
Edited by  

Yuanqiang Zhu, HuaNing Wang, Karen M. von Deneen, 

Malgorzata Anna Garstka, Jun Chang Su and Tomas Hrbac

Published in  

Frontiers in Psychiatry

Neuroimaging insights 
into the link between 
sleep disturbances and 
neuropsychiatric disorders

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/research-topics/22948/neuroimaging-insights-into-the-link-between-sleep-disturbances-and-neuropsychiatric-disorders
https://www.frontiersin.org/research-topics/22948/neuroimaging-insights-into-the-link-between-sleep-disturbances-and-neuropsychiatric-disorders
https://www.frontiersin.org/research-topics/22948/neuroimaging-insights-into-the-link-between-sleep-disturbances-and-neuropsychiatric-disorders
https://www.frontiersin.org/research-topics/22948/neuroimaging-insights-into-the-link-between-sleep-disturbances-and-neuropsychiatric-disorders


July 2023

Frontiers in Psychiatry 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-2990-4 
DOI 10.3389/978-2-8325-2990-4

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


July 2023

Frontiers in Psychiatry 2 frontiersin.org

Neuroimaging insights into the 
link between sleep disturbances 
and neuropsychiatric disorders

Topic editors

Yuanqiang Zhu — Fourth Military Medical University, China

HuaNing Wang — Fourth Military Medical University, China

Karen M. von Deneen — Xidian University, China

Malgorzata Anna Garstka — Xi’an Jiaotong University, China

Jun Chang Su — The Fourth Military Medical University

Tomas Hrbac — Neurochirurgická Klinika, Fakultní Nemocnice Ostrava, Czechia

Citation

Zhu, Y., Wang, H., von Deneen, K. M., Garstka, M. A., Su, J. C., Hrbac, T., eds. (2023). 

Neuroimaging insights into the link between sleep disturbances and 

neuropsychiatric disorders. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-2990-4

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-2990-4


July 2023

Frontiers in Psychiatry 3 frontiersin.org

05 Editorial: Neuroimaging insights into the link between sleep 
disturbances and neuropsychiatric disorders
Karen M. von Deneen, Malgorzata A. Garstka, Tomáš Hrbáč, 
Yuanqiang Zhu, HuaNing Wang and Jun Chang Su

08 Effect of the cPKCγ-Ng Signaling System on Rapid Eye 
Movement Sleep Deprivation-Induced Learning and Memory 
Impairment in Rats
Shu Xu, Yanbo Zhang, Zhiqing Xu and Luping Song

21 Brain Functional and Structural Changes in Alzheimer’s 
Disease With Sleep Disorders: A Systematic Review
Yong-shou Liu, Yong-ming Wang and Ding-jun Zha

30 Clinical Response of Major Depressive Disorder Patients With 
Suicidal Ideation to Individual Target-Transcranial Magnetic 
Stimulation
Nailong Tang, Chuanzhu Sun, Yangtao Wang, Xiang Li, Junchang Liu, 
Yihuan Chen, Liang Sun, Yang Rao, Sanzhong Li, Shun Qi and 
Huaning Wang

40 Attention Performance Correlated With White Matter 
Structural Brain Networks in Shift Work Disorder
Yanzhe Ning, Meng Fang, Yong Zhang, Sitong Feng, Zhengtian Feng, 
Xinzi Liu, Kuangshi Li and Hongxiao Jia

49 Mindfulness-Based Cognitive Therapy Regulates Brain 
Connectivity in Patients With Late-Life Depression
Hui Li, Wei Yan, Qianwen Wang, Lin Liu, Xiao Lin, Ximei Zhu, 
Sizhen Su, Wei Sun, Manqiu Sui, Yanping Bao, Lin Lu, Jiahui Deng and 
Xinyu Sun

59 Improved Interhemispheric Functional Connectivity in 
Postpartum Depression Disorder: Associations With 
Individual Target-Transcranial Magnetic Stimulation 
Treatment Effects
Yao Zhang, Yunfeng Mu, Xiang Li, Chuanzhu Sun, Xiaowei Ma, 
Sanzhong Li, Li Li, Zhaohui Zhang and Shun Qi

66 Connectivity-Based Brain Network Supports Restricted and 
Repetitive Behaviors in Autism Spectrum Disorder Across 
Development
Anyi Zhang, Lin Liu, Suhua Chang, Le Shi, Peng Li, Jie Shi, Lin Lu, 
Yanping Bao and Jiajia Liu

76 Diffusion Abnormality in Temporal Lobe Epilepsy Patients 
With Sleep Disorders: A Diffusion Kurtosis Imaging Study
Min Guo, Boxing Shen, Jinhong Li, Xiaoqi Huang, Jie Hu, 
Xiaocheng Wei, Shaoyu Wang, Ruohan Yuan, Chengcheng He and 
Yanjing Li

Table of
contents

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


July 2023

Frontiers in Psychiatry 4 frontiersin.org

86 Improved Regional Homogeneity in Chronic Insomnia 
Disorder After Amygdala-Based Real-Time fMRI 
Neurofeedback Training
Zhonglin Li, Jiao Liu, Bairu Chen, Xiaoling Wu, Zhi Zou, Hui Gao, 
Caiyun Wang, Jing Zhou, Fei Qi, Miao Zhang, Junya He, Xin Qi, 
Fengshan Yan, Shewei Dou, Li Tong, Hongju Zhang, Xingmin Han and 
Yongli Li

97 The aberrant dynamic amplitude of low-frequency 
fluctuations in melancholic major depressive disorder with 
insomnia
Zijing Deng, Xiaowei Jiang, Wen Liu, Wenhui Zhao, Linna Jia, 
Qikun Sun, Yu Xie, Yifang Zhou, Ting Sun, Feng Wu, Lingtao Kong and 
Yanqing Tang

108 Abnormal degree centrality in first-episode medication-free 
adolescent depression at rest: A functional magnetic 
resonance imaging study and support vector machine 
analysis
Xin Guo, Wei Wang, Lijun Kang, Chang Shu, Hanpin Bai, Ning Tu, 
Lihong Bu, Yujun Gao, Gaohua Wang and Zhongchun Liu

118 Distinct alterations of functional connectivity of the basal 
forebrain subregions in insomnia disorder
Guihua Jiang, Ying Feng, Meng Li, Hua Wen, Tianyue Wang, 
Yanan Shen, Ziwei Chen and Shumei Li

127 Altered functional connectivity strength in chronic insomnia 
associated with gut microbiota composition and sleep 
efficiency
Ziwei Chen, Ying Feng, Shumei Li, Kelei Hua, Shishun Fu, Feng Chen, 
Huiyu Chen, Liping Pan, Caojun Wu and Guihua Jiang

141 Temporal consistency of neurovascular components on 
awakening: preliminary evidence from 
electroencephalography, cerebrovascular reactivity, and 
functional magnetic resonance imaging
Ai-Ling Hsu, Ming-Kang Li, Yi-Chia Kung, Zhitong John Wang, 
Hsin-Chien Lee, Chia-Wei Li, Chi-Wen Cristina Huang and 
Changwei W. Wu

150 Sleep spindles across youth affected by schizophrenia or 
anti-N-methyl-D-aspartate-receptor encephalitis
Maria E. Dimitriades, Andjela Markovic, Silvano R. Gefferie, 
Ashura Buckley, David I. Driver, Judith L. Rapoport, 
Margherita Nosadini, Kevin Rostasy, Stefano Sartori, Agnese Suppiej, 
Salome Kurth, Maurizia Franscini, Susanne Walitza, Reto Huber, 
Leila Tarokh, Bigna K. Bölsterli and Miriam Gerstenberg

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


TYPE Editorial
PUBLISHED 29 June 2023
DOI 10.3389/fpsyt.2023.1243486

OPEN ACCESS

EDITED AND REVIEWED BY

Stefan Borgwardt,
University of Lübeck, Germany

*CORRESPONDENCE

Karen M. von Deneen
karen@xidian.edu.cn

Malgorzata A. Garstka
m.garstka@xjtu.edu.cn

RECEIVED 20 June 2023
ACCEPTED 22 June 2023
PUBLISHED 29 June 2023

CITATION

von Deneen KM, Garstka MA, Hrbáč T, Zhu Y,
Wang H and Su JC (2023) Editorial:
Neuroimaging insights into the link between
sleep disturbances and neuropsychiatric
disorders. Front. Psychiatry 14:1243486.
doi: 10.3389/fpsyt.2023.1243486

COPYRIGHT

© 2023 von Deneen, Garstka, Hrbáč, Zhu,
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Editorial on the Research Topic

Neuroimaging insights into the link between sleep disturbances and
neuropsychiatric disorders

Sleep is a fundamental physiological process that plays a crucial role in maintaining

overall health and wellbeing. Adequate and quality sleep is essential for cognitive

functioning, emotional regulation, and various other aspects of human physiology.

Sleep disturbances, on the other hand, have been associated with a wide range of

neuropsychiatric disorders, including dementia, Parkinson’s disease, major depressive

disorder, bipolar disorder, post-traumatic stress disorder, attention deficit hyperactivity

disorder, schizophrenia, and anxiety disorders. Despite significant research efforts,

the underlying neural mechanisms of sleep, sleep disorders and the neurobiological

consequences of sleep deprivation remain partially understood.

In recent years, neuroimaging modalities have provided unique insights into the

neural correlates of sleep disturbances and neuropsychiatric disorders. Techniques such

as electroencephalography (EEG), magnetoencephalography (MEG), functional magnetic

resonance imaging (fMRI), and simultaneous EEG-fMRI studies have allowed researchers

to examine the neural dynamics associated with sleep quality and quantity, as well as

the structural and functional changes induced by sleep disturbances and neuropsychiatric

diseases. These neuroimaging approaches have also facilitated investigations into how the

brain adapts to these disorders and the potential consequences for mental health.
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We are pleased that our special edition of this journal covers

submissions predominantly from China, but also from Taiwan,

Switzerland, Netherlands, Italy, Germany, UK, and USA. It brings

together a Research Topic of articles that highlight the current

state of research on sleep, sleep disturbances, and neuropsychiatric

disorders using neuroimaging techniques. The studies cover a wide

range of topics based upon the aims and objectives, including

the mechanisms of sleep deprivation on cognitive functions and

emotional state, the association between sleep disorders and

depression, Alzheimer’s disease, autism, and epilepsy, the impact

of obstructive sleep apnea on mental health, the role of sleep

spindles, the consequences of shift-work sleep disorders in the

healthy population, and targeted treatments for insomnia and

psychiatric diseases.

One area of research that has gained considerable attention

is the impact of sleep disturbances on cognitive function and

emotional regulation. Specific features of sleep, such as sleep

spindles, have been found to be associated with memory

consolidation and emotional processing. Neuroimaging findings

revealed the neural mechanisms underlying these associations,

shedding light on how sleep disturbances may contribute

to cognitive and emotional impairments observed in various

neuropsychiatric disorders. Patients with insomnia differed from

healthy individuals in neural activity, and functional connectivity

between the cholinergic and non-cholinergic sub-regions of the

basal forebrain, suggesting that the basal forebrain plays an

important role in sleep-wake regulation and may be implicated in

cortical arousal and activation (Jiang et al.). Awakening was found

to be accompanied by an increase in cerebrovascular reactivity

and functional connectivity in the thalamus, insula, and primary

motor cortex (Hsu et al.). Altered functional connectivity strength

in patients with insomnia was associated with neuropsychological

performance indicators and specific changes in gut microbiota

composition, specifically genera Alloprevotella, Lachnospiraceae,

and Faecalicoccus (Chen et al.). Sleep deprivation can lead to

learning and memory impairment, reduced attention, and poor

work performance. Individuals suffering from shift work disorder

(SWD) displayed alterations in the fundamental architecture of

interregional structural connectivity in the brain (Ning et al.).

Sleep-deprived rats experienced weakened cognitive functions and

memory that were related to impaired conventional protein kinase

Cγ (cPKCγ)-neurogranin (Ng) signaling. Activation of the cPKCγ-

Ng signal was shown to improve cognitive function and reduce

memory impairment caused by sleep deprivation in rats (Xu et al.).

Amygdala-based real-time fMRI neurofeedback training employed

to treat insomnia patients reshaped neural activity and improved

sleep quality in insomnia patients (Li Z. et al.).

Patients with insomnia are known to have a higher depression

score, which was also seen in the studies in this Research Topic

(Chen et al.; Jiang et al.). Two studies investigated pathophysiology

of depression using fMRI. Guo X. et al. found that adolescents

with depression had abnormal degree centrality in several brain

regions, including the left superior temporal gyrus and right

inferior parietal lobule. Patients with melancholic major depressive

disorder with insomnia presented abnormal brain functional

connectivity in multiple brain regions such as the right middle

temporal gyrus, superior temporal gyrus, right middle occipital

gyri, superior occipital gyri, right cuneus, bilateral lingual gyrus,

and bilateral calcarine compared to healthy controls (Deng et al.).

These studies highlight the potential of fMRI as a tool for

identifying biomarkers of depression that may inform future

research on treatment approaches for depression and could

ultimately lead to more personalized and effective interventions.

Indeed, fMRI was instrumental in identifying issues with neural

activity in patients with depression and suicidal ideation (Tang

et al.), postpartum depressive disorder (Zhang et al.), and late-life

depression (Li H. et al.). Employing computational approaches,

including network analysis and machine learning, the authors

selected areas in the brain for treatment by target-transcranial

magnetic stimulation (target-TMS) therapy that restored functional

network connectivity, and allowed alleviation of depressive clinical

symptoms (Tang et al.; Zhang Y. et al.). Brain connectivity

in depression could also be improved with mindfulness-based

cognitive therapy (MBCT). Patients with late-life depression who

underwent MBCT experienced increased connectivity between

the middle frontal gyrus and amygdala that corresponded to the

reduction in depressive symptoms (Li H. et al.). TMS and MBCT

are non-invasive and non-pharmacological interventions, and

guided by neuroimaging, they could potentially relieve depression

and improve the quality of life.

Besides depression, other psychiatric disorders are also

accompanied by sleep disorders including epilepsy, Alzheimer’s

disease, schizophrenia, or autism. Guo M. et al. aimed to

understand the relationship between temporal lobe epilepsy (TLE)

and sleep disorders using MRI and diffusion kurtosis imaging.

They found that TLE patients with sleep disorders had significantly

higher mean diffusivity and radial diffusivity values in the left

temporal lobe compared to TLE patients without sleep disorders.

These findings suggest that there may be a link between TLE

and sleep disorders, which could have implications for diagnosis

and treatment.

In the systematic review, Liu et al. summarized studies that

investigated structural and functional changes in the brain of

Alzheimer’s patients with sleep disorders. A range of imaging

methods was reported, including MRI, single-photon emission

computed tomography, multislice spiral computed tomography

perfusion imaging, and 2-deoxy-2-(18F)fluoro-D-glucose positron

emission tomography (18F-FDG-PET). They summarized that

sleep disorders are common in Alzheimer’s patients and may

contribute to cognitive decline and other symptoms. The review

also highlights several brain regions that are affected by sleep

disorders in Alzheimer’s patients, including the hippocampus,

amygdala, and prefrontal cortex. Zhang A. et al. constructed

an fMRI-based whole brain connectivity network to understand

the neural mechanisms underlying the core symptoms of

autism spectrum disorder (ASD) across different age groups.

They identified that functional connectivity (FC) between the

left superior occipital lobe and right angular, and the left

insula and left caudate was related to the restricted and

repetitive behaviors in individuals with ASD, and the decrease

in FC between these regions coincided with improvement in

autism symptoms.
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Dimitrades et al. investigated the differences in sleep spindles

between healthy youth and those with schizophrenia or anti-

NMDA receptor encephalitis using EEG. They found that patients

with schizophrenia or anti-NMDA receptor encephalitis had

reduced spindle density and duration compared to healthy young

adults. As many individuals with Alzheimer’s disease, autism (1), or

schizophrenia (2) experience sleep disorders, the findings of these

studies should be further explored to address disrupted sleep.

Sleep disturbances are often also seen in other disorders,

including hypertension, obesity, type 2 diabetes mellitus, or

cardiovascular disease. Neuroimaging methods could be used

to reveal the neural mechanisms underlying these associations,

and shed light on sleep disturbances in these conditions (3),

while computational approaches could enable the identification of

distinct subtypes of sleep impairment and provide opportunities for

personalized interventions in patients.
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Objective: Rapid eye movement sleep deprivation (REM-SD) can cause a decline in

learning and memory and lead to changes in behavior. Therefore, REM sleep plays

a key role in processes that govern learning and memory. However, the mechanism

underlying REM-SD-induced learning and memory impairment is unclear and the

underlying molecular signaling still needs to be identified. In the present study, we

investigated the role of the cPKCγ-Ng signaling pathway in REM-SD-induced learning

and memory impairment.

Method: Sixty male rats were divided into Control, REM-SD, REM-SD+cPKCγ activator

PMA, REM-SD+cPKCγ inhibitor H-7, and sleep revival (SR) groups. The Morris water

maze was used to assess spatial learning and memory. Western blot analysis was used

to detect cPKCγ total protein expression and membrane translocation levels, and Ng

total protein expression and phosphorylation levels.

Results: The REM-SD group performed worse on the Morris water maze test than the

control group. Western blot analysis showed that cPKCγ membrane translocation and

Ng phosphorylation levels were significantly lower in the REM-SD group. SR following

REM-SD restored learning and memory ability, cPKCγ transmembrane translocation,

and Ng phosphorylation levels, but not to levels observed before REM-SD. PMA and

H-7 significantly improved/disrupted task ability as well as cPKCγ transmembrane

translocation and Ng phosphorylation levels in REM-SD rats.

Conclusion: The REM-SD induced learning and memory impairment in rats and

may be associated with the cPKCγ-Ng signaling pathway. Specifically, activation of the

cPKCγ-Ng signaling pathway may protect against REM-SD.

Keywords: REM sleep deprivation, learning and memory, cPKCγ, neurogranin, signaling
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INTRODUCTION

Sleep deprivation (SD) can cause changes in mood, learning,
memory, and immune function, which can lead to physiological,

psychological, and even behavioral changes. Although studies

have confirmed that SD can cause obvious cognitive impairment
(1–3), the underlying mechanisms remain unknown. Studies

that focus on the molecular signaling pathways that govern
this process will be important for the development of effective
therapeutic interventions.

