spectrum with
ID patients was significantly lower than that of AD spectrum patients without ID at baseline, and it was significantly
correlated with their corresponding subjective sleep quality in all AD spectrum patients. The affective processing
network includes a core network composed of three brain systems: the amygdala-auditory cortex system,*’-*® fronto-

3949 which deal with auditory sensory information induced by

insular system, and basal ganglia (BG)-cerebellum system,
internal and external stimuli in different stages in a complementary way; the sensory-motor network comprises motor (ie,
PreCQG) and somatosensory (ie, PoOCG) regions and the supplementary motor area (SMA), playing a role in the sustained
sensory processes of environmental stimuli and proprioceptive information.*' In the neurophysiological response to
lexical tones, it has been found that the sensory-motor network is involved in the process of the auditory cortex***’
mapping sound sensory signals to abstract language objects in lexical tone processing; that is, the processing of tonal
vocabulary involves a cooperative cortical network, which promotes the acquisition of sound information and the
processing of high-level semantic perception.***> However, we already know that the auditory cortex plays an important
role in verbal working memory capacity.*® The L-amygdala, L-insula, and L-putamen, as the other core brain regions that
form the affective auditory processing network, showed significant sensitivity to the acoustic features related to auditory
emotions.*” Therefore, it can be speculated that the collaborative network we obtained jointly represents the abnormality
of the auditory sensory-emotional processing circuit caused by insomnia disorder in AD spectrum patients with ID.
Because auditory sensation still retains a certain degree of sensitivity, especially with emotionally relevant inputs during
sleep,® patients’ anxiety and fear of poor sleep further strengthened their sleep awakening,*® and the lowering of the
threshold of arousal disturbed the continuity and sensitivity of brain activities during sleep, such as sensory-motor and
sound perception processing, which caused the spontaneous activity of the affective auditory processing and sensory-
motor collaborative network to decrease, which was also consistent with previous research results on insomnia.**>°
However, the group effects of the sleep-related network obtained by us were all located in the left hemisphere, which
may be related to previous studies’ conclusion that the left hemisphere plays a dominant role in speech processing’' and
is involved in tasks that require conscious emotional processing.>*

rTMS was considered to be effective in improving sleep and cognition through different stimulation targets and
different intensities.”>>* The stimulation target left angular gyrus in our study was identified in the cerebral cortex of AD
spectrum patients with the strongest functional connectivity to the left hippocampus, which was directly related to the
known role of hippocampus function in memory>> and the memory consolidation circuits in sleep.’® After treatment, the

spontaneous activity of the baseline differential collaborative network was significantly enhanced in AD spectrum with
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ID patients, and the enhanced activity intensity was consistent with the improvement in clinical sleep quality and
memory in patients with ID. The difference was that the greater the activity of the baseline differential collaborative
network increased, the smaller the improvement in sleep quality and the greater the improvement in memory level. This
result seemed to reveal that the affective auditory processing and sensory-motor collaborative network activity related to
sleep quality was not proportionally enhanced to the improvement of subjective sleep quality in AD spectrum with ID
patients, but a state in which brain spontaneous activity reached a balance to some extent, that is, the collaborative
network activity regulation was spontaneously coordinated. Moreover, the improvement in verbal memory in AD
spectrum with ID patients was consistent with the enhancement of the activity of the collaborative network, indicating
that the regulation of spontaneous activity of collaborative networks related to general subjective sleep quality improved
the verbal memory of AD spectrum with ID patients. Compared with patients with the same cognitive level on the AD
spectrum without ID, insomnia disorder seemed to confirm the hypothesis that insomnia disorder may precede memory
loss and was a risk factor for memory decline. The improvement in sleep quality will help to delay further memory loss.

Longitudinal Changes in Sleep-Related Network Activity and the Effect on Sleep and
Memory in AD Spectrum with ID Patients

After rTMS treatment within the AD spectrum with ID group, longitudinal differences in collaborative network
spontaneous activity were enhanced, including core regions of the affective auditory processing network, auditory cortex
(LMTG, LSTG), sensory-motor network (LPoCG, RPoCG, left paracentral lobule, LPreCG), and key node of the default
mode network (left precuneus, right precuneus). The baseline spontaneous activity of this longitudinal difference
collaborative network was related to PSQI and sleep duration within group, but nothing correlated with cognitive, that
is, the stronger the brain spontaneous activity of the collaborative network, the worse the sleep quality represented by
PSQI and the shorter the sleep duration, while the AD spectrum without ID patients performed no activity changes in
sleep-related network. Compared with affective auditory processing and sensory-motor network activity decreased in AD
spectrum patients due to insomnia disorder at baseline, AD spectrum with ID patients’ longitudinal network activity
changes comprised the bilateral precuneus. It was known that the precuneus was the key node of the default mode
network, which participated in the retrieval of visuospatial imagery and episodic memory,’” and was also the key brain
region of cognitive decline in patients with AD spectrum, while the precuneus participates in the characterization of
longitudinal changes in sleep quality in patients with AD spectrum with ID, we speculated that it may be contributed to
the fact that the precuneus was involved in perceptual feature screening, when the activity of sensory-motor network and
auditory processing center was impaired, more cognitive resources were needed to participate in the processing of
auditory sensory information.’® As a result, the information exchange between the precuneus and the auditory cortex
increased, and their network activity jointly characterized the sleep status of the AD spectrum with ID, which may also
be an imaging feature that gradually leads to the decline of cognitive function after insomnia disorders.