In 2007, the American Academy of Sleep Medicine classified
sleep into non-rapid eye movement (NREM) stages 1, 2, and
3 and a rapid eye movement (REM) stage, with each stage
being interconnected. Normally, people pass through 4–6 cycles
of these sleep stages each night. Compared to a waking state,
REM sleep is characterized by low-amplitude, mixed frequency
signals as seen on electroencephalograms (EEG), rapid eyeball
movement, markedly decreased muscle tone, and increased
cerebral blood flow and oxygen consumption. REM-SD can
cause a decline in memory and cognitive functions. Therefore,
REM sleep plays a key role in learning and memory (4–
7). Neuroimaging is a powerful tool to explore the neural
mechanism of sleep disorders. Studies have found that some
certain diseases, such as optic neuritis, sleep deprivation, etc.,
can cause changes in the topology of the brain network, which
may cause symptoms of cognitive impairment (8). However,
it is also of great significance to carry out molecular signal
mechanism research. Through the study of molecular signal
targets, it may be possible to provide a new perspective for future
drug interventions.

Protein kinase C (PKC) was first discovered by Nishizuka
in 1977. PKC is a family of serine/threonine kinases that is
widely expressed in many bodily systems and is an important
intracellular signal transduction molecule. To date, at least 12
subtypes of PKC have been isolated and identified through
molecular cloning and enzyme analysis, and these are widely
distributed in various tissues and organs. PKC plays an important
physiological role in the regulation of neuronal excitability, signal
transduction, release of neurotransmitters, synaptic plasticity,
learning and memory, cell proliferation, gene expression, cell
degeneration, and programmed cell death (9, 10). Under resting
conditions, PKC exists in the cytoplasm in an inactive form.
When external stimulus exists, PKC is translocated to the cell
membrane where it can exert its physiological role (11, 12).
There is increasing evidence that PKC also plays an important
role in spatial learning and memory (). Inhibition of PKC
activity can impair learning and memory abilities, such as that
induced by vascular dementia and traumatic brain injury (13–
16). PKC activators have also been shown to have memory-
enhancing and anti-dementia effects (17). Studies have shown
that PKC plays an important role in changes that occur during
SD; PKC mRNA levels in the hippocampus and pre-frontal
cortex of rats were significantly reduced after periods of SD (18).
However, PKC is considered to exert its physiological activities
through its translocation, and changes in PKC activity during
SD have not been studied, nor has anyone explored the roles
that PKC subtypes play in SD-induced learning and memory

impairment. cPKCγ is a classical PKC subtype that only exists
in neurons of the brain and spinal cord. cPKCγ can regulate
synaptic development and plasticity, and can directly affect long-
term potentiation and long-term depression (LTD). Thus, cPKCγ

has attracted increasing attention. Although some reports have
found that cPKCγ is involved in learning and memory (19, 20),
the role of cPKCγ in REM-SD-induced learning and memory
impairment has been rarely studied. Therefore, in the present
study, we investigated the role of cPKCγ in REM-SD-induced
learning and memory impairment, and observed changes in
its activity in the brain. The results thus contribute to our
understanding of the molecular mechanism that underlies REM-
SD-induced memory impairment, which is of critical importance
in the field of SD.

Neurogranin (Ng) is a newly discovered neuro-specific
postsynaptic protein member of the calpacitin protein family
that comprises 78 amino acids. Ng is distributed in specific
brain regions, including the cerebral cortex, hippocampus, and
olfactory bulb, and is a postsynaptic substrate of PKC (21). Ng
can be phosphorylated by PKC and participates in the induction
of long-term potentiation and long-term depression. Ng gene
expression and protein synthesis are synchronized with synapse
formation and neuronal differentiation, which indicates that Ng
may be involved in physiological processes such as learning,
memory, and development of the nervous system. Under certain
pathophysiological conditions, such as hypothyroidism, SD, and
hypoxic preconditioning, Ng activity plays roles in changing
nervous system functions (22–26). One study found that SD
resulted in a significant reduction in Ng mRNA levels in the
rat hippocampus and pre-frontal cortex (18). Ng exerts its
physiological activity after being phosphorylated by PKC, but
changes in Ng activity after REM-SD have not been explored,
nor have the subtypes of PKC that phosphorylate Ng in REM-
SD-induced learning and memory impairment been identified.

Both PKC and Ng play important roles in learning and
memory. In the present study, we investigated the role of the
PKC-Ng signaling system in REM-SD-induced learning and
memory impairment in rats. The key aim was to identify which
subtypes of PKC phosphorylate Ng and play crucial roles in
learning and memory impairment. Represa et al. found that
Ng is widely distributed in the cerebral cortex, thalamus, and
striatum, and is scarce in the cerebellum and brain stem, which
is consistent with the distribution of cPKCγ in the brain (27).
Sato et al. (28) further found that Ng and cPKCγ exhibit
similar gene expression patterns during brain development.
Neuner-Jehle et al. found that after 24 h of SD, mRNA and
expression of Ng differed depending on the brain region. Ng
mRNA was significantly reduced in the forebrain and midbrain
regions, but did not change in the hippocampus. Ng protein
levels were significantly reduced in the cortex, but did not
change significantly in other brain regions (29). This suggests
that it may be more meaningful to study the changes in the
PKC-Ng signaling system in the pre-frontal cortex of animals.
Given this theoretical basis, it is important to investigate the
cPKCγ-Ng signaling system and its role in REM-SD-induced
learning and memory impairment. In the present study, we
established a rat model of 72-h REM-SD and 12-h sleep revival
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(SR), and identified changes in the cPKCγ-Ng signaling system
in the frontal cortex of the rats. Additionally, we measured
Ng phosphorylation levels after administration of the cPKCγ

activator PMA and the cPKCγ inhibitor H-7 and explored the
underlying molecular mechanisms.

MATERIALS AND METHODS

Experimental Animals
Sixty male Sprague Dawley rats (15 weeks old) were used in
the experiment [provided by the Experimental Animal Center,
Shandong University of Traditional Chinese Medicine, China;
License No.: SCXK (Lu) 20050015]. All rats were provided with
standard food pellets and tap water and housed in a quiet room
set to 18–25◦C and 40–60% humidity. The rats were divided
into five groups (12 rats/group). Control group: rats were housed
in a normal rat cage with a natural 12/12 h light–dark cycle
(lights on at 7:00A.M.), and did not undergo REM-SD. REM-
SD group: rats were continuously subjected to a fluorescent
lamp for 72 h. After REM-SD was completed, the rats were
taken out of the REM-SD box and then returned to their cages.
REM-SD+PMA group: during the 72-h continuous REM-SD,
20 µl PMA solution (containing 100 ng PMA, phorbol-12-
myristate-13-acetate C2230, Sigma) was injected into the spinal
subarachnoid space once every 24 h (three injections overall).
The dose of PMA was chosen according to a previous study
(11) REM-SD+H-7 group: during the 72-h continuous REM-SD,
20 µl H-7 solution (containing 200 µg H-7, soluble in saline,
I6891, Sigma) was injected into the spinal subarachnoid space
once every 24 h (three injections overall). The dose of H-7 was
chosen according to previous study (11). SR group: after the rats
were subjected to 72 h of continuous REM-SD, rats were placed in
a cage for 12 h of SR. An overview of the experimental procedure
is shown in Figure 1.

Catheterization of the Spinal Subarachnoid
Space
Rats were anesthetized with sodium pentobarbital (40 mg/kg)
intraperitoneally. The skin was incised at the midline of the
occipital bone and separated layer by layer. Heads were tilted
forward by about 30◦ and a polyethylene catheter (PE-10) was
caudally inserted into the subarachnoid space. After surgery, rats
were injected intramuscularly with gentamicin sulfate (40,000
units/rat/day) for 3–5 days. Normal rats without hemiparesis
were used for the experiments.

Establishment of the REM-SD Model
REM-SD was induced by the modified multiple platformmethod
as described previously (30, 31). The modified multiple platform
method is the most widely used technique mainly for deprivation
of REM sleep, but not for deprivation of non-REM sleep
(NREM). A self-made REM-SD box (110 × 60 × 40 cm) had
15 small platforms (6.5 cm in diameter and 8.0 cm in height)
that were set up at 15-cm intervals. The box was filled with
water, and the surface of the water was about 1.0 cm below the
surface of the platforms. Water and food were placed on the

top of platforms. Rats had free access to food and water and
were allowed to move freely between platforms. Due to their
instinctive fear of water, rats slept on the platforms and could
enter NREM. However, if the rats entered REM sleep and lost
their muscle tone, they would fall into the water and awaken,
thus being prevented from entering REM sleep. This technique
has been validated using electroencephalography and has been
shown to eliminate∼90–95% of REM sleep (32).

The Morris Water Maze
The Morris water maze is a widely used method to assess spatial
learning and memory. Maze testing was carried out by the
SMART-CS (Panlab, Barcelona, Spain). This maze comprised a
circular pool with a 160 cm-diameter and a 55 cm-high wall. The
pool was divided into four equal quadrants. Powdered milk was
added to make the water opaque, and the water was kept at 22–
25◦C. A circular transparent platform (12 cm in diameter and
25 cm in height) was located in the center of the third quadrant,
hidden 1 cm below the surface of the water. The Morris water
maze test was conducted for 5 days, beginning immediately after
72-h REM-SD and 12-h SR, and the navigation probe test was
performed within the first 4 days of the experiment. For each
trial, a rat was put into the water from the midpoint of each
quadrant facing the maze’s wall. The rat was allowed to swim for
120 sec to find the hidden platform and climb onto it. If the rat
found the platform within 120 sec, the rat was allowed to remain
on the platform for 4 sec, then the trial was terminated and the
latency was recorded; if the rat had not found the platform in
120 sec, it was guided and placed on the platform for 30 sec by
the experimenter, the trial was terminated and latency period was
recorded as 120 sec. There was an intertrial interval of 5min.
The position of rats in the pool was tracked using an overhead
camera connected to a SMART-CS program. The escape latency,
swimming distance, and swimming speed were recorded (average
of four trials) to evaluate the spatial learning of rats.

The spatial probe test was performed on day 6 to evaluate the
spatial memory of rats. In this test, the platform was removed,
the rats were placed into the water from the first quadrant, and
were allowed to swim for 120 sec. The time spent in the target
quadrant (where the platform had previously been placed) and
the other quadrants within 120 sec was recorded.

Western Blot Analysis
The pre-frontal cortices of rats in each group were removed and
frozen in liquid nitrogen and stored at−80◦C for future use.

Detection of cPKCγ protein expression in cytosolic and
membrane fractions: The frozen tissues were thawed and
homogenized in Buffer A (10 µl/mg tissue, containing 50
mmol/L Tris-HCl pH 7.5, 2 mmol/L EDTA, 2 mmol/L EGTA,
2 mmol/L DTT, 5 mmol/L Napyrophosphate, 50 mmol/L KF, 5
× 10−5 mmol/L Okadaic acid, and 5 ug/ml each of leupeptin,
aprotinin, pepstatin A, and chymostatin). After centrifugation
at 30,000 g for 30min at 4◦C, the supernatant was collected
as cytoplasmic fraction (cytosol) and stored. Then, Buffer B
(Buffer A + 0.5% NP-40) was added to the remaining pellet, the
procedure described above was performed, and the supernatant
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FIGURE 1 | Overview of the experimental procedures.

was collected as a membrane fraction (particulate). Total cPKCγ

protein: The frozen tissues were thawed and homogenized in
Lysis Buffer containing 50mM Tris-HCl pH 7.5, 5mM EDTA,
5mM EGTA, 1.0% SDS, 150mM NaCl (10 µl/mg tissue). Ng
protein: The frozen tissues were thawed and homogenized in lysis
buffer (10 µl/mg tissue) containing 50mM Tris-HCl, pH 7.5,
2mMEDTA, 2mMEGTA, 2mMDTT, 5mMNa pyrophosphate,
50mM KF, 50 nM Okadaic acid, 5 mg/ml each of leupeptin,
aprotinin, pepstatin A, and chymostatin, and 1.0% SDS. Protein
concentration was measured using a BCA kit (Pierce Company,
Rockford, USA). SDS-PAGE loading buffer was added to the
protein samples (3 µg/µL) and the samples were boiled for 5min
and then stored at −80◦C for western blot analysis. Antibodies
included cPKCγ rabbit polyclonal antibody (1:1000, Santa Cruz,
Dallas, Texas), Ng mouse monoclonal antibody (1:1000, Santa
Cruz, Dallas, Texas), phosphorylated Ng rabbit monoclonal
antibody (1:1000, Merck-Millipore, ABN426), β-actin rabbit
polyclonal antibody (1:1000, Santa Cruz, Dallas, Texas), β-actin
mouse monoclonal antibody (1:1000, Santa Cruz, Dallas, Texas),
Na-K ATPase monoclonal antibody (1:1000, Santa Cruz, Dallas,
Texas), goat anti-rabbit secondary antibody (1:5000, Santa Cruz,
Dallas, Texas), and goat anti-mouse secondary antibody (1:5000,
Santa Cruz, Dallas, Texas). Western blots were developed using
the SuperSignal West Pico Chemi-luminescent Substrate kit
(Pierce Company, Rockford, USA). After membranes were
exposed, the bands were scanned and analyzed using Quantity
One 1-D analysis software (Bio-Rad Laboratory, Hercules, CA).
The contents of cPKCγ cytoplasmic protein and membrane
protein were calculated using β-actin as an internal reference.
The cPKCγ membrane translocation level was expressed by

the percentage of membrane protein content to total protein
(membrane protein + cytoplasmic protein) in each group. The
membrane translocation level of the control group was taken
as 100%, and the cPKCγ membrane translocation level in each
experimental group was expressed using a percentage. Taking
β-actin as an internal reference, the total protein contents of
cPKCγ and Ng were calculated for each group. The protein
expression in the control group was 100%, and the change of
protein expression in each group was expressed as a percentage.
The Ng phosphorylation level was expressed as the ratio of Ng
phosphorylated protein to total protein.

Statistical Analysis
Results were analyzed using a two-way ANOVA and one-
way ANOVA using SPSS 22.0 software. For significant results
identified by the one-way ANOVA, Tukey’s post hoc tests were
used to compare the differences betweenmultiple groups. A value
of P < 0.05 was considered statistically significant.

RESULTS

REM-SD- Induced Behavioral and
Physiological Changes in Rats
As the length of sleep deprivation increased, behavioral and
physiological changes in rats became increasingly obvious.
The primary manifestations included increased lassitude,
dullness, lack of luster, dryness, disheveled and untidy
fur, increased excitability and irritability, and increased
alertness, responsiveness, and aggressive behavior in response to
environmental stimuli. Some rats even suffered from mucosal
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FIGURE 2 | Average escape latency (seconds) for all groups. Compared with the control group (C), the average escape latencies for all other groups were significantly

prolonged on each day of training. Compared with the REM-SD group, the average escape latency was significantly shorter in the SR and REM-SD+PMA groups,

and was significantly longer in the REM-SD+H-7 group *P < 0.05, #P < 0.05 vs. control group, ***/###means P < 0.001.

bleeding of the paws due to scratching. These symptoms
indicated successful establishment of the rat model of REM-SD.

REM-SD Induced Changes of Morris Water
Maze Test in Rats
REM-SD Prolongs the Average Escape Latency in

Rats
Results from the place navigation test showed that, for all groups,
the average time needed to find the platform gradually shortened
during training. However, compared with the control group, the
average escape latencies for all other groups were significantly
prolonged on each day of training. Compared with the REM-SD
group, the average escape latency was significantly shorter in the
SR and REM-SD+PMA groups, and was significantly longer in
the REM-SD+H-7 group (Figure 2).

REM-SD Decreases the Percentage of Time Spent in

the Target Quadrant
Results from the spatial probe test showed that, compared with
the control group, the percentage of time spent on searching
for the target quadrant (where the platform was placed) was
significantly lower in the REM-SD, REM-SD+PMA, REM-
SD+H-7, and SR groups. Compared with the REM-SD group,
this time was significantly higher in the SR and REM-SD+PMA
groups and lower in the REM-SD+H-7 group. The REM-SD,
REM-SD+PMA, and REM-SD+H-7 groups spent significantly
more time in the first quadrant than did the control group, and
no significant difference was found between the SR and control
groups. Compared with the REM-SD group, the percentage
of time spent in the first quadrant was lower in the SR and
REM-SD+PMA groups, and higher in the REM-SD+H-7 group
(Figure 3).

REM -SD Does Not Affect Swimming Speed in Rats
Average swimming speed did not differ across the five groups
(Figure 4) on the Morris water-maze test.

REM-SD Reduces cPKCγ Protein
Expression
Results from Western blot analysis showed that cPKCγ protein
expression in the REM-SD, REM-SD+PMA, and REM-SD+H-
7 groups was significantly lower than that in the control group.
Levels did not differ between the SR and control groups, between
the REM-SD and REM-SD+PMA groups, or between the REM-
SD and REM-SD+H-7 groups. cPKCγ protein expression in the
SR group was significantly higher than that in the REM-SD group
(Figure 5).

REM-SD Inhibits cPKCγ Membrane
Translocation
Results fromwestern blot analysis showed that the level of cPKCγ

membrane translocation in the REM-SD, REM-SD+PMA, REM-
SD+H-7, and SR groups were all significantly lower than that in
the control group. Compared with REM-SD group, levels were
higher in the SR and REM-SD+PMA groups and lower in the
REM-SD+H-7 group (Figure 6).

REM-SD Reduces Ng and Phosphorylated
Ng Expression
Western blot analysis showed that Ng protein expression in
REM-SD/ REM-SD+PMA/ REM-SD+H-7 experimental groups
were significantly lower than in the control group. Compared
with the REM-SD group, Ng protein expression was significantly
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FIGURE 3 | The percentage of time spent in target quadrant for each group. Compared with the control group (C), the percentage of time spent searching the target

quadrant (where the platform was placed) was significantly lower in the REM-SD, REM-SD+PMA, REM-SD+H-7, and SR groups. Compared with the REM-SD

group, this time was significantly higher in the SR and REM-SD+PMA groups and lower in the REM-SD+H-7 group. ***###means P < 0.001.

lower in the REM-SD+H-7 group, tended to be higher in REM-
SD+PMA group, and was significantly higher in the SR group
(Figure 7).

The expression of phosphorylated Ng in all experimental
groups was lower than in the control group. Compared
with the REM-SD group, expression of phosphorylated Ng
was significantly higher in the SR and REM-SD+PMA
groups and was significantly lower in the REM-SD+H-7
group (Figure 7).

DISCUSSION

In the present study, we confirmed that REM-SD can
significantly reduce spatial learning and memory ability in
rats. Western blot analysis showed that cPKCγ activity and
Ng phosphorylation levels were significantly reduced following
REM-SD, which suggests that REM-SD-induced impairments in
spatial learning and memory in rats are associated with cPKCγ-
Ng signal transduction.

We used a modified multiple platform method to selectively
deprive rats of REM sleep. When rats enter REM sleep,
they lose their muscle tone and fall into the water, thus
waking them up and making rats unable to enter REM sleep.
After 72 h of REM-SD, we observed expected symptoms
of REM-SD, including increased food intake, lassitude,
dullness, lack of luster, dryness, disheveled and untidy
fur, increased excitability and irritability, and increased
alertness, responsiveness, and aggressive behavior in response to
environmental stimuli.

We used the Morris water maze to assess changes in spatial
learning and memory. The place navigation test revealed that the
average time needed to find the platform (escape latency) was
significantly prolonged in the REM-SD group compared with
control group, which indicates that REM-SD can significantly
impair spatial learning and memory ability in rats. Although
escape latency in the SR group was significantly shorter than
that of the REM-SD group, it was still longer than that of the
control group. This indicates that SR following REM-SD only
partially restores learning and memory ability. During the spatial
probe test, the percentage of time spent in the target quadrant
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FIGURE 4 | The average swim speed (cm/s) on the Morris water-maze test for each group. No significant difference was found between the five groups with regard to

the average swimming speed on the Morris water-maze test.

was significantly shorter in the REM-SD group than that in the
control group, which indicates that REM-SD can cause damage
to the acquisition and maintenance of spatial memory, which
is consistent with previous resultsT. The percentage of time
spent in the target quadrant was significantly longer in the SR
group compared to the REM-SD group, and was shorter in the
SR group than in the control group, which indicates that after
12 h of SR, spatial memory was partially improved. This further
validated the results of the place navigation test. We also found
that the REM-SD group spent significantly more time in the
first quadrant than did the control group, while the SR group
spent significantly less time in the first quadrant compared with
the REM-SD group, further suggesting that REM-SD can impair
spatial learning and memory.

PKC is a family of serine–threonine kinases that is widely
expressed in mammalian tissues. PKC is essential for signal
transduction involved in sleep/wake regulation and sleep-related
behaviors (33–35). Studies focused on cPKCγ have attracted
broad attention. Although some reports have found that cPKCγ

is involved in learning and memory (19, 20), its role in REM-SD-
induced learning and memory impairment is still unknown. In
the present study, we found that cPKCγ protein expression was
significantly reduced after REM-SD and was increased following
SR. However, administration of the cPKCγ activator PMA and
the inhibitor H-7 had no effects on cPKCγ protein expression.
cPKCγ is present in the cytoplasm in an inactive form when at
rest. The regulatory domain interacts with the catalytic domain
through a pseudosubstrate sequence and prevents the substrate
from entering the catalytic region. cPKCγ is activated upon
translocation to the cell membrane under external stimulus
conditions (20, 36). We therefore also investigated the degree
to which cPKCγ was translocated to the membrane and found

that it was markedly lower in the REM-SD group than in the
control group. This indicates that REM-SD can significantly
inhibit cPKCγ membrane translocation and activation. SR after
REM-SD can increase cPKCγ membrane-translocation levels
and thus promote cPKCγ activation, although activation levels
did not reach pre-SD levels. These results are consistent with
the Morris water maze test results. Similarly, administering the
cPKCγ activator PMA significantly increased cPKCγ membrane
translocation, and thus promoted its activation. In contrast, the
cPKCγ inhibitor H-7 significantly reduced cPKCγ membrane
translocation and activation. These changes are also consistent
with the behavioral results; the REM-SD+PMA group performed
better than the REM-SD group on the place navigation
and spatial probe tests, whereas the REM-SD+H-7 group
performed worse than both untreated and REM-SD rats. These
findings indicate that changes in the level of cPKCγ membrane
translocation are related to REM-SD-induced learning and
memory impairment.

Ng is a natural postsynaptic PKC substrate that is abundantly
expressed in brain regions, and which is involved in cognitive
function (36). Ng is a key CaM-binding protein that buffers
CaM function. Phosphorylation of Ng by PKC at serine 36
(Ser36) reduces its binding to CaM, allowing CaM to bind
to calcium and activate CaM-dependent pathways, such as
the Ca2+/Calmodulin-Dependent Protein Kinase II (CaMKII)
signal cascade, which is involved in learning and memory.
Zhong et al. revealed the importance of the PKC signaling
system for CaM-Ng-dependent synaptic plasticity; the ratio
of phosphorylated/non-phosphorylated Ng can determine the
CaMKII- associated LTP/LTD threshold (37). Our western blot
analysis results showed that REM-SD significantly reduced
cPKCγ membrane translocation and Ng phosphorylation levels,
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FIGURE 5 | cPKCγ protein expression in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis results. (B) The relative

protein expression of cPKCγ for each group. **P < 0.01, ***P < 0.001 vs. control group; #P < 0.05 vs. SD group.
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FIGURE 6 | cPKCγ membrane translocation levels in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis results. Cytosol

and particulate-represented cytosolic and membrane proteins, respectively. (B) cPKCγ membrane translocation levels for each group. *P < 0.05, ***P < 0.001 vs.

control; #P < 0.05, ##P < 0.01, vs. SD group.
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FIGURE 7 | Protein expression for Ng and phosphorylated Ng in the prefrontal cortex of SD rats from each group and control group (C). (A) Western blot analysis

results. (B) Relative protein expression of Ng for each group. (C) Relative protein expression of phosphorylated Ng for each group. *P < 0.05, **P < 0.01, ***P <

0.001 vs. control; #P < 0.05, ##P < 0.01 vs. SD group.
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which suggests that REM-SD-induced memory impairment
is mediated by inhibition of the cPKCγ and Ng signaling-
transduction pathway. REM-SD may prevent the buffering effect
of non-phosphorylated Ng over CaM, leading to abnormal
CaM signaling. Administration of the cPKCγ activator PMA
significantly increased Ng phosphorylation levels and the cPKCγ

inhibitor H-7 significantly inhibited Ng phosphorylation, which
suggests that Ng is downstream of the cPKCγ signaling pathway.
The cPKCγ inhibitor H-7 can significantly reduce Ng protein
expression and the cPKCγ activator PMA can increase Ng protein
expression. Although no statistical difference was found between
groups, the results further indicate that cPKCγ not only regulates
the activation and phosphorylation of Ng, but can also promote
Ng protein expression.

REM sleep plays an important role in the consolidation of
long-term memory in the nervous system, which can strengthen
the newly-formed connections made during wakefulness,
form new connections, and enhance new memories during
subsequent wakefulness. Thus, we can hypothesize that
the role of the cPKCγ-Ng pathway on REM-SD-induced
learning and memory impairment may be associated with it
involvement in the establishment of new synaptic connections
during the learning and memory consolidation. In future
work, we will use neurophysiological methods to perform
electrophysiological recordings of the pre-frontal cortex in rats,
and investigate the role of cPKCγ-Ng in long-term synaptic
plasticity during REM-SD.

There are some limitations to the current study. The main
purpose of the modified multiple platform method is used in
the present study to investigate REM (30, 31). The EEG results
also support this is an effective performance to reduce the 95%
of REM (30, 32). However, Alkadhi et al. found that non-REM
(NREM) sleep was signficantly reduced by the multiple platform
method (38). Therefore, we cannot completely exclude the effects
of NREM deprivation on the impairment of spatial lerning and
memory. Additionally, it has been reported that expression levels
of both Ng mRNA and Ng protein differ across different brain
regions after 24 h of SD, and Ng protein levels were significantly
reduced in the cortex (29). Based on these findings, we only
focused on the pre-frontal cortex. However, the hippocampus is a
key area for spatial learning and memory. Further investigations
should explore the changes in the PKC-Ng signaling pathway in
the hippocampus of rats to confirm our results. Furthermore,
due to a lack of specific activators and inhibitors of cPKCγ, we
used the non-specific activators and inhibitors of the PKC family,
PMA and H-7. Also, it remains unclear without administration
of PMA/H-7 will affect the response during water maze test.
Administering PMA can promote cPKCγ activation and increase
Ng phosphorylation levels, and administering H-7 showed the
opposite effect; this result indicates that PMA and H-7 have
excitatory and inhibitory effects on cPKCγ, respectively. Other
groups’ studies have found that many signaling pathways are
involved in REM-SD-induced cognitive impairment, including

NMDA receptor pathways; 24-h SD impairs NMDAR function
in the rat dentate gyrus and 72-h REM-SD also impairs NMDAR
function in the rat hippocampal CA1 area (33, 34). Thus, in
the future, we will investigate other possible downstream targets
of the cPKCγ signaling pathway, or other signaling pathways
that could play a role in learning and memory impairment
after REM-SD.

In summary, our results showed that the REM-SD can
induce learning and memory impairments in rats which are
associated with the cPKCγ-Ng signaling pathway. Activation
of the cPKCγ-Ng signaling pathway can significantly improve
REM-SD-induced learning and memory impairment, which is
expected to become a novel molecular target for treatment
of REM-SD.
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Introduction: Sleep disorders (SLD) are supposed to be associated with increased

risk and development of Alzheimer’s disease (AD), and patients with AD are more likely

to show SLD. However, neurobiological performance of patients with both AD and

SLD in previous studies is inconsistent, and identifying specific patterns of the brain

functional network and structural characteristics in this kind of comorbidity is warranted

for understanding how AD and SLD symptoms interact with each other as well as finding

effective clinical intervention. Thus, the aims of this systematic review were to summarize

the relevant findings and their limitations and provide future research directions.

Methods: A systematic search on brain functional and structural changes in

patients with both AD and SLD was conducted from PubMed, Web of Science, and

EMBASE databases.

Results: Nine original articles published between 2009 and 2021 were included

with a total of 328 patients with comorbid AD and SLD, 367 patients with only AD,

and 294 healthy controls. One single-photon emission computed tomography study

and one multislice spiral computed tomography perfusion imaging study investigated

changes of cerebral blood flow; four structural magnetic resonance imaging (MRI)

studies investigated brain structural changes, two of them used whole brain analysis,

and another two used regions of interest; two resting-state functional MRI studies

investigated brain functional changes, and one 2-deoxy-2-(18F)fluoro-d-glucose positron

emission tomography (18F-FDG-PET) investigated 18F-FDG-PET uptake in patients with

comorbid AD and SLD. Findings were inconsistent, ranging from default mode network

to sensorimotor cortex, hippocampus, brain stem, and pineal gland, which may be due

to different imaging techniques, measurements of sleep disorder and subtypes of AD

and SLD.

Conclusions: Our review provides a systematic summary and promising implication of

specific neuroimaging dysfunction underlying co-occurrence of AD and SLD. However,

limited and inconsistent findings still restrict its neurobiological explanation. Further
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studies should use unified standards and comprehensive brain indices to investigate

the pathophysiological basis of interaction between AD and SLD symptoms in the

development of the disease spectrums.

Keywords: Alzheimer’s, sleep disorders, brain function and structure, default mode network, hippocampus

INTRODUCTION

Alzheimer’s disease (AD) is a severe neurodegenerative disease,
manifested as deterioration in cognition (1), memory (2),
thinking, behavior, and the ability to perform everyday activities
(3). The World Health Organization reports that, as the most
common form of dementia, AD may contribute to 30–35 million
patients worldwide and 6–7 million new cases every year.
However, there is still no particularly effective treatment for
it (3). Finding possible risk or comorbid factors and effective
intervention of this disease is warranted.

As one of the most important noxious factors on physical and
mental health (4), sleep disorder (SLD) is reported to be closely
associated with development of AD (5–7). Some researchers even
believe that SLD has decisive effects on AD (2). It is reported
that roughly more than 50% of patients with AD have got
significant SLD (8), which may include insomnia, obstructive
apnea hypopnea syndrome (OSA), rapid eye movement sleep
behavior disorder (RBD), sleep apnea, shortened sleep duration,
fragmented sleep, slow wave sleep disruption, and misalignment
of circadian rhythm (9). Older adults with SLD are more
likely to have a diagnosis of AD or cognitive decline (10).
Brain chemical changes in OSA patients could further lead to
cognitive impairment and early AD clinical performance, and
continuous positive airway pressure therapy could modify these
AD biomarkers (11). RBDmay also lead to cognitive impairment
and pathologies of AD (12).

Another 9-year follow-up study found reduced sleep was
associated with a two-fold increased risk of AD compared
with controls (13). The reasons for this significant correlation
could be that the SLD can increase stress reactions and impair

Abbreviations: 18F-FDG-PET, 2-deoxy-2-(18F)fluoro-d-glucose positron

emission tomography; AD, Alzheimer’s disease; CBF, cerebral blood flow; CCMD-

3, Chinese Classification of Mental Disorders version 3; CERAD, consortium to

establish a registry for Alzheimer’s disease assessment packet clinical assessment

battery; dALFF, dynamic amplitude of low-frequency fluctuation; DLPFC,

dorsolateral prefrontal cortex; DMN, default mode network; IPL, inferior parietal

lobules; MFG, middle frontal gyrus; mPerAF, percent amplitude of fluctuation

divided by global mean PerAF; MSCTP, multi-slice spiral computed tomography

perfusion imaging; NIAA, National Institute of Aging-Alzheimer’s criteria in

2011; NIAAA, National Institute on Aging-Alzheimer’s Association workgroups

on diagnostic guidelines for Alzheimer’s disease; NPI-Q, brief questionnaire form

of neuropsychiatric inventory; OSA, obstructive apnea hypopnea syndrome;

PCC, posterior cingulate cortices; PerAF, percent amplitude of fluctuation;

PSG, polysomnographic recordings; PSQI, Pittsburgh sleep quality index; RBD,

rapid eye movement sleep behavior disorder; RBDSQ, rapid eye movement

sleep behavior disorder screening questionnaire; ROI, region of interest; rs-

fMRI, resting-state functional magnetic resonance imaging; SFG, superior

frontal gyrus; SLD, sleep disorder; SMG, supramarginal gyrus; sMRI, structural

magnetic resonance imaging (sMRI); sNPI, sleep subscale of neuropsychiatric

inventory; SPECT, Single-photon emission computed tomography; STP, superior

temporal pole.

attention, episodic memory (14) and cognitive function (15),
increase adrenocorticotropin and cortisol secretion, weaken
neuronal structures, increase risk of cell death (5). Specifically,
SLD could increase beta-amyloid production and deposition

(2) and decrease its clearance in the brain (7), further cause

synaptic dysfunction (2), and exacerbate the deterioration of AD
symptoms, especially when both were severe (9). One review

indicates that the treatment of SLD may also alleviate cognitive
decline and the risk of AD (2) and be an effective therapy for

AD symptoms (9). However, the specific neurobiological basis
of the interactive process between AD and SLD symptoms are

still controversial.
Neuroimaging technology could help us understand the

brain pathophysiology of AD and SLD in vivo. Previous

review and meta-analysis studies indicate that patients with AD

exhibit decreased regional cerebral blood flow in the posterior
cingulate cortices (PCC), precuneus, inferior parietal lobules

(IPL), dorsolateral prefrontal cortex (DLPFC) (16); decreased
gray matter volume in the left parahippocampal gyrus, left PCC,

right fusiform gyrus, and right superior frontal gyrus (SFG)
(17) and network changes mainly associated with subcortical

areas (18) and default mode network (DMN) (19). In particular,
the DMN is reported as the first network affected by AD (20).
Meanwhile, patients with SLD show decreased brain functional

and structural indices in the frontal cortex, temporal gyrus,
fusiform gyrus, striatum, cingulate cortex, precentral gyrus,
and reduced glucose metabolism in the limbic system as well

as increased brain activation and regional homogeneity in
the middle frontal gyrus, precunus, cingulate gyrus (21) and

overactivation in the hypothalamic-pituitary-adrenal cascade (5).

However, one review indicates that cortical hyperarousal other
than hypo-arousal activities, as the central feature of SLD, may

be located at the temporal cortex and hippocampus and could
contribute to both AD and SLD pathogenesis so as to increase

their comorbidity rate (8).
Although these findings show some shared and bidirectional

interactions of brain disturbances, neurodegeneration, and
neuropathology between AD and SLD (9), the key brain changes
associated with high comorbidity and their interactions are

still controversial and remain to be elucidated. The necessity
and merits of this review are that through the conclusions of
previous brain functional and structural findings in patients with
comorbid AD and SLD, we could find the possibly abnormal
SLD-related brain regions or networks that beta-amyloid mainly
deposit or neural inflammation led to in these patients. We could
also well-understand the specific neurobiological basis of how
SLD contributes to the development of AD symptoms and find
a possible effective way to delay or prevent the brain alterations
and clinical manifestations of AD through effective treatment of
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SLD symptoms. Furthermore, concluding the specific differences
of brain changes in patients with comorbidity of AD and SLD
compared with patients with AD alone could also help us find a
possible specific subtype of the AD spectrum. For these aims, the
present review provides an overview of the specific neuroimaging
findings of patients with comorbid AD and SLD, their limitations,
and future research directions. In addition, if the number of
included studies using the same imaging technologies is >3, then
a meta-analysis will be conducted.

Previous studies mainly found abnormal limbic structures,
especially hippocampal astrophic (9) and dysfunctional regions
in the DMN in patients with AD or SLD (20). Based on these
findings, we hypothesize that these brain regions and networks
would exhibit relatively consistent abnormality in patients with
comorbid AD and SLD in related studies.

METHODS

Search Strategy and Study Selection
A systematic literature search was conducted to identify
published studies that examined brain imaging changes in
patients with AD and SLD using databases of PubMed, Web
of Science, and Embase. The key words were searched using
the following terms: (sleep OR insomnia OR apnea hypopnea)
AND (Alzheimer’s∗) AND (MRI OR brain imag∗), and the
search period ended on August 8, 2021, from the earliest date
of the databases. The reference lists of retrieved articles were
also searched for identifying potentially relevant studies. There
were no other restrictions, such as SLD classification, imaging
methods, language, or publication year; i.e., we included all
studies of insomnia, OSA, RBD, sleep apnea, shortened sleep
duration, fragmented sleep, slow wave sleep disruption, and
misalignment of circadian rhythm, etc. All primary studies that
reported brain functional or structural changes of the patients
with comorbid AD and SLDwere included in the review. If values
of demographic information or brain changes were unclear, we
attempted to contact the authors for clarification. The exclusion
criteria were (1) case reports, (2) review or meta-analyses, and
(3) non-human studies, and (4) if studies had overlapping
samples, only studies with the largest sample were included. Any
divergences were resolved by discussion between authors.

Data Extraction
The extracted characteristics of the articles included first
author, publish year, sample size, mean age of participants,
questionnaires for AD or SLD in the articles, imaging technique,
whole brain or regions of interest analysis, country of study, and
the main results, which were brain functional or structural or
chemical changes in comorbid AD and SLD compared with AD
or healthy controls.

RESULTS

Included Studies
A PRISMA flow chart of article choice is presented in Figure 1. A
total of 1,240 articles were retrieved, 1,231 articles were excluded,

and nine studies were finally included in the review. Summary of
the included studies is showed in Table 1.

Two of them compared brain differences between the
comorbidity of AD and SLD groups, the AD group and healthy
controls (22, 23); three studies only included the comorbidity
group and healthy controls (24–26); four studies recruited the
comorbidity group and the AD group (20, 27–29). Published
years of articles ranged from 2009 to 2021. Three studies were
conducted in China, three in Korea, one in Canada, one in Italy,
and one in Japan.