In addition, within the AD spectrum with ID group, the stronger the baseline spontaneous activity of the long-
itudinally changed collaborative network was, the worse the overall sleep quality was. After rTMS treatment, the
improvement in sleep was still negatively correlated with the enhanced spontaneous activity of the collaborative network,
which seemed to further confirm that good sleep quality was a state in which network activity reached stability, and the
sleep quality of patients was not linearly related to their cognitive level. This was consistent with previous studies that
subjective sleep quality and SCD, MCI, and AD, which represented different degrees of cognitive impairment, generally
showed nonlinear or no direct correlation.”>* Compared with the improvement in verbal memory after the increase in
collaborative network activity at baseline, the rTMS treatment to longitudinally differentiate sleep-related collaborative
network activity changes in patients with the AD spectrum with ID improved the general cognitive level (ie, MoCA),
verbal memory (ie, AVLT-S and AVLT-L) and visual memory (ie, WMS-VR). We speculated that the stability of intrinsic
activity in the sleep-related network made corresponding memories better consolidated in specific cortices.

Previous studies on sleep consolidation memory have shown that declarative/episodic memory depends on novel
cross-cortical connections,”® and the cross-cortical plasticity of multiple cortical regions and other brain structures is the

key to memory consolidation. This gradual consolidation process depends on hippocampal-neocortical connectivity. N2
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and slow wave sleep in sleep were the longest and deepest sleep cycle in humans, and hippocampal reactivation during
these periods guided the process of cortical network changes, which is considered to be the most important mechanism of
memory stability and integration. Its physiological basis lies in the sharp-wave/ripple complexes (SWRs) in the
hippocampus, thalamo-cortical sleep spindles and cortical slow oscillations (SOs) interactively nested during sleep;*”
then, the cortico-cortical connections will be enhanced by the interaction between the hippocampal network and cerebral
cortical network, and the declarative memory trace will be gradually solidified. According to this process of sleep
consolidation of memory, we speculated that sleep interruption, lack of deep sleep, difficulty falling asleep induced by
habitual or emotional disorders, decrease in awakening threshold, etc., may disturb the process of hippocampal
reactivation during sleep, decrease the functional activity of the cortex, and limit the consolidation of memory through
the hippocampal-neocortical network in sleep, resulting in memory and cognitive decline. rTMS stimulation of the
corresponding cerebral cortex effectively regulated this network circuit. In addition, the baseline and longitudinal sleep-
related collaborative network we obtained actually comprised meta-analyses of reported brain regions,®’ which were
referred to as potential targets by noninvasive brain stimulation (NIBS) (eg, TMS) to intervene in insomnia disorder (eg,
SMA, MTQG). It also further proved that our rTMS target was effective and appropriate to improve both cognition and
sleep.

Conclusion

Therefore, in our study of patients with and without ID in the AD spectrum, the affective auditory processing network
and sensorimotor network seemed to be the first to decline in functional activity induced by insomnia disorder, followed
by a cortical activity abnormality coordinated by the default mode network (ie, bilateral precuneus). The left angular
gyrus-navigated rTMS acts on the intervention process of the cortex, that is, modulating the spontaneous activity in
sleep-related networks, which may act on the top-down activity regulation of the cortical-hippocampus by stabilizing the
memory consolidation pathway through changes in sleep-related network activity. Importantly, it provides a new
effective clinical treatment paradigm of rTMS to AD spectrum with ID patients. Some limitations still existed in this
study. First, at present, our sample size is still small, and we should further expand the sample size of patients with
different stages of the AD spectrum, including SCD, MCI, and AD, and explore the possible network activity interactions
between different cognitive impairment stages and sleep. Second, our sleep measurement was limited to subjective sleep
quality assessment in the form of a questionnaire, and objective sleep monitoring and sleep EEG records should be
included in the future to study the changes in brain functional activity in different sleep stages combined with fMRI.
Third, our rTMS intervention study is not double-blind, the placebo effect of sleep quality is still strong, and the sham
stimulation group needs to be included to more accurately study the therapeutic effects of rTMS.
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