Included patients with comorbid AD and SLD, AD only, and
controls in this review were 328, 367, and 294, respectively.
Sample size of every group ranged from 14 to 257. Mean age of
participants ranged from 71.5 to 81.5.

In these studies, one single-photon emission computed
tomography (SPECT) (22) study and one multislice spiral
computed tomography perfusion imaging (MSCTP) (26) study
investigated changes of cerebral blood flow; two whole-
brain structural magnetic resonance imaging (sMRI) studies
investigated brain structural changes (27, 28), one sMRI study
investigated the brain stem volume (24), and another investigated
the pineal gland volume (30); two resting-state functional
magnetic resonance imaging (rs-fMRI) studies investigated
brain functional changes (23, 29); and one 2-deoxy-2-(18F)
fluoro-d-glucose positron emission tomography (18F-FDG-PET)
investigated 18F-FDG-PET uptake in patients with comorbid AD
and SLD (25).

Evaluation of AD and SLD
Diagnosis and evaluation of AD and SLD are heterogeneous.
In AD diagnosis, four studies used National Institute of
Neurological and Communicative Disorders and stroke—AD
and related disorders association criteria (NINCD) (22–24, 28),
one used National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for AD (NIAAA) (25), one
used a consortium to establish a registry for AD assessment
packet clinical assessment battery (CERAD) (30), one used
Chinese Classification of Mental Disorders version 3 (CCMD-
3) (26), one used National Institute of Aging-Alzheimer’s criteria
in 2011 (NIAA) (29), and one did not provide a diagnostic
standard (27). In SLD evaluation, three used a sleep subscale
of neuropsychiatric inventory (sNPI) (22, 24, 28), three used
the Pittsburgh sleep quality index (PSQI) (26, 27, 29), one
used polysomnographic recordings (PSG) (25), one used a brief
questionnaire form of neuropsychiatric inventory (NPI-Q) (23),
one used a rapid eyemovement sleep behavior disorder screening
questionnaire (RBDSQ) (30).

Brain Changes in Comorbid AD and SLD
All studies found significant brain changes in patients with
comorbid AD and SLD compared with patients with only AD or
healthy controls.

One region of interest (ROI)-based sMRI study found
significant differences of posterior brain stem morphology
in the AD and SLD group compared with controls and
a negative correlation between the NPI scores and left
posterior lateral brain stem volume (24), and another ROI
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FIGURE 1 | PRISMA Flow diagram of studies selection for review.

study found decreased pineal gland volume in AD and SLD
compared with AD, and the pineal gland volume negatively
correlated with the severity of SLD (30). One whole brain
and hippocampus subfield ROI study found decreased gray
matter volume of bilateral cingulate gyrus in poor sleeper AD
compared with AD only as well as no significant results in
the hippocampus (27). Another whole brain and pineal gland
ROI study found decreased gray matter volume of bilateral
precuneus in AD patients with sleep disturbance compared with
patients with AD only, which negatively correlated with the
sNPI scores (28). However, different from the second study,
no significant results were found in the pineal gland ROI
comparison (28).

Two rs-fMRI studies investigated brain functional changes
(23, 29). One of them found increased dynamic amplitude of low-
frequency fluctuation (dALFF) variance of right cerebellum, left
superior temporal pole (STP), right rectus, right hippocampus,
decreased dALFF variance of right supramarginal gyrus (SMG),
decreased sALFF of left precentral gyrus, right IPL, and cuneus
in patients with AD and SLD compared with AD, and dALFF
variance positively correlated with amyloid deposit in regions
involved in memory and sleep (23). Another study found a
decreased percentage of amplitude of fluctuation (PerAF) and
PerAF divided by global mean PerAF (mPerAF) in the left
brainstem, left calcarine gyrus, left lingual gyrus; decreased
PerAF in the left fusiform gyrus, left parahippocampal gyrus, left
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TABLE 1 | Summary of AD&SLD studies included in the meta-analysis.

References Country AD and SLD

subsets

AD and SLD

cases (male/

female)

AD cases

(male/

female)

Controls

(male/

female)

AD and SLD

mean age

(SD)

AD mean age

(SD)

Controls

mean age

(SD)

Questi-

onnaire

Imaging

technique

ROIs Main results

Ismail et al. (22) Canada AD with or

without sleep

loss

14/24 7/10 17/20 72.4 (7.4) 74.2 (8.3) 71.5 (6.3) NINCD, sNPI SPECT-CBF WB Higher perfusion in the

right MFG in AD and

SLD compared with

AD

Lee et al. (24) Korea sNPI in AD &

SLD

13/31 N.A. 14/26 76.2 (5.7) N.A. 75.2 (4.7) NINCD, CDR,

sNPI

3T

T1-weighted

sMRI

Brain stem Decreased volume in

the brain stem;

negative correlation

between the sNPI

scores and left

posterior lateral brain

stem volume in AD

and SLD

Liguori et al.

(25)

Italy Polysomnographic

recordings in AD

& SLD

8/18 N.A. 7/11 71.56 (3.92) N.A. 74.11 (2.78) NIAAA, PSG 18F-FDG-PET Hypo-thalamus Interplay between the

reduction of sleep

efficiency, REM sleep

and the reduction of

hypothalamic

18F-FDG-PET uptake,

which negatively

correlated with the

index of

neurodegeneration in

AD and SLD

Yi et al. (27) Korea Poor or good

sleeper AD

32 14 N.A. N.A. N.A. N.A. PSQI 3T

T1-weighted

sMRI

WB and hippo

subfields

Decreased gray

matter volume in the

bilateral cingulate

gyrus in poor sleeper

AD. No hippo findings.

Matsuoka et al.

(28)

Japan AD with or

without sleep

disturbance

8/11 11/33 N.A. 81.5 (6.4) 77.8 (6.9) N.A. NINCD,

ICD-10, sNPI

3T

T1-weighted

sMRI

WB and pineal

gland

Decreased gray matter

volume in the bilateral

precuneus in AD with

sleep disturbance. No

pineal gland findings.

Li et al. (23) China AD with poor or

normal sleep

7/9 9/5 53/70 74.66 (8.50) 70.76 (8.24) 74.02 (7.13) NINCD, CDR,

NPI-Q

rs-fMRI &PET WB Increased dALFF

variance in the right

cerebellum, left STP,

right rectus, right

hippo, decreased

dALFF variance in the

right SMG, decreased

sALFF in the left

precentral gyrus, right

IPL and cuneus in AD

and SLD compared

with AD

(Continued)
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TABLE 1 | Continued

References Country AD and SLD

subsets

AD and SLD

cases (male/

female)

AD cases

(male/

female)

Controls

(male/

female)

AD and SLD

mean age

(SD)

AD mean age

(SD)

Controls

mean age

(SD)

Questi-

onnaire

Imaging

technique

ROIs Main results

Park et al. (20) Korea AD with or

without sleep

behavior

disorder

8/31 79/178 N.A. 76.8 (7.4) 77.4 (7.4) N.A. CERAD,

RBDSQ

3T

T1-weighted

sMRI & PET

Pineal gland Decreased pineal

gland volume in AD &

SLD compared with

AD, and the pineal

gland volume

negatively correlated

with the severity of

SLD

Liu et al. (26) China AD with sleep

disorders

31/45 N.A. 32/44 73.07 (5.41) N.A. 72.32 (5.28) CCMD-3,

PQSI

MSCTP-CBF TL, FL, hippo,

BG

Decreased CBF in the

TL, FL, hippo and BG

in AD and SLD

Wang et al. (29) China Mild AD with or

without sleep

disturbances

12/26 8/13 N.A. 73.7 (7.2) 73.6 (8.4) N.A. NIAA, CDR,

PSQI

rs-fMRI WB Decreased mPerAF

and PerAF in the left

brainstem, left

calcarine gyrus, left

lingual gyrus;

decreased PerAF in

the left fusiform gyrus,

left parahippocampal

gyrus, left precentral

gyrus, left postcentral

gyrus

18F-FDG-PET, 2-deoxy-2-(18F)fluoro-d-glucose positron emission tomography; AD, Alzheimer’s disease; BG, basal ganglia; CBF, cerebral blood flow; CCMD-3, Chinese Classification of Mental Disorders version 3; CDR, clinical

dementia rating scale; CERAD, consortium to establish a registry for Alzheimer’s disease assessment packet clinical assessment battery; dALFF, dynamic amplitude of low-frequency fluctuation; FL, frontal lobe; hippo, hippocampus;

ICD-10, International Classification of Disease version 10; IPL, inferior parietal lobule; MFG, middle frontal gyrus; mPerAF, percent amplitude of fluctuation divided by global mean percent amplitude of fluctuation; MSCTP, multi-slice spiral

computed tomography perfusion imaging; N.A., not available; NIAA, National Institute of Aging-Alzheimer’s criteria in 2011; NIAAA, National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s

disease; NINCD, National Institute of Neurological and Communicative Disorders and stroke – Alzheimer’s disease and related disorders association criteria; NPI-Q, brief questionnaire form of neuropsychiatric inventory; PerAF, percent

amplitude of fluctuation; PSQI, Pittsburgh sleep quality index; RBDSQ, rapid eye movement sleep behavior disorder screening questionnaire; PSG, polysomnographic recordings; REM, rapid eye movement; ROI, region of interests;

rs-fMRI, resting state functional magnetic resonance imaging; sALFF, static amplitude of low-frequency fluctuation; SD, standard deviation; SLD, sleep disorders; SMG, supramarginal gyrus; sMRI, structural magnetic resonance imaging;

sNPI, sleep subscale of neuropsychiatric inventory; SPECT, single-photon emission computed tomography; STP, superior temporal pole; TL, temporal lobe; WB, whole brain.
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precentral gyrus, left postcentral gyrus in patients with AD and
SLD compared with AD (29).

In the rest of the studies, one MSCTP study investigated
changes of cerebral blood flow (CBF) in ROIs, and found
decreased CBF of temporal lobe, frontal lobe, hippocampus, and
basal ganglia in the AD and SLD group compared with controls
(26). One SPECT study found higher CBF in the right middle
frontal gyrus (MFG) in the AD and SLD group compared with
the AD group (22). One 18F-FDG-PET study investigated 18F-
FDG-PET uptake in patients with comorbid AD and SLD and
found correlation between the reduction of sleep efficiency, REM
sleep, and the reduction of hypothalamic 18F-FDG-PET uptake,
which negatively correlated with the index of neurodegeneration
in AD and SLD group compared with controls (25).

DISCUSSION

Nine experimental studies, which investigated brain functional
and structural changes in patients with both AD and SLD, using
rs-fMRI, sMRI, PET, SPECT, or MSCTP scanning, were included
in our review. Although many findings showed heterogeneity,
which may be due to small sample sizes, different experimental
designs, disease assessment and imaging tools, some findings still
support our hypothesis.

DMN is a brain network most activated in the resting state
and associated with autobiographical and episodic memory
(1), consolidating individual experiments, self-referential
information processing, and constructing integrated “self ”
(31). These cognitive domains are believed to be impaired
early, and the DMN is the first dysfunctional network affected
by increased beta-amyloid deposition in patients with AD
(1, 20) as well as in patients with SLD (32, 33). The abnormal
DMN, especially the overactivated hippocampus and medial
temporal lobe, is reported to associate with dysfunction of
emotion (34), memory, and cognition in patients with SLD
(15, 35) and could also interact with increased beta-amyloid
production and greater local deposition (1) and facilitate the
following hypo-activation and atrophy of hippocampus and
other DMN regions in patients with AD (8). However, whether
overactivation (8, 15), hypo-activation (26, 29), or no change
(22, 27) of the hippocampus in the different developmental
processes of these two diseases is still controversial. It may be
due to different categories of hippocampal subregions, such as
previous studies that believe that changed anterior, medial, or
posterior parts of the hippocampal volumes could have different
changes in patients with AD (36) or abnormal hippocampal
subregions of the dentate gyrus (DG), cornu ammonis 1/2/3,
and subiculum play distinct roles in memory impairments (37)
or due to different neurobiological changes of SLD subtypes,
such as OSA or RBD, which need further investigation with
high-resolution brain imaging.

Decreased sALFF in the precentral gyrus (23) and decreased
PerAF in the precentral and postcentral gyrus were found in the
comorbidity of the AD and SLD group (29). These decreased
precentral activations may imply increased night awakening,
reduced slow-wave activity, and sleep depth linked to sleep

disruption (38) as well as impaired sensory and motor function
by SLD in the development of AD (29).

Decreased volume (24), mPerAF and PerAF of the brainstem
were found in the comorbidity group in previous studies (29).
The brainstem is usually unmentioned or not investigated in
brain imaging studies. However, it is a key neurobiological
basis of sleep regulation, producing and regulating the sleep–
wake rhythms (29). Degeneration of it could occur very early
in patients with AD and also contribute to the onset of SLD,
fragmented sleep, impairedmemory consolidation, and cognitive
decline (24).

Some researchers believe that the pineal gland is associated
with sleep regulation through melatonin synthesis, and beta-
amyloid could easily inhibit its function (39), which, in turn,
could reduce the protection of cholinergic neurons from amyloid
toxicity, increase the risk of both SLD and AD (30). In the
included studies, only one found decreased pineal gland volume
in the comorbidity group (30). Another ROI-based study (28)
and four whole-brain studies did not find any significant results
(22, 23, 27, 29). These inconsistent results in previous studies
may imply a different presentation of melatonergic systems
in different developmental stages or subtypes of the diseases,
which need more studies with large sample sizes for further
verification (28).

Some other positive results could also be worth considering.
One whole-brain study found higher CBF in the dorsal
lateral prefrontal cortex (DLPFC) in the comorbidity group
compared with the AD group (22). Another ROI-based study
found significant decreased brain glucose consumption in the
hypothalamus in the comorbidity group, which negatively
correlated with the index of neurodegeneration in patients
with AD and SLD and a significant interplay between the
reduction of sleep efficiency, REM sleep, and the reduction
of hypothalamic 18F-FDG-PET uptake (25). The abnormal
activation of DLPFC, which may be the result of impaired
thalamocortical ascending executive cholinergic pathways, could
associated with sleep loss and frequent arousals during sleep
(22) and lead to cognitive dysfunction (15). The hypothalamus
is associated with homeostasis and the sleep–wake cycle and
could be affected by AD pathology leading to some non-cognitive
deficits, such as sleep–wake and neuroendocrine disorders and
loss of weight (25). Meanwhile, hypothalamic-pituitary-adrenal
axis dysregulation and inflammation was also reported to
contribute to the development of pathophysiology of both SLD
and AD symptoms (8). The knowledge of the hypothalamic
circuitry functions in the interaction between AD and SLD
symptoms still needs expansion for reliable biomarkers and
therapeutic approaches.

There are still many limitations left in current research. First,
the clinical manifestation and developmental process of SLD
is complicated with high heterogeneity, and the assessment
of it is still not unified between studies. Furthermore, many
studies did not report the onset time or duration of SLD.
Second, neurobiological explanation of comorbidity is still
constrained by a lack of magnetic resonance spectroscopy
or other microscopic neurobiological studies. Elaborate
experiments with solution of these limitations, such as
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large, well-characterized, or homogeneous samples; standard
assessment; diagnosis; imaging and analysis protocols (40);
and longitudinal studies on AD risk management, prevention
and intervention from the viewpoint of SLD treatment are
warranted (6). Finally, because the number of studies included
in our review using the same scanning technology are all
not greater than three, meta-analysis was not able to be
conducted. It limits the preciseness and generalizability of
our research.

Integrating all these studies together, we could conclude that
SLD may have induced even decisive effects on the pathological
development of AD symptoms. The DMN, especially the
hippocampus as well as the sensorimotor cortex, may be the
initial neurophysiological basis of interactions between AD and
SLD symptoms. These changes could be mainly associated
with memory, self-awareness, and sensorimotor deficiencies.
Functions of the brainstem and pineal gland in this comorbidity
still need further verification. Our study may contribute to a
better understanding of the pathophysiology and possible risk
of AD in patients with SLD and a suggestion of potential
neural biomarkers for the further investigation on the early
diagnosis and treatment of SLD patients with AD risk or
with the comorbidity of AD and SLD. The facilitated effects

of SLD symptoms on AD, and this physiological basis in the
AD developmental continuum from subclinical to high-risk
population and to patients deserve more attention in the future
studies. For example, elaborately task-based fMRI experimental
design, technology of magnetic resonance spectroscopy or AD
animal models could be introduced. Findings from these studies
could further help us to prevent or attenuate cognitive decline
and AD symptoms (2), perform targeted early intervention on
possible dementia risk and improve senile life quality (5).
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Suicidal ideation increases precipitously in patients with depression, contributing to

the risk of suicidal attempts. Despite the recent advancement in transcranial magnetic

stimulation, its effectiveness in depression disorder and its wide acceptance, the network

mechanisms of the clinical response to suicidal ideation in major depressive disorder

remain unclear. Independent component analysis for neuroimaging data allows the

identification of functional network connectivity which may help to explore the neural

basis of suicidal ideation in major depressive disorder. Resting-state functional magnetic

resonance imaging data and clinical scales were collected from 30 participants (15

major depressive patients with suicidal ideation and 15 healthy subjects). Individual

target-transcranial magnetic stimulation (IT-TMS) was then used to decrease the

subgenual anterior cingulate cortex activity through the left dorsolateral prefrontal cortex.

Thirty days post IT-TMS therapy, seven of 15 patients (46.67%) met suicidal remission

criteria, and 12 patients (80.00%) met depression remission criteria. We found that

IT-TMS could restore the abnormal functional network connectivity between default

mode network and precuneus network, left executive control network and sensory-motor

network. Furthermore, the changes in functional network connectivity between the

default mode network and precuneus network were associated with suicidal ideation,

and depressive symptoms were related to connectivity between left executive control

network and sensory-motor network. These findings illustrate that IT-TMS is an effective

protocol for the accurate restoration of impaired brain networks, which is consistent with

clinical symptoms.

Keywords: individual target-transcranial magnetic stimulation, major depressive disorder, suicidal ideation,

functional network connectivity, independent component analysis
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INTRODUCTION

Major depressive disorder (MDD) is the most common mental
disorder, with 58% of MDD patients having suicidal ideation
(SI) and 15% having attempted suicide (1, 2). Although suicide
prevention has been thoroughly researched, suicide remains a
major cause of morbidity and mortality worldwide (3). The
World Health Organization (WHO) reports that approximately
800,000 suicides occur annually across the globe (4), which is a
heavy economic burden (5). Only a few treatment options are
available for suicidal ideation (e.g., lithium, Emission Computed
Tomography) and are only partially effective (6). Individual
target-transcranial magnetic stimulation (IT-TMS) represents an
original tool that opens new avenues in the treatment of mental
disorders, especially MDD (7). However, the clinical responses
and neural networks of patients with MDD and SI are unclear.

Brain neural networks are complex systems, and multiple
connective networks serve different functions (8, 9). Each
functional network controls several brain regions with similar
patterns of blood oxygen level-dependent (BOLD) signal
changes, whereas each network shows distinct patterns (10–12).
In recent years, few studies have investigated the functional
network connectivity (FNC) of MDD patients with SI and
reported inconsistent results regarding the brain regions
associated with resting-state functional alterations (13). Kim et
al. researched MDD and MDD patients with SI; FNC between
the left superior frontal gyrus and left/right caudate, left superior
frontal gyrus and right putamen, left thalamus, left middle
frontal gyrus, right thalamus, left postcentral gyrus, etc. were
significantly reduced (14). Jung et al. compared the resting-
state brain network of MDD patients with suicidal attempts
and Health Controls (HCs), and found decreased functional
connectivity between the insular network (IN) and default
mode network (DMN), as well as the medial prefrontal cortex
network (mPFCN) and left frontal-parietal network (LFPN), and
increased connectivity between the IN and basal ganglia network
(BGN) (15). Chase et al. found that the lower connectivity
between the salience network (especially in dACC) and DMN
(specifically, dorsal and ventral posterior cingulate cortex)
in depression patients with suicidal ideation (16). Although
various rest state functionMagnetic Resonance Imaging (rsfMRI)
studies have revealed functional alterations in brain regions and
networks, the network restoration mechanism of IT-TMS rapid
action in MDD patients with SI is not yet known.

Traditional TMS spans six consecutive weeks and meets
approximately 32% remission and 49% response in depression
(17, 18). Stanford accelerated intelligent neuromodulation
therapy (SAINT) is a new TMS protocol that is accelerated,
safe, tolerable, high-dose, durable, and effective for MDD
(19). The core mechanism was subgenual anterior cingulate
cortex (sgACC) observed to be hyperactive and its activity
was decreased through indirect functional connectivity
from the left dorsolateral prefrontal cortex (L-DLPFC)
(19–21). However, the L-DLPFC is a large brain area
that consists of numerous subunits, which are correlated
and some anticorrelated with the sgACC (22). Complex
algorithms and precise stimulation of individual anticorrelation

subunits have greatly hampered the clinical application
of TMS.

In the current study, we try to elucidate intrinsic brain
activity and connectivity in MDD patients with SI and HCs
by ICA. Firstly, we hypothesized that compared with HCs,
depressed patients with suicidal ideation show altered patterns of
neural activity, and individual target was generated for the guide
intelligent neural navigation system over rsfMRI analysis. Then,
the abnormal FNC could repaired after IT-TMS therapy. Finally,
we attempted to identify the distinct associated changes in the
FNC and clinical scales that assess SI and MDD. A systematic
flowchart of the study design is shown in Figure 1.

MATERIALS AND METHODS

Participants
Participants were recruited from the Psychiatric Department
of Xijing Hospital (Shaanxi, China) between June 2020 and
March 2021. All MDD patients were diagnosed with SI using a
structured clinical interview from the Diagnostic and Statistical
Manual of Mental Disorder (DSM-5). At the time of screening,
our enrollment criteria for MDD patients with SI were as
follows: (i) right handed; (ii) ages 18–60; (iii) 17-item Hamilton
Depression Rating Scale (HAMD) score >17 and Beck Scale
for Suicide Ideation-Chinese Version (BSI-CV) score >6; (iv) a
nonpsychotic; (v) a negative urine drug screen, and a negative
urine pregnancy test if female; (vi) acute suicide behavior (who
needed immediate treatment) were excluded by clinical diagnosis
and evaluation (vii) no contraindications of TMS and MRI
measurement, such as neurological and psychiatric diseases,
history of epilepsy, a brain disorder or abnormality, head trauma,
metal or electronic instruments (e.g., intracranial metal device,
cochlear implants, cardiac pacemakers, and stents) in the body
(23–25). For safety, all MDD patients with SI need to take
venlafaxine or duloxetine (serotonin and noradrenaline reuptake
inhibitor antidepressant) during this study.

Fifteen patients (ages 18–60, 13 females, mean 25.8) and 15
HCs (ages 18–60, 12 females, mean 32.2) were recruited for this
study. And the two groups were not statistically significant in
sex (p = 0.62), age (p = 0.21), and education years (p = 0.07).
None of the HCs currently or previously had psychopathology,
and the above exclusion criteria were also applied to them. The
protocol of this study was approved by the Xijing Hospital and
the procedures were per the Declaration of Helsinki. All of
the participants signed an informed consent form before they
participated in this study.

MRI Acquisition and Data Processing
MRI scans were done using a 3.0 T-UNITED Discovery 770
scanner equipped with a 32-channel head coil. Earplugs were
used to reduce the scanner noise, tight but comfortable enough
to reduce the head motion. T1-weighted sagittal anatomical
images were obtained. The parameters were: sagittal slices= 192;
repetition time (TR) = 7.24ms; echo time (TE) = 3.10ms; slice
thickness/gap = 0.5/0mm; in-plane resolution = 512 × 512;
inversion time (TI) = 750ms; flip angle = 10◦; field of view
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FIGURE 1 | Flowchart of this study design. IT-TMS, Individual Target-Transcranial Magnetic Stimulation; FNC, Functional Network Connectivity; fMRI, Functional

Magnetic Resonance Imaging; ICA, Independent Component Analysis; BSI-CV, Beck Scale for Suicidal Ideation—Chinese Version.

FIGURE 2 | All patients’ target locations for IT-TMS therapy. The colors of the targets represent the percentage change in BSI-CV (Beck Scale for Suicidal

Ideation—Chinese Version) score after a 5-day therapy, dark red indicating great changes. The F3 location (MNI coordinates−35.3, 49.4, 32.4) is shown in blue.

(FOV)= 256× 256mm; voxel size= 0.5× 0.5× 1mm. Resting-
state fMRI data were acquired using T2-weighted oblique slices
aligned to the anterior and posterior commissure, and the
parameters were as follows: sagittal slices= 8,400; repetition time
(TR) = 2,000ms; echo time (TE) = 30ms; slice thickness/gap
= 4/0mm; in-plane resolution = 64 × 64; inversion time (TI)
= 1,100ms; flip angle = 90◦; FOV = 224 × 224mm; voxel size

= 3.5 × 3.5 × 4.0 mm3. During the scan, all participants were
instructed to keep their eyes closed, relax, think of nothing in
particular, but not fall asleep.

As described in previous work across several independent
samples, structure and resting-state BOLD data were
preprocessed using REST software (26, 27). First, the initial
10 volumes for each participant were discarded to avoid
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FIGURE 3 | Changes in suicidal and depression score during and after IT-TMS therapy for MDD patients with SI. Panel (A–C) shows the suicidal assessment scale of

BSI-CV, item 3 of HAMD, and item 10 of MADRS, for patients’ baseline (day 0), just post-therapy (5 days), 15, and 30 days post IT-TMS therapy. Panel (D) was the

mean score of the 17-item HAMD for all patients at baseline (day 0), just post-therapy (5 days), 15, and 30 days post IT-TMS therapy. Black asterisks, significance is

compared with baseline; blue asterisks, significance is compared with previous time point. BSI-CV, Beck Scale for Suicide Ideation-Chinese Version; HAMD, Hamilton

Depression Rating Score; MADRS, Montgomery–Asberg Depression Rating Scale.

scanning noise, and the remaining 230 volumes were
corrected for the acquisition time delay between slices.
Then, realigning was used to correct the head motion
(<2mm or 2◦) between the time points. Four patients’
fMRI data were excluded because of heavy head motion.
The effects of nuisance signals and head motion (Friston-24
model) were also regressed out. In the normalization steps,
individual structural images were first co-registered with the
functional images, segmented, and normalized to the Montreal
Neurological Institute (MNI) space using diffeomorphic
anatomical registration through the exponentiated lie algebra
(28, 29). Finally, the normalized images were smoothed and
band-pass filtered (0.01–0.08 Hz).

Individual Target Generation
Patients’ targets in the L-DLPFC were set, in which the TMS
coil placement was delivered by two separate algorithms (19, 30).
First, each patient’s L-DLPFC and sgACC were subdivided into
numerous functional subunits using a hierarchical agglomerative
clustering algorithm. Then, the functional subunits were defined
as all voxel pairs being correlated with each other by Spearman’s
correlation coefficient, and rho≥0.5. For each functional subunit
in the L-DLPFC and sgACC, a single time series value was used
to find the single voxel time series, most correlated with the
median time series. Once a single time series was identified,
Spearman correlation coefficients were used to calculate the
correlation matrix between the L-DLPFC and sgACC subunits.
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Finally, the decision-making algorithm was used to selected
most anticorrelation subunit (effective to depression and suicidal
symptom), larger size of subunit (easier to target with the IT-TMS
coil), and higher spatial concentration (more clustered about the
voxels). These three factors are equally weighted for generated
individual target, and the numerous individual target location
were see in Figure 2.

Precision Therapy by IT-TMS
The IT-TMS used in this study was the Black Dolphin Navigation
Robot (S-50, China), a sub-millimeter smart system that ensures
the same subunit stimulation for repeat therapy. The 3D
individual mask was beneficial for locating the subunits in
the L-DLPFC. Fifty intermittent theta-burst stimulation (iTBS)
sessions (1,800 pulses per session, 50-min intervals) were
delivered in 10 daily sessions over 5 consecutive days at a 90%
resting motor threshold.

Clinical Assessment and Analysis
Suicidal ideation and depression symptoms were assessed by BSI-
CV and a 17-item HAMD scale before and after IT-TMS therapy.
Response and remission of suicidal ideation were defined as a
reduction of more than 50% compared to the baseline score, and
the BSI-CV score was 0 (19). Depression response was defined
as a reduction of more than 50% compared to the baseline score,
and remission was defined as a Montgomery Asberg Depression
Rating Score <11 (31). A neuropsychological test battery was
used to assess any neurocognitive side effects after IT-TMS.

SPSS software (version 26) was used for statistical analysis,
multiple comparisons were corrected by false discovery rate
(FDR) with a corrected significance level of p = 0.05 (32). The
floor effect of IT-TMS therapy was observed across all clinical
scales, and the Shapiro-Wilk residuals of the initial linear mixed
model were not normally distributed. Thus, changes in clinical
scores were analyzed with a general linear model that used a
Satterthwaite approximation of degree of freedom, compound
symmetry covariance structure, and robust coefficients excluding
violations. All post-hoc pairwise comparisons were Bonferroni-
corrected.

Defining Functional Networks Using
Independent Component Analysis
Group independent component analysis (ICA) was performed to
parcellate the preprocessed fMRI data using the GIFT toolbox
(33), the number of independent components was set to 25
by automatic estimation. To ensure estimation stability, the
infomax algorithm was repeated 20 times in ICASSO (software
for investigating the reliability of ICA estimates by clustering
and visualization), and the most central run was selected and
analyzed further (34). Finally, the time courses and spatial maps
of the patients were obtained by reconstruction. Based on the
peak activations in gray matter, we focused on the subdivisions
of 11 components maybe correlated with the SI in MDD and
defined as resting-state brain networks (RSNs). Figure 4 showed
the spatial map of each component.

Our primary aim was to detect the neural differences between
HCs and patients (MDD patients with SI) before and after IT-
TMS therapy. The resulting whole-brain maps were threshold
at p < 0.005, and the voxel level with FDR corrected of p <

0.05, cluster size >100. Before the function network connectivity
analysis, a serous of post-processing steps including de-trending
linear, quadratic, cubic trends and de-spiking detected outliers
were performed. Then cut off the frequency of 0.15HZ and
transforming to z-score by Fisher’s.

For the selected RSNs, two outcomes from the ICA analysis
were compared using MANCOVAN (tools for multivariate
analysis) with covariates including age and head motion, and
the mean temporal correlation across all voxels followed by post-
hoc t-test (p < 0.05). For the outcome measures were correlated
with clinical rating score (BSI-CV and HAMD) using Pearson’s
correlations (PFDR−corrected < 0.05).

RESULTS

Suicidal Ideation
No serious adverse events occurred and no participant dropped
out. Two patients experienced scalp numbness and slight pain
in the regions of stimulation during IT-TMS therapy. All 15
patients had suicidal ideation at the time of screening for BSI-
CV (score >6), and the scores were more than zero on item 3
of the HAMD and item 10 of the MADRS. Changes in suicidal
scale scores were assessed using a general linear model with
repeated measurement. Figures 3A–C show the baseline score
and results after IT-TMS therapy, significant reduction in BSI-
CV (F= 38.77, df = 3, p < 0.001), item 3 of HAMD (F = 296.66,
df = 3, p < 0.001), and item 10 of MADRS (F = 153.72, df = 3,
p < 0.001). Thirteen patients (86.67%) met a response in suicidal
ideation, and eight patients (53.33%) were in remission on the
BSI-CV scale just after 5 days therapy. Fifteen days post-IT-TMS
met 80% response and 40% remission. Furthermore, the response
and remission rates reached 93.33 and 80%, respectively, 30 days
after IT-TMS therapy (Table 1). A lower efficacy patient (green
dot in Figure 2) after 5 days therapy was improved gradually, and
arrived the suicidal remission criteria after 30 days post-therapy.

Depression Symptoms
Significant changes in the 17-item HAMD (F = 143.54, df = 3,
p < 0.001) by general linear model analysis (Figure 3D), and the
mean score of all patients was nearly in remission during the 5-
day therapy. These scores also steadily decreased after 15 and 30
days, respectively. Finally, we tracked the data at 30 days after
therapy and found that the response rate was 100% and remission
was 80.00%, which is more efficient in depression. We collected
the data of 15 patients after 60 days of IT-TMS therapy, most
of them (13 patients, 86.67%) were not depression or suicidal
symptom except for two patients. The two patients who relapsed
maybe required more days of treatment to achieve the remission
criterion, and another 5 days therapy were delivered.

Brain Network Activity
Twenty-five components estimated by ICA and 11 temporal
coherent signals confined to the brain were selected as
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FIGURE 4 | The spatial map of 11 components (RSNs) derived from group ICA analysis. The statistical threshold was set at T > 20.

TABLE 1 | Clinical assessment score for patientsa.

Measure Baseline Immediately post IT-TMS therapy 15 days post IT-TMS therapy 30days post IT-TMS therapy

N Mean (SD) Mean (SD) Response

(%)

Remission

(%)

Mean (SD) Response

(%)

Remission

(%)

Mean (SD) Response

(%)

Remission

(%)

Suicidal ideation

BSI-CV 15 14.8 (5.73) 3.06 (4.35) 86.67 53.33 3.73 (5.24) 80.00 40.00 2.13 (4.77) 93.33 46.67

HAMD, item 3 15 3 (0) 0.26 (0.45) 100.00 73.33 0.26 (0.46) 100.00 73.33 0.20 (0.41) 100.00 80.00

MADRS, item

10

15 3.93 (0.26) 0.53 (0.83) 100.00 66.67 0.47 (0.83) 100.00 73.33 0.33 (0.72) 100.00 80.00

Depression symptoms

HAMD,

17 items

15 26.8 (4.75) 7.6 (3.29) 93.33 46.67 7.07 (3.63) 100.00 53.33 5.07 (2.63) 100.00 80.00

aResponse was defined as a reduction of 50% in score compared to baseline; Remission was defined as a score of zero on the suicidal ideation, and a score <7 on 17 item HAMD. SD,

standard deviation; IT-TMS, Individual Target-Transcranial Magnetic Stimulation; BSI-CV, Beck Scale for Suicide Ideation-Chinese Version; HAMD, Hamilton Depression Rating Scale;

MADRS, Montgomery–Asberg Depression Rating Scale.

the RSNs. Here, we labeled the RSNs according to their
spatial locations or a previous study described (Figure 4
and Supplementary Table S1) show the spatial map of RSNs:
anterior salience network (ASN), primary visual network (PVN),
posterior salience network (PSN), precuneus network (PN),
visual network (VN), thalamus cerebellum network (TCN),
sensory-motor network (SMN), motor network (MN), language
network (LN), left executive control network (LECN), and
default mode network (DMN).

Functional Network Connectivity
Figure 5A shows a significant difference of three groups on FNC
between 11 RSNs, and these results performed post-hoc tests.
Compared to the HC group, MDD patients with SI exhibited a
decreased FNC between DMN and PN, as well as an enhanced
FNC in DMN and TCN, DMN and SMN, LECN and SMN,
SMN, and PN. Compared to the pre-therapy and post-therapy

images, FNC was decreased in SMN and LECN, but increased
in LECN and LN. Finally, we explored the post-therapy and HCs
and found that the FNC between PSN and SMN, PN and LNwere
significantly decreased.

Correlation analysis was used to investigate the relationship
between FNC and clinical efficacy (Figures 5B,C). The FNC
between the DMN and PN gradually increased from the
pre-therapy (MDD patients with SI) to the post-therapy
and from the post-therapy groups to the HCs. The FNC
changes in DMN-PN were positively correlated with the 17
item HAMD score (r = 0.1838, PFDR−corrected = 0.0492)
and BSI-CV scores (r = 0.5474, PFDR−corrected = 0.0366).
Furthermore, the FNC in LECN and SMN showed a
significant correlation with HAMD (r = 0.5250, PFDR−corrected

= 0.0247), but not with BSI-CV. No other correlations
were statistically significant between the HCs, pre-therapy,
and post-therapy.
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FIGURE 5 | Function network connectivity (FNC) between RSNs. (A) FNC differences in the selected FNC. The blue line indicates a decreased FNC and the red lines

indicates improved FNC (P < 0.05). (B,C) shows the relationships between the FNC and clinical efficacy. Error bars indicate the standard error. Dotted lines indicated

the significantly changes of groups. *p < 0.05. **p < 0.01. ***p < 0.001.

DISCUSSION

IT-TMS is a non-invasive, safe, and effective method for MDD
patients with SI (6), but there are only a few systematic
research on the FNC mechanism. Here, we found that IT-
TMS significantly decreased suicidal ideation and depressive
symptoms within five continuous days. Furthermore, suicidal
ideation and depressive symptoms were not recurrent 1 month
later, and the depression remission rate (80%) of 17 item HAMD
was higher than that of SAINT protocol (65%) (19). These
differences between the observed and SAINT protocols may be
due to the sub-millimeter smart navigate system that ensures the
same subunit stimulation for repeat therapy.

Recently, Northoff reported that various depressive and
suicidal symptoms can be translated as intrinsic brain activity
in spatiotemporal disturbances, which is the organization of
the resting-state network activity (35). We found that MDD
patients with SI had several significant changes in functional
network connections, including LECN-SMN, DMN-SMN,
DMN-TCN, SMN-PN, and DMN-PN, compared to HCs.
Specifically, DMN and PN showed decreased functional
connectivity, but the others improved. These results are
compatible with a recent view on the heterogeneity connection
of the DMN, ECN, and SMN, which can be reorganized
according to specific demands by functional anatomic
fractionation (36, 37). Our results illustrate the complex
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network imbalance derived from deficits in suicidal ideation and
depressive symptoms.

Based on previous research, Serafini et al. proposed that
frontal limbic or frontal-parietal cerebellar pathways and DMN
connection abnormalities increase emotional dysregulation (self-
focus, hopelessness, and suicidal ideation) (13). These results
consistent with our study that the functional network connection
of MDD patients with SI were significantly changes, especially
in DMN, LECN, SMN, TCN, and PN. Moreover, MDD patients
with SI showed more alterations in the SMN, LECN, and
LN through IT-TMS therapy: increased functional connectivity
in LECN-LN and decreased functional connectivity in LECN-
SMN. Decreased connections in limbic regions may contribute
to suicidal ideation regulation by emotion processing (38, 39),
whereas increased connections in the executive and language
networks may contribute to depressive symptoms (40). Here,
we speculated that the brain responses of MDD patients
with SI represent an insufficient compensatory mechanism for
network interfering activity, which perhaps modulation by the
IT-TMS therapy.

Mechanistic research further revealed that functional
connectivity changes in various brain networks are significantly
related to suicidal ideation and depression symptoms. It is
noteworthy that the core rest-state networks of the DMN and PN
decreased connections, suggesting an intimate link to suicidal
ideation (41–43). A previous study in MDD patients with SI has
also reported that the DMN and PN positive connection benefits
depression and suicidal remission (44). These two networks play
a key role in emotion and cognitive modulation and show a bias
toward self-centered rather than self-other processing (41, 45).

Interestingly, IT-TMN therapy significantly improved
patients’ anti-connectivity between LECN and SMN, which is
related to higher 17 item HAMD score changes. First, the LECN
engages in cognitive control to support goal-directed behavior,
consistent with depression and suicidal patients’ difficulty in
regulating emotions (46). Our finding of decreased positive
connection between LECN and SMN by IT-TMN was consistent
with the evidence for increased functional connectivity in MDD
patients (47). The current findings not only may add important
literature to potential neurobiological mechanisms, but also
have high clinical relevance for exposing the MDD patients with
SI neuro-biomarkers.

LIMITATIONS AND CONCLUSION

This study has several limitations. First, the small sample size and
the age might not be representative of the general population.
Further research with larger sample size and a broader age
range may validate our findings. Second, although we identified
a meaningful functional network from a range of ICA-derived
components through a structural selection procedure, this may
have influenced our interpretation. Third, rsfMRI data can be
related to the effects of brain activity, but we did not ensure that
participants thought of nothing in particular. Finally, the sham
stimulation group and only drug group were also required to
exclude false-positive results.

To the best of our knowledge, this study is the first to
examine multiple brain network interactions after IT-TMS
therapy for MDD patients with SI. We demonstrated that
widespread but discrete network changes in functional networks
and their abnormalities are associated with clinical efficiency.
Moreover, DMN-PN and LECN-SMN functional connectivity
may act asmediators of suicidal ideation or depressive symptoms.
These findings might expand existing knowledge concerning
suicidal and depression function network organization. More
generally, they may ultimately inform a clinical protocol for
the remission of suicidal ideation and depressive symptoms
by IT-TMS.
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Neuroimaging studies have revealed that shift work disorder (SWD) affected the functional

connectivity in specific brain regions and networks. However, topological disruptions

in the structural connectivity of the white matter (WM) networks associated with

attention function remain poorly understood. In the current study, we recruited 33

patients with SWD and 29 matched healthy subjects. The attention network test

(ANT) was employed to investigate the efficiency of alerting, orienting, and executive

control networks. The diffusion tensor imaging (DTI) tractography was used to construct

the WM structural networks. The graph theory analysis was applied to detect the

alterations of topological properties of structural networks. Our results showed lower

alerting effect and higher executive effect for patients with SWD. Using the link-based

analysis, 15 altered connectivity matrices (lower fiber numbers) were found between

the two groups. Meanwhile, the graph theoretical analysis showed that the global

efficiency and characteristic path length within SWD patients declined in contrast with the

healthy controls. Furthermore, a significantly negative correlation was found between the

executive effect and global network efficiency. Our findings provide the new insights into

the fundamental architecture of interregional structural connectivity underlying attention

deficits in SWD, which may be a potential biomarker for SWD.

Keywords: attention, shift work disorder, structural brain network, graph analysis, diffusion tensor imaging (DTI)

INTRODUCTION

Shift work disorder (SWD), involving circadian rhythm disorders, is characterized by the difficulty
in falling asleep, sufficient sleep, and daytime fatigue, which result in the altered cognitive
performance (1). One study has shown that the exposure duration of shift work was negatively
associated with impaired cognition (2). Another study on the effects of shift work nurses on sleep
and cognitive function has shown impaired attention for SWD (3). However, the knowledge about
underlying mechanisms of the cognitive impairments on SWD is limited.

Attention network test (ANT), developed by Fan et al. (4), provides an easy way to distinguish
three independent attentional components within one integrated task. It is widely used to measure
the attentional performance of healthy individuals and mental patients (5–7). The ANT study on
sleep deprivation has shown an overall slowing of reaction times in the nocturnal session, along
with impairments in orientation and executive function (8). However, the abnormal attention on
SWD via the ANT is still unknown.
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To date, numerous studies on functional abnormalities in
SWD have been detected via functional magnetic resonance
imaging (fMRI) (9, 10). One study on night shift nurses has
shown higher ReHo in the bilateral occipital lobe and left parietal
lobe and lower regional homogeneity (ReHo) in the bilateral
cerebellar hemisphere in contrast with the day shift nurses
(10). Another study on SWD has revealed disrupted functional
connectivity between default mode network and sensorimotor
network, left frontoparietal network, and salience network
(9). Nevertheless, there is no study focusing on structural
changes in SWD. The diffusion tensor imaging (DTI) opens
a window to investigate the brain structural connectivity in
vivo (11). In combination with a graph theoretical method, this
advanced technique can offer insight into the brain’s structural
connection patterns. In recent years, graph theory has been
widely used to analyze large-scale brain networks across the
whole brain. Previous neuroimaging studies have brought the
analysis of structural large-scale brain networks to healthy
subjects (12), primary insomnia (13), and so on. One study
on patients with depression has revealed the decreased shortest
path length and clustering coefficient and increased global and
local efficiency (14). Another study on primary insomnia has
suggested that the insomnia patients showed increased local
efficiency and decreased global efficiency (13). However, to our
knowledge, the structural large-scale brain networks on SWD
remain unexplored.

In the current study, we applied DTI tractography in
combination with graph theory to examine the neuroanatomical
substrates of the three attention systems measured by ANT
in 33 patients with SWD and 29 healthy subjects. First, white
matter connectivity, assessed with diffusion tensor imaging
deterministic tractography, was modeled as a structural network
comprising 148 nodes defined by the Destrieux atlas. Then, we
calculated global, local, and regional efficiencies of structural
brain networks for each subject. Finally, we conducted the linear
regression analyses to investigate the relationship between the
network efficiency and the three attentional effects.

MATERIALS AND METHODS

The Beijing Anding Hospital of Ethics Committee approved
this study. All participants signed informed consents prior
to participation.

Participants
Thirty-three right-handed participants (two male, aged 28.06
± 2.28 years) were diagnosed with SWD in accordance with
the International Classification of Sleep Disorders (2nd Edition)
by the American Sleep Disorders Association; nursing staff at
Beijing Anding Hospital; 20–40 years old, right-handed; working
regular night shift for at least 1 year and at least two shifts per
week; with no history of prophylactic or therapeutic medicine
in the past 3 months; and no history of long-term analgesic
use. The exclusion criteria were as follows: being pregnant or
breastfeeding, having a history of neurological or psychiatric
disorders, participating in cognitive experiments within 1 year,
any mental or physical impairments that may interfere with

participation, any brain structure damage or abnormalities
identified by MRI examinations, any history of alcohol or drug
dependence, and any MRI contraindications.

Another 29 healthy subjects (three male, aged 27.17 ± 2.25
years) were recruited meeting the following inclusion criteria:
relative regularity of sleep in the past 12 months; aged 20–40
years, right-handed; sleeping <3 times per month after 2,300 h,
and working the night shift <3 times per month in the past year.

ANT Assessment
ANT, a cognitive task designed by Fan et al. (4) investigated the
efficiency of alerting, orienting, and executive control networks
involved in attention. All recruited participants were ordered to
press a button as accurately and rapidly as possible to determine
the direction of the target. Participants were presented with
the target and flankers until they made a response or 2,000ms
had elapsed. A cue would be presented for 200ms prior to the
target. The task used three cue conditions: no cue, center cue,
and spatial cue. Each participant completed three blocks in this
experiment, each block lasting for 5min and 42 s and consisting
of 36 trials, plus two buffer trials at the start. In each block, a
total of six trial types were presented in a counterbalanced order.
All subjects were trained before the formal experiment. Stimuli
were presented, and behavioral responses were recorded using E-
Prime 2.0 software. Three attention networks were evaluated by
calculating ratio scores of alerting, orienting, and EC issues. The
formulas were as follows:

Alerting effect= no cue response – center cue response.
Orienting effect= center cue response – spatial cue response.
Executive effect = incongruent target response – congruent
target response.

A higher executive effect score reflected a relatively poorer
executive function. The total accuracy of each subject was
calculated, and those with over 20% error rates should be
excluded from this study. The trials with incorrect responses or
with response time (RT) longer than 1,500ms or shorter than
200ms were also excluded to avoid the influence of the outliers.
The procedure of ANT is shown in Figure 1.

MRI Acquisition
The MRI scan was acquired using a 3.0-T MRI scanner
(Siemens, Prisma Germany) at Anding Hospital, Beijing, China.
Participants were instructed to rest for 30min before scanning,
stay still, stay focused, keep their eyes closed, and refrain from
falling asleep during the scan. Earplugs were worn to reduce
scanner noise. The foam head holders were immobilized to
minimize head movements during scanning.

Prior to the DTI scanning, a standard 3D T1-weight high-
resolution structural image was acquired with the following
parameters: voxel size = 1 mm3, TR = 2,530ms, TE = 3.39ms,
flip angle = 90◦, matrix = 256 × 256, field of view =256mm
× 256mm, slice thickness = 1mm. The DTI data lasted 12min
and 30 s with a single-shot, echo-planar imaging sequence.
The diffusion sensitizing gradients were applied along 64 non-
collinear directions (b = 1,000 s/mm2) with an acquisition
without diffusion weighting (b = 0 s/mm2). In addition, specific

Frontiers in Psychiatry | www.frontiersin.org 2 February 2022 | Volume 12 | Article 80283041

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Ning et al. Structural Networks in SWD

FIGURE 1 | Attention network test (ANT) schematic showing the time and different conditions for each trial. A trial starts via presenting one cue condition for 200ms.

A variable delay period of 300–11,800ms elapses before one target condition is displayed. The target disappears after 2,000ms had elapsed or until they made a

response. From the moment, the target appears the trial continues for a variable delay period of 3,000–15,000ms.

parameters were as follow: TR= 11,000ms, TE = 98ms, matrix
= 128 × 128, field of view = 256mm × 256mm, slice thickness
= 2.0mm with no gap.

T1 Data Preprocessing
All T1 data were preprocessed by the Freesurfer 6.0 (http://surfer.
nmr.mgh.harvard.edu) with the basic method of recon-all to
remove the nonbrain structure. Moreover, 5ttgen from MRtrix
was applied to generate five-tissue-type image, including cortical
gray matter, subcortical gray matter, white matter, cerebrospinal
fluid, and pathological tissues. Then, the parcellation of cortical
ribbon was segmented into 148 different regions by the Destrieux
atlas (15, 16). After that, MRtrix was used to convert the
parcellated image for producing 164 nodes, which was prepared
for connectome analysis.

DTI Data Preprocessing and Tractography
First, the noise was removed in the original DTI data by
the dwidenoise from MRtrix, which implemented dMRI noise
level estimation and denoising based on random matrix
theory (17, 18). Second, the dwifslpreproc script of MRtrix,
which comprises FSL’s eddy and top-up tools, was used to
correct the eddy current-induced distortion, motion distortion,
and susceptibility-induced distortion. Third, DWI bias field
correction was performed on data processed in the previous
step using the N4 algorithm (19) as provided in ANTs.
Fourth, the processed DTI data and the preprocessed T1
image were registered by ANTs (https://github.com/ANTsX)
software, and the alignment matrix was obtained. Meanwhile, the

alignment matrix was applied into the DTI data. Fifth, applying
fiber constrained spherical deconvolution algorithm, orientation
distributions were calculated by estimating multitissue response
function (20). The whole-brain tractgrams were produced
by five-tissue-type segmented T1 image and anatomically
constrained tractography. Finally, a 164 × 164 connectivity
matrix was produced by mapping the tracks into the 164 nodes.
Each contribution to the connectivity was decided by the inverse
of the two node volumes, which applied link-based analysis to
explore individual connections between any node pair within a
network. The procedure is shown in Figure 2.

Connectivity and Small Network Analysis
Gretna 2.0 was applied for graph theory analysis. In this
study, the correlation coefficient matrix is processed into an
undirected binary matrix by the sparsity threshold method. The
topological organization changes in the whole brain functional
network are described by analyzing small-world metrics and
network efficiency. The main small-world parameters included
the clustering coefficient (Cp) and characteristic path length (Lp),
which reflected the mean clustering coefficient and characteristic
path length of 100 random networks. The Cp is defined as the
average clustering coefficient over all nodes, meanwhile the Lp is
defined as the average of all shortest path lengths between all over
anode pairs. The network efficiency included global efficiency
(Eg), and the mean is the mean local efficiency over all nodes in
the network (21). Eg is defined as the inverse of the harmonic
mean of the shortest path lengths of each pair of nodes, reflecting
the capacity for communications throughout the entire network,
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FIGURE 2 | A flowchart of white matter network construction.

while the local efficiency is the mean local efficiency over all
nodes in the network. Small-world brain network and network
efficiency index between the two groups were compared with
two sample t-test. The network-based statistic (NBS) was used to
identify the group of connections. A total of 5,000 permutations
were generated to estimate p-values (edge p < 0.001, component
p < 0.05). Meanwhile, a correlation analysis was implemented
between the three attentional effects and network efficiency.

RESULTS

Demographic and Clinical Information
Socio-demographic characteristics and ANT scores of all
recruited subjects are shown in Table 1. Table 1 also shows that
the age of patients with SWD distributed between 24 and 33 years
old, which can eliminate aging impact on changes in tolerance to
shift work. There were also no significant differences in gender
and educational level between the two groups.

The ANT effects between the two groups were conducted via
two sample t-test analysis or non-parameter test. Compared with
healthy controls, patients with SWD showed lower alerting effects
and higher executive effects, which suggested declines in alerting
and executive functions. No significant differences were observed
on orienting effect, overall mean RT, and accuracy between the
two groups.

Group Differences in Connectivity Matrix
After accumulating 164 × 164 connectivity matrix, we found 15
significant differences in individual graph components between
patients with SWD and healthy controls. The results were
corrected by NBS (edge p < 0.001, component p < 0.05).
Significant components for patients with SWD showed lower
fiber numbers than healthy controls concerned connections
between the left proper thalamus and left middle frontal gyrus,
between the left proper thalamus and left postcentral gyrus,
between the right temporal pole and left parieto-occipital,
between the left temporal pole and left occipital pole, between
the left caudate and left middle frontal gyrus, between the right
middle frontal gyrus and right putamen, between the right
superior frontal gyrus and left superior frontal gyrus, between
the left superior frontal gyrus and left anterior middle cingulate,
between the left occipital pole and left occipital temporal lateral
fusiform, between the right middle frontal gyrus and right
caudate, between the right superior frontal gyrus and right
caudate, between the left circular superior insula and left long
insular, between the left suborbital and left subcallosal, between
the left lat fissure post and left paracentral, and between the
right occipital superior and transversalis and right calcarine
(Table 2; Figure 3). No connectivity matrix was found for
higher fiber numbers on patients with SWD in contrast with
healthy controls.
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TABLE 1 | The demographic information and ANT between patients with SWD and healthy controls.

Item SWD

N = 33

HC

N = 29

χ
2/t/z p

Gender (male/female) 2/31 3/26 0.38 (χ2) 0.54

Age range (min, max)/years 24, 33 24, 33 NA NA

Age [M(IQR)]/years 28 (4) 27 (3.5) −1.66 (z) 0.10

Educational level [M(IQR)]/years 16 (3) 16 (3) −0.56 (z) 0.58

Alerting effect [mean(SD)]/ms 39.79 (3.94) 50.34 (3.36) −2.01 (t) 0.049

Orienting effect [M(IQR)]/ ms 44 (23.5) 44 (25) −0.36 (z) 0.72

Executive conflict effect [M(IQR)]/ms 125 (43) 108 (14.5) −2.44 (z) 0.02

Overall mean RT [M(IQR)]/ms 616 (89) 598 (65) −1.35 (z) 0.18

Accuracy [M(IQR)]/% 97 (2.5) 98 (1) −1.76 (z) 0.08

HC, healthy control; IQR, interquartile range; M, median; RT, reaction time; SD, standard deviation; SWD, shift work disorder.

TABLE 2 | Significant components in connectivity matrix between the two groups.

Components (HC > SWD) t p

Left proper thalamus–left middle frontal gyrus 3.51 0.03

Left proper thalamus–left postcentral gyrus 3.61 0.03

Right temporal pole–left parieto-occipital 3.65 0.03

Left temporal pole–left occipital pole 4.08 0.01

Left caudate–left middle frontal gyrus 3.62 0.03

Right middle frontal gyrus–right putamen 3.33 0.03

Right superior frontal gyrus–left superior frontal

gyrus

3.63 0.03

Left superior frontal gyrus–left anterior middle

cingulate

3.5 0.03

Left occipital pole–left occipital temporal lateral

fusiform

3.88 0.02

Right middle frontal gyrus–right caudate 3.74 0.02

Right superior frontal gyrus–right caudate 3.84 0.02

Left circular superior insula–left long insular 3.59 0.03

Left suborbital–left subcallosal 3.9 0.02

Left lat fissure post–left paracentral 3.41 0.04

Right occipital superior and transversalis–right

calcarine

3.41 0.04

HC, healthy control; SWD, shift work disorder; –, represents the link between the two

brain regions.

The results were corrected by NBS (edge p < 0.001, component p < 0.05).

Group Differences in Small-World
Parameters and Network Efficiency
The matrices were constructed with a wide range of sparsity
(0.05–0.5) in all enrolled subjects. The small-world parameters
were calculated and further compared between the patients
with SWD and healthy controls. The Lp values of the patients
with SWD had a significant reduction in contrast with healthy
controls (0.1 ≤ Sp ≤ 0.25), which is shown in Figure 4A. After
accumulating the global network efficiency, the result revealed
that the patients with SWD exhibited notably lower Eg than
the healthy controls on certain sparsity thresholds (0.1 ≤ Sp

≤ 0.25), which is shown in Figure 4B. However, no significant
differences between the two groups were revealed in regard to the
local efficiency.

Correlation Analysis Between ANT Effects
and Network Efficiency
The correlation analysis was conducted between the three
attentional effects and the global network efficiency. A significant
negative correlation (R2

= 0.123, p = 0.045) was found between
the executive effect and global network efficiency (Figure 5).

DISCUSSION

To our knowledge, this is the first study exploringWM structural
connectivity and associations with ANT in patients with SWD.
Our results revealed lower alerting effects and higher executive
effects for patients with SWD. Using link-based analysis,
significant group differences were found for 15 links. Meanwhile,
the graph theoretical analysis showed that the patients with SWD
displayed declines on the Eg and Lp in contrast with the healthy
controls. Moreover, the Eg value was negatively correlated
with the executive effect. This study primarily demonstrated
the disrupted WM structural brain networks underlying the
abnormal characteristic of ANT in SWD.

In our study, we first conducted the comparisons between
patients with SWD and healthy controls on efficiency of
attentional networks. The lower alerting effects and higher
executive effects were found on patients with SWD, which
suggested declines in alerting and executive functions. Our
results were in line with previous studies. One study on
healthcare works showed impaired alertness and performance
for night shifts due to circadian misalignment (22). Another
study on shift work nurses showed that nurses after working
night shifts performed worse concentration and more fatigue
compared with after working day shifts (23). Furthermore, it
was reported that healthy subjects with mental fatigue impairs
pre-attentive processing (24). Hence, we speculated that the
fatigue might explain the reasons for declines in alerting and
executive functions.
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FIGURE 3 | Visualization of the disrupted connectivity matrix found in the group comparison when using link-based analysis. lh, left hemisphere; rh, right hemisphere.

The results from the link-based analysis showed 15 altered
connectivity matrices (lower fiber numbers) in patients with
SWD compared with healthy controls. The brain regions of
disrupted structural connectivity were mainly involved in the
frontal gyrus, putamen, and caudate. The frontal gyrus is
known to be responsible for emotion processing, working
memory, attention, and executive functions (25). One working
memory task-related fMRI study on insomnia patients revealed
deactivations in the frontal regions (26). In addition, the
resting-state fMRI study on insomnia patients showed decreased
amplitude of low-frequency fluctuation values in the right
middle frontal gyrus and the left orbitofrontal cortex (27).
The putamen and caudate belong to the corpus striatum,

which forms multisynaptic loops with cortical regions and is
associated with motor, memory, and learning. One study on
morphological changes in subcortical structures showed that
the volume loss of the putamen was associated with impaired
cognitive function in patients with chronic insomnia (28).
Another study on patients with depression showed disrupted
structural connections between the right orbitofrontal cortex
and the right putamen, caudate, and inferior temporal gyrus
(14). It is possible that the disrupted structural connectivity
between frontal gyrus and subcortical nuclei underlies cognitive
impairments in patients with SWD. Moreover, we also found
lower structural connectivity between the left proper thalamus
and left middle frontal gyrus, between the left proper thalamus
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FIGURE 4 | Group comparison of global network topological properties (Lp and Eg) between the patients with SWD and healthy controls. (A) The Lp values of the

patients with SWD had a significant reduction in contrast with HCs on certain sparsity thresholds (0.1 ≤ Sp ≤ 0.25). (B) The result revealed that the patients with SWD

exhibited notably lower Eg than the HCs on certain sparsity thresholds (0.1 ≤ Sp ≤ 0.25). Eg, global efficiency; HC, healthy control; Lp, characteristic path length;

SWD, shift work disorder.

and left postcentral gyrus. The thalamus is recognized to be
involved in maintaining alertness and vigilant attention, which
is also a key hub of the cortical attention network (29). The study
on sleep deprivation revealed increased thalamic activation after
total sleep deprivation, which suggested that increased thalamic
activation may compensate for the attention in order to complete
the task (30). Notably, the more positive connectivity between
the thalamus and cortical regions in patients with insomnia
was found in comparison with the healthy controls, which
also supported the hyperarousal hypothesis (31). In conclusion,
these explorative findings may explain the structural connectivity
mechanisms underlying the reduced alertness and executive
function in patients with SWD.

The graph theoretical method of structural networks have
indicated the shortest paths between brain regions and high
clustering of connections, which balanced between the global
integration and local specialization. In line with previous
studies on structural and functional networks, our results also
showed decline on the Eg and Lp between the two groups,
which represented the disrupted small-world organization of
the structural brain networks. Global network efficiency mainly

reflected the capacity for network-wide communication and was
regarded as the basis of integrative processing for cognitive
functions. Patients with AD (32), primary insomnia (13), and
attention deficit hyperactivity disorder (ADHD) (33, 34) all
exhibited a decreased global efficiency of the wholeWMnetworks
compared with healthy subjects. Nevertheless, the study on sleep
deprivation showed the enhanced small-world property, which
suggested a possible compensatory effect on the human brain
(35). Moreover, the global network efficiency was negatively
correlated with the executive effect, which meant the poorer
executive function with the lower global efficiency of WM
networks. One study on hypertension patients (36) exhibited
the executive function impairment underlying a decreased global
efficiency of the WM networks. Another study on healthy
subjects (12) also showed a significant negative correlation
between global efficiency ofWMbrain network and the executive
effect. Hence, we speculated that the declined Eg and Lp may
reflect the impaired WM structural network underlying the
deficit of attention.

However, there were still some limitations. First, we applied
the Destrieux atlas to divide the human brain. However, recent
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FIGURE 5 | Significant negative correlation between global efficiency and

executive conflict effect.

studies have shown that higher-spatial-resolution networks of up
to 10,240 parcels (37, 38) could supply an increased sensitivity
to local properties. Further studies with higher-spatial-resolution
networks may help provide more results on local properties.
Second, the enrolled patients in our study only included twomale
subjects, which failed to analyze the difference in WM structural
networks in gender.

CONCLUSION

To the best of our knowledge, this is the first study to explore the
topological organization of WM structural network connectivity
in SWD. Our findings provide new insights into the fundamental
architecture of interregional structural connectivity underlying

attention deficits in SWD, which may be a potential biomarker
for SWD.
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Late-life depression (LLD) is an important public health problem among the aging

population. Recent studies found that mindfulness-based cognitive therapy (MBCT)

can effectively alleviate depressive symptoms in major depressive disorder. The present

study explored the clinical effect and potential neuroimaging mechanism of MBCT

in the treatment of LLD. We enrolled 60 participants with LLD in an 8-week,

randomized, controlled trial (ChiCTR1800017725). Patients were randomized to the

treatment-as-usual (TAU) group or a MBCT+TAU group. The Hamilton Depression Scale

(HAMD) and Hamilton Anxiety Scale (HAMA) were used to evaluate symptoms. Magnetic

resonance imaging (MRI) was used to measure changes in resting-state functional

connectivity and structural connectivity. We also measured the relationship between

changes in brain connectivity and improvements in clinical symptoms. HAMD total scores

in the MBCT+TAU group were significantly lower than in the TAU group after 8 weeks of

treatment (p< 0.001) and at the end of the 3-month follow-up (p< 0.001). The increase in

functional connections between the amygdala and middle frontal gyrus (MFG) correlated

with decreases in HAMA and HAMD scores in the MBCT+TAU group. Diffusion tensor

imaging analyses showed that fractional anisotropy of the MFG-amygdala significantly

increased in the MBCT+TAU group after 8-week treatment compared with the TAU

group. Our study suggested that MBCT improves depression and anxiety symptoms

that are associated with LLD. MBCT strengthened functional and structural connections

between the amygdala and MFG, and this increase in communication correlated with

improvements in clinical symptoms.
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Keywords: late-life depression, mindfulness-based cognitive therapy, magnetic resonance imaging, functional
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INTRODUCTION

Depression that occurs after 60–65 years of age is typically
referred to as late-life depression (LLD), with a lifetime
prevalence of 16% (1, 2). Late-life depression is an important
public health concern among the aging population, severely
affecting psychological, social, and biological functions (3).
According to data from the World Health Organization, LDD
is currently the leading cause of disability worldwide (4). The
most common treatments for LLD are antidepressants, but side
effects and other limitations can hamper their efficacy. Older
adults are considered a vulnerable population because they
are more likely to suffer from chronic medical conditions and
are sensitive to adverse effects of antidepressants (5). Risks of
drug interactions and undesirable side effects increase because
of metabolic abnormalities that occur with aging and multiple
prescribed medications that are taken for comorbidities (5).
Older patients with depression require extra care from clinical
professionals because of high rates of relapse and recurrence
(6). Psychotherapy can play a significant role in the treatment
of psychiatric disorders. Psychotherapy helps patients with
mood disorders deal with maladaptive thinking and develop
a positive mindset (6, 7). The combination of psychotherapy
and pharmacotherapy was shown to be an effective approach to
treat the acute phase of depression and preventing relapse and
recurrence (7).

Mindfulness-based cognitive therapy (MBCT) is an evidence-
based psychotherapeutic intervention that integrates several
essential elements of cognitive behavioral therapy with
mindfulness meditation (8). Mindfulness training focuses on the
progressive acquisition of mindful awareness to ameliorate stress
and reduce negative feelings and thoughts. Thus, MBCT may
be a good option to treatment stress-related disease. MBCT is
currently recommended by several national clinical guidelines as
a prophylactic treatment for recurrent major depressive disorder
(9, 10), and it is considered a cost-effective intervention. MBCT
usually consists of 8-week group sessions and individual daily
homework between sessions. Since the first edition of the MBCT
manual was published in 2002, mounting interest in MBCT
and its clinical potential has been seen in treating depressive
disorders (11). Previous studies demonstrated that MBCT is
an effective nonpharmacological approach to reduce the risk
of depression relapse/recurrence in young adults with major
depression (12) and patients with LLD in primary care (13, 14).
However, unknown are whether and how specific circuits are
affected by MBCT.

Many studies indicate that abnormal structural and functional
alterations of the brain underlie the pathophysiology of LDD (15–
17). Negative correlations were found between a greater number
of depressive episodes and a reduction of hippocampal volume
(18), with thinning of the medial prefrontal cortex (mPFC) (19).
Illness duration also correlated with a volume reduction of the
hippocampus, putamen, insula, andmPFC (20–22). Resting-state
functional magnetic resonance imaging (fMRI) studies reported
a reduction of connectivity between the amygdala and dorsal
frontal regions in LLD patients (23), with disruptions of the
fronto-parietal network (24). Brain connectivity between the

fronto-parietal network and regions that are involved in sensory
information processing were restored after MBCT in patients
with major depression (25). Additionally, meditation training
is a vital part of MBCT that induces brain network changes
in functional and structural connectivity, such as the fronto-
parietal network, default mode network, and salience network
(26, 27). Prior studies that investigated neural mechanisms of
emotion regulation reported that meditation training heightened
functional connectivity between the amygdala and mPFC (28).
Some attempts have been made to provide initial evidence of
a decrease in structural brain connectivities in MDD (29, 30).
A decrease in fractional anisotropy (FA) of the white matter
tract that connects the subgenual anterior cingulate cortex and
amygdala was observed in adolescents with depression (30).
However, an increase in radial diffusivity of the right uncinate
fasciculus was also reported in patients with MDD (29). Still
unclear, however, is how MBCT affects brain structure and
function to improve symptoms of LDD.

The present study explored whether MBCT as an adjunctive
treatment to treatment as usual (TAU) in LDD patients has
superior outcomes compared with TAU alone. Brain imaging
was performed to evaluate the possible mechanism of adjunctive
MBCT in LDD patients by analyzing brain connectivity and
potential biological correlates. We also investigated whether
white matter integrity between the amygdala and MFG (i.e.,
two brain regions that have shown to be important in MDD)
supports abnormal functional connectivity between these two
brain regions (31, 32). Diffusion-weighted images were collected,
and the FA of fiber tracts that connect the amygdala andMFGwas
compared between patients who received MBCT combined with
TAU or TAU alone. Our findings may contribute to new non-
pharmaceutical strategies for the treatment of elderly patients
with LLD.

MATERIALS AND METHODS

Participants
We recruited outpatients with depression who were over 60
years of age, with no upper age limit, from May 2018 to June
2019. This study was approved by the Ethics Committee of
Peking University Sixth Hospital. All patients provided written
informed consent to participate in the study. All of the subjects
were diagnosed with depression by two experienced psychiatrists
using the Diagnostic and Statistical Manual of Mental Disorders,
4th edition (DSM-IV), and Structured Clinical Interview for
the DSM (SCID). The severity of depression was assessed
using the 24-item Hamilton Depression Scale (HAMD). The
severity of anxiety was assessed using the Hamilton Anxiety
Scale (HAMA). Overall cognitive function was rated using
the Mini-Mental State Examination (MMSE). For all of the
subjects, the exclusion criteria included the following: (1)
current or previous diagnosis of schizophrenia, bipolar disorder,
substance abuse, substance-induced depression, or dementia,
(2) MMSE score < 26, (3) severe somatic disease (e.g., brain
tumors, metastatic cancer, or unstable cardiac, hepatic, or renal
disease), (4) treatment with antidepressants (except selective
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FIGURE 1 | Flow chart of the study.

serotonin reuptake inhibitors [SSRIs] and selective serotonin-
norepinephrine reuptake inhibitors [SNRIs]), (5) current suicidal
ideation, (6) left handed, and (7) any contraindication to fMRI
(e.g., having a pacemaker or implanted metal). In this study,
participants were informed about assignment while assessors
remained blind.

Study Design
This was a single-center, randomized, parallel-group,
controlled trial that was registered with ClinicalTrials.gov
(no. ChiCTR1800017725). The study consisted of three phases:
screening phase, 8-week treatment phase, and up to a 3-month
follow-up phase. Following baseline measure completion, eligible
patients were randomly divided into the MBCT+TAU group
or TAU group. The MBCT+TAU group was given 8 weeks of
the MBCT intervention with current antidepressant treatments.
The TAU group continued to receive their usual antidepressant

treatments only (Figure 1). In the MBCT+TAU group, 22
patients received SSRIs (15 escitalopram, 20 mg/day; 5 sertraline,
150-200 mg/day; 2 fluoxetine, 20 mg/day), and eight patients
received SNRIs (5 duloxetine, 60–90 mg/day; 3 venlafaxine,
150–225 mg/day). In the TAU group, 23 patients received SSRIs
(16 escitalopram, 20 mg/day; 7 sertraline, 150–200 mg/day), and
seven received SNRIs (3 duloxetine, 60–90mg/day; 4 venlafaxine,
150–225 mg/day).

The MBCT protocol was based on a manualized 8-week
meditation-based skills-training group program (8) and adapted
to be more suitable for elderly individuals with depression.
MBCT was adapted to cater older adults’ physical condition
and prevent them falls. Furthermore, we would provide online
support offers for them to better understanding MBCT program.
During 8-week treatment, the guided meditations ranged
from 60 to 90min once weekly. Mindfulness were supervised
45min daily by themselves. Patients were recommended to
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practice mindfulness voluntarily at home. The time of voluntary
mindfulness practice were recorded per day by a mindfulness
practice log. We visited patients in the TAU group weekly to ask
about adverse events. The TAU group did not receive any other
psychotherapy. We evaluated changes in depressive and anxiety
symptoms using the 24-itemHAMD as the primary outcome and
HAMA as the secondary outcome at baseline, at the end of 8
weeks of treatment, and at the 3-month follow-up.

Functional Magnetic Resonance Imaging
To further explore possible mechanisms of MBCT, fMRI was
performed to measure changes in brain function during the
resting state (33, 34) in LLD patients before and after treatment
at baseline (pre-test) and 8 weeks (post-test). fMRI data for
all participants were acquired using a research-dedicated 3.0 T
GE EXCITE HD scanner (GE Medical Systems, Milwaukee, WI,
USA) at Peking University Sixth Hospital with an 8-channel head
coil. For each participant, high-resolution T1-weighted structural
images were acquired using the following parameters: field of
view (FOV)= 25.6 cm3, flip angle= 12◦. Eight-min resting-state
fMRI scans were performed using a gradient-echo echo-planar
imaging (EPI) sequence (FOV= 22.0 cm3, TR= 2,000ms, TE=

30ms, flip angle= 90◦, number of slices= 43, total scans= 240).
We then performed diffusion tensor imaging (DTI) scans by a
gradient-echo EPI sequence (FOV = 22.0 cm3, TR = 2,000ms,
TE = 30ms, flip angle = 90◦, number of slices = 43, total scans
= 240). To reduce motion artifacts, the participant’s head was
fixed with foam pads on the scanner bed. Each participant was
instructed to stay still and awake during data acquisition.

Diffusion Tensor Imaging Data
Diffusion tensor imaging data were processed using tools that
are included in the Functional MRI of the Brain (FMRIB)
Software Library (FSL), which is used for motion and eddy-
current correction. A diffusion tensor model was fit at each voxel
using DTIFIT. For individual FA images, the FMRIB Diffusion
Toolbox (FDT) was used to fit a diffusion tensor to raw diffusion
data, and the brain was extracted using the Brain Extraction Tool
(BET). All subjects’ FA images were aligned into a common space
using the FNIRT nonlinear registration tool. The threshold of the
mean FA skeleton image was 0.2.

Data preprocessing and FA values for each white matter
tract were calculated using automated whole-brain atlas-based
tractography with above method. Preprocessing was performed
using the FSL. First, non-brain tissue was deleted with the
brain extraction tool from eddy current-corrected diffusion
MRI data. Diffusion indices, such as FA, tensors, and the first
eigenvector, were calculated using the FMRIB Diffusion Toolbox.
Finally, linear and non-linear registrations were conducted using
the FMRIB Linear Image Registration Tool, followed by the
FMRIB Nonlinear Image Registration Tool. Automated fiber
tracking with the tensor deflection method was performed
with 54 white matter parcels, which were prescribed based on
the Johns Hopkins University Diffusion Tensor Imaging-based
white-matter atlas. The FA value at each stepping point (stepping
width: 0.5mm) along each fiber was calculated by interpolation
using volume data for the center points of the nearest eight

voxels around the stepping point. The terminate criteria were
FA < 0.25 and flip angle > 45◦. Fiber tracking procedures were
performed using MATLAB R2015b for Windows (MathWorks,
Natick, MA, USA).

Data Analysis
Functional image preprocessing was performed using CONN
software (http://web.mit.edu/swg/software.htm). Briefly, after
excluding the first 10 images to ensure signal equilibrium,
functional images were corrected for head motion and temporal
differences. A subject was excluded if any translation or rotation
parameters in this subject’s dataset exceeded ± 2.5mm and/or
± 2.5◦. The corrected functional images were first co-registered
to each subject’s T1 images without re-slicing. T1 images were
then normalized toMontreal Neurological Institute (MNI) space,
which generated a transformed matrix from native space to MNI
space. Functional images were then transformed to MNI space
using this matrix and resampled at 3 × 3 × 3 mm3. Outlier
detection was performed on the normalized images. Finally, all
images were smoothed with a 6mm full width at half maximum
Gaussian kernel.

An Anatomical Automatic Labeling cortical and sub-cortical
atlas was used to segment the whole brain into 116 anatomical
regions of interest (ROIs). For each subject, each ROI time
series was extracted as the average time series across all voxels
within that region. To remove spurious sources of variance,
all ROI time series underwent the following steps: (1) linear
detrending, (2) regressing out the six head motion parameters
and their first-level derivative, the averaged cerebrospinal fluid
and white matter signals, and the scrubbing signal from the
time series, and (3) 0.01–0.1Hz band-pass filtering. All of
these steps were accomplished using CONN software. Finally,
Pearson correlation coefficients were calculated between each
pair of preprocessed ROI time series, and a temporal correlation
matrix was generated for each subject. We analyzed changes
in the functional connectivity of these ROIs between the two
groups before and after treatment. Functional connectivity
with significant group × time interactions in the two groups
was investigated.

DTI data preprocessing was performed using FSL package. To
compare between-group differences in white matter integrity of
the uncinate fasciculus in both the right and left hemispheres,
four seed regions (two seeds for each hemisphere) that
represented the amygdala and MFG were defined as volumetric
regions based on the anatomical automatic labeling atlas that
is available within the FSL package (https://fsl.fmrib.ox.ac.uk/
fsldownloads_registration). These seeds were selected to anchor
the endpoint of tracks that constituted the uncinate fasciculus.
For each hemisphere and each subject/visit, the uncinate
fasciculus mean summary values (i.e., FA, mean diffusivity, axial
diffusivity, and radial diffusivity) were extracted using TrackVis
software (http://www.trackvis.org/). Finally, two-sample t-tests
were performed to investigate white matter integrity of the
uncinate fasciculus within the two groups. Significant changes
in FA at baseline were correlated with neuropsychological data
to investigate whether individual differences in white matter
integrity were associated with the extent of depression. We
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reanalyzed the brain images using the false discovery rate (FDR)
for multiple comparison correction.

Statistical Analysis
Demographic and clinical characteristics were analyzed
for between-group differences using two-sample t-tests for
continuous variables and the χ2 test for categorical variables.
The total time of voluntary mindfulness practice was summed
by daily homework practice time (in hour). Repeated-measures
analysis of variance (ANOVA) was used to analyze differences
in clinical measures, with group (MBCT+TAU vs. TAU) and
time (Pre vs. Post) as factors. Pearson correlation analyses were
performed to assess correlations between significant functional
connectivity findings and the clinical variables, including
HAMD scores and HAMA scores, in each group separately.
The tests were two-tailed. Values of p < 0.05 were considered
statistically significant.

RESULTS

Demographic Results
A total of 60 patients were recruited and randomly assigned to
the MBCT+TAU group (n = 30; age [mean ± SD] = 62.33 ±

7.26 years) or TAU group (n = 30; age [mean ± SD] = 61.96
± 5.56 years). Table 1 shows the baseline characteristics and
demographics of these patients. In the randomized treatment
phase, complete data were available from 30 participants (30/30,
100%) in the MBCT+TAU group. Of the 30 participants in the
TAU group, 25 participants (25/30, 83.33%) had two-session MR
scanning and follow-up data, four withdrew at 8-week follow-
up, and one dropped out at 3 months (Figure 1). No significant
differences were found between the two groups in age (t = 0.285,
p = 0.776), sex ratio (χ2

= 0.373, p = 0.761), Body Mass Index
(t = −1.773, p = 0.082), age at onset of depression (t = 0.220,
p = 0.827), duration of depression (t = −0.196, p = 0.846), or
number of episodes (t =−0.643, p= 0.523).

HAMD and HAMA Scores
For our primary outcome, changes in HAMD scores after 8 weeks
of treatment and 3 months later were analyzed. For patients
with adjunctive MBCT treatment, HAMD scores decreased from
baseline (17.67 ± 6.68) to 8-week follow-up (5.83 ± 4.92). In the
TAU group, mean HAMD scores were 18.56± 7.00) and 11.00±
5.29 at baseline and 8-week follow-up, respectively. There were
no significant differences between the two groups in HAMD at
baseline (p = 0.631). The repeated-measures ANOVA revealed
main effects of time [F(2,106) = 98.48, p < 0.001) and group
[F(1,53) = 12.43, p = 0.001] and a significant time × group
interaction [F(2,106) = 3.38, p = 0.038; Figure 2A]. We found
evidence of a greater reduction of depressive symptoms both
after 8 weeks of treatment (p < 0.001) and at the end of the 3-
month follow-up (p < 0.001), as measured by the HAMD in the
MBCT+TAU group compared with the TAU group.

We also analyzed correlations between the time of voluntary
mindfulness practice and improvements in depressive symptoms
after treatment. Figure 2B shows that the time of voluntary
mindfulness practice in the MBCT+TAU group was significantly

TABLE 1 | Demographic and clinical characteristics of the participants.

MBCT+TAU

group

(n = 30)

TAU group

(n = 30)

t/χ2 p

Age (years) 67.66 ± 5.93 67.22 ± 5.78 0.285 0.776

Sex (% male) 6 (20%) 8 (26.7%) 0.373 0.761

Education

(years)

13.73 ± 2.66 12.5 ± 3.08 1.658 0.103

Body mass

index

22.64 ± 2.42 23.63 ± 1.83 −1.773 0.082

Onset age

(years)

62.33 ± 7.26 61.96 ± 5.56 0.220 0.827

Duration

(months)

48.23 ± 43.36 50.23 ± 35.41 −0.196 0.846

Number of

episodes

2.36 ± 1.77 2.66 ± 1.84 −0.643 0.523

Current type

of medication

SSRIs 22 23 0.089 0.766

SNRIs 8 7 0.089 0.766

The results are expressed as mean ± standard deviation. SSRIs, selective serotonin

reuptake inhibitors; SNRIs, serotonin and norepinephrine reuptake inhibitors.

negatively correlated with HAMD total scores at the end of
treatment (r =−0.374, p= 0.042).

The repeated-measures ANOVA of HAMA scores showed
main effects of time [F(2,106) = 110.77, p < 0.001] and group
[F(1, 53) = 4.18, p = 0.046] but no time × group interaction
[F(2,106) = 1.99, p = 0.142; Figure 2C]. Patients in both groups
exhibited reductions of anxiety symptoms after treatment.

Resting-State Functional Connectivity
We found that after 8 weeks of treatment, functional connectivity
of the right MFG-right amygdala, right amygdala-right frontal
pole, and left supraoccipital lateral cortex-left cerebellum VII
significantly increased in the MBCT+TAU group compared with
the TAU group. The degree of functional connectivity of the
left insula-left precentral gyrus, left insula-right cerebellum VII,
and left hippocampus-right intracalcarine cortex significantly
decreased (Figure 3A). Correlation analysis was used to explore
the relationship between changes in functional connectivity
directly and improvements in symptoms. The results showed
that changes in functional connectivity of the right MFG-right
amygdala in the MBCT+TAU group significantly positively
correlated with changes in HAMD scores (r = 0.52, p = 0.004
after FDR corrected) and changes in HAMA scores (r = 0.49, p
= 0.006 after FDR corrected), whereas no significant correlations
were found in the TAU group (Figure 3B).

Diffusion Tensor Imaging Measures
One participant in each group was excluded because of poor
image quality for the DTI analysis. Figure 4 shows FA of the
MFG-amygdala before and after therapy in the two groups. The
repeated-measures ANOVA showed significant time × group
[F(1,51) = 4.829, p = 0.033] and time × hemisphere [F(1,51) =
27.524, p < 0.001] interactions and significant main effects of
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FIGURE 2 | Clinical measures from baseline to endpoints in the two groups. (A) Changes in HAMD scores in the MBCT+TAU group and TAU group. (B) Correlation

between meditation practice time and HAMD scores. (C) Changes in HAMD scores in the MBCT+TAU group and TAU group. ***p < 0.001.

time [F(1,51) = 34.757, p < 0.001] and hemisphere [F(1,51) =

5.800, p = 0.02] but no hemisphere × group [F(1,51) = 0.029,
p = 0.866] or time × hemisphere region × group [F(1,51) =

0.335, p = 0.565] interaction and no main effect of group [F(1,54)
= 6.30, p = 0.015]. Considering the significant time × group
interaction, we performed a simple-effect analysis. The results
showed that FA of theMFG-amygdala in theMBCT+TAU group
increasedmore than in the TAU group after 8 weeks of treatment,
especially in the right hemisphere. All the results were corrected
using FDR.

DISCUSSION

The present study investigated MBCT as an adjunctive treatment
to TAU to reduce depression symptoms in patients with LLD and
its underlying neuroimagingmechanisms.We found that 8 weeks
of adjunctive MBCT with TAU resulted in superior improvement
in depressive symptoms in patients with LLD. We also found
that MBCT increased functional and structural connectivity
between the right MFG and right amygdala, and the increase
in brain connectivity positively correlated with improvements in
clinical symptoms.

Depressive symptoms significantly decreased after 8 weeks
of MBCT, which is consistent with previous studies (35–
38). A previous study reported that patients who received
MBCT experienced the significant relief of depressive symptoms,
whereas the TAU group did not exhibit a significant reduction
of depressive symptoms (36). An 8-week course of MBCT was

more effective than sertraline monotherapy in patients with
acute depression (37). Patients with LDD often experience a
greater rate of anxiety symptoms, which hampers recovery (35,
39). Our findings indicated that MBCT alleviated both anxiety
and depressive symptoms, achieving better outcomes than drug
monotherapy. At the 3-month follow-up, a persistent decrease
in depressive symptoms was observed, and HAMD scores were
significantly lower in the MBCT+TAU group compared with the
TAU group. These results indicate thatMBCTmaintained a long-
term therapeutic effect in elderly individuals with LLD. We also
found a positive correlation between the duration of mindfulness
practice and mental health at the 3-month follow-up, which was
consistent with a previous study (40). Therefore, MBCT appears
to be a viable treatment option for aging patients with depression,
especially individuals who suffer from undesirable side effects
that are caused by pharmacotherapy.

To clarify the mechanism of MBCT, we explored changes
in brain communication that were induced by MBCT using
fMRI. Changes in functional connectivity of the right MFG-
right amygdala in the MBCT+TAU group and improvements
in HAMD scores and HAMA scores were significantly positively
correlated. These results were partially consistent with previous
studies that investigated neuro-mechanisms in depression
patients, which also found abnormalities in connectivity in the
amygdala, frontal region, insula, and hippocampus (41, 42). The
amygdala is considered to be involved in affective modulation
(43, 44) and has been implicated in LLD pathophysiology (45).
A previous study found that responses of the amygdala were
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FIGURE 3 | Differences in changes in resting-state functional connectivity and correlations. (A) Difference in changes in resting-state functional connectivity in the two

groups. (B) Correlation between resting-state functional connectivity and clinical measures.

FIGURE 4 | Fractional anisotropy of the MFG-amygdala before and after therapy in the two groups. (A) Fractional anisotropy of the right MFG-amygdala before and

after therapy in the two groups. (B) Fractional anisotropy of the left MFG-amygdala before and after therapy in the two groups.
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modulated by subjective experience and may reflect variations
in the ability to regulate mood (46). In the present study,
the increase in functional and structural connectivity between
the right MFG and right amygdala could reflect or underlie
alterations of the involvement of brain areas in conscious and
cognitively controlled emotion processing in LLD patients after
MBCT. Furthermore, functional and microstructural changes
in the MFG have been shown to play a crucial role in
depression (47–49). The increase in FA of the MFG correlated
with a decrease in depressive symptoms (50). Our results
were similar to a recent study (51) that found that patients
with anxious depression exhibited lower functional connectivity
between the right centromedial/laterobasal amygdala and right
MFG relative to patients with non-anxious depression (51).
Other studies showed that improvements in mood positively
correlated with an increase in amygdala-MFG connectivity
strength (52). These results indicate that MBCT may strengthen
brain communication between the rightMFG and right amygdala
and further alleviate both anxiety and depression symptoms in
LLD patients.

During 8 weeks of MBCT, meditation appeared to play
an important role in improving symptoms. The time of
voluntary mindfulness practice significantly negatively correlated
with the severity of depressive symptoms. A previous study
showed that meditation altered brain structure and neuronal
plasticity (53). Cortical thickness and the activity of several
specific brain regions increased during meditation, such as
the hippocampus, whereas a decrease in activity was found
in the amygdala (54–57). Stronger functional connectivity
was found between the posterior cingulate, dorsal anterior
cingulate, and prefrontal cortices was observed in experienced
meditators (58, 59). Future studies are needed to explore
changes in brain function and structure in patients with LLD
during meditation.

Limitations of the present study should be noted. The
most obvious limitation was the relatively small sample size,
which may have influenced statistical power. Additionally,
although we attempted to control for antidepressant use,
the inclusion of patients who used medication may have
confounded our findings. Furthermore, the absence of a health
education control to evaluate the placebo effect of MBCT
was also a limitation. Large-sample, intervention-controlled,
randomized trials should be conducted to investigate the
effects and underlying neural mechanisms of MBCT in patients
with LDD.

CONCLUSION

In conclusion, the present study provided efficacy outcomes of
adjunctive MBCT with antidepressants in LLD patients. Our
data indicate that changes in right MFG-amygdala connectivity
were related to improvements in clinical symptoms of LLD
after MBCT.
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Postpartum depression (PPD) is a depressive condition that is associated with a high

risk of stressful life events, poor marital relationships, and even suicide. Neuroimaging

techniques have enriched our understanding of cerebral mechanisms underlying PPD;

namely, abnormalities in the amygdala-insula-frontal circuit might contribute to the

pathogenesis of PPD. Stanford Accelerated Intelligent Neuromodulation Therapy (SAINT)

is a recently validated neuroscience-informed accelerated intermittent theta-burst

stimulation repetitive transcranial magnetic stimulation (rTMS) protocol. It has been

shown to be effective, safe, tolerable, and rapid acting for treating treatment-resistant

depression, and may be a valuable tool in the treatment of PPD. The purpose of the

current study was to detect inter-hemispheric connectivity changes and their relationship

with the clinical treatment effects of rTMS. Resting-state fMRI data from 32 patients with

PPD treatedwith SAINTwere collected and comparedwith findings from 32 agematched

healthy controls. Voxel-mirrored homotopic connectivity (VMHC) was used to analyze the

patterns of interhemispheric intrinsic functional connectivity in patients with PPD. Scores

on the 17-itemHamilton Depression Rating Scale, Edinburgh Postnatal Depression Scale

(EPDS) scores, and the relationships between these clinical characteristics and VMHC

were the primary outcomes. Patients with PPD at baseline showed reduced VMHC in

the amygdala, insula, and medial frontal gyrus compared with the HCs. These properties

showed a renormalization after individualized rTMS treatment. Furthermore, increased
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connectivity between the left and right insula after SAINT was significantly correlated

with the improvement of EPDS scores. Our results reveal the disruptions in the intrinsic

functional architecture of interhemispheric communication in patients with PPD, and

provide evidence for the pathophysiological mechanisms and the effects of rTMS.

Keywords: postpartum depression, repetitive transcranial magnetic stimulation, voxel-mirrored homotopic

connectivity, treatment effects, fMRI

INTRODUCTION

Postpartum depression (PPD) is characterized by a series of
symptoms, such as depression, agitation, and even suicide,
and affects 13% of women who have just given birth (1).
Psychotherapy, psychotropic medications, and electroconvulsive
therapy are the primary and commonly used treatments for
PPD (2, 3). Although the efficacy of these treatments has
been documented, each has its limitations and shortcomings.
For example, psychotherapy requires a long treatment duration
and is costly (4). Women who are breastfeeding may be
concerned that their infant will be exposed to psychotropic
medications, and worried about the long-term developmental
effects of this exposure (5). Electroconvulsive therapy is strongly
recommended for the treatment of major depression, but is
associated with acute adverse effects such as memory disorder
and headaches (6). As such, there is an urgent need for new
therapies for PPD that have minimal side effects and can
be used over long durations. Repetitive transcranial magnetic
stimulation (rTMS) is an effective FDA-approved treatment for
major depression and is a promising treatment for PPD (7).
The mechanism of rTMS in the treatment include activation
of neurotransmitter systems, modulation of neural circuits and
brain networks, and synaptic plasticity.

Previous studies using resting-state functional magnetic
resonance imaging (fMRI) have found that patients with PPD
show decreased activities in several brain regions, including
the dorsolateral prefrontal cortex (DLPFC), anterior cingulate
cortex, amygdala, and hippocampus, as well as attenuated
cortico-cortical and cortico-limbic connectivity (8, 9). Functional
network studies have also demonstrated that connectivity
between the posterior cingulate cortex and right amygdala
was disrupted in patients with PPD (10). Task-related fMRI
studies have revealed reduced activity in the orbitofrontal cortex,
dorsomedial prefrontal cortex, amygdala and striatum in patients
with PPD (11). Furthermore, a diffusion tensor imaging (DTI)
study found evidence of aberrant integrity of the corpus callosum,
which connects the bilateral hemispheres (12). These results
indicate that amygdala-insula-frontal circuit abnormality might
contribute to the pathogenesis of PPD.

The DLPFC is the key TMS targeting area for treating
major depressive disorder (13). Stanford Accelerated Intelligent
Neuromodulation Therapy (SAINT) is an accelerated, fMRI-
guided intermittent theta-burst stimulation (iTBS) protocol that
has recently been shown to be effective, safe, tolerable, and
rapid acting for treating treatment-resistant depression (7, 13).
Whether this protocol also has promising treatment effects in
patients with PPD has yet to be examined. In the current

study, we applied SAINT in patients with PPD and used the
voxel-mirrored homotopic connectivity (VMHC) method to
investigate how SAINT influenced interhemispheric connectivity
(14). We hypothesized that core regions within the amygdala-
insula-frontal circuit would show normalized connectivity after
SAINT protocol administration.

MATERIALS AND METHODS

Subjects
Patients with PPD were recruited from the First Affiliated
Hospital of Xinxiang Medical University. All patients were
diagnosed with major depression with a puerperal onset
according to the DSM-IV diagnostic criteria. No participants
were receiving any pharmacological treatment. Women were
excluded from the study if they had a past or current diagnosis
of bipolar disorder, post-traumatic stress disorder, or other
psychosis. Age matched healthy controls (HCs) were recruited
from the local community. Exclusion criteria for both groups
were as follows: (1) history or presence of significant neurological
or medical illnesses; (2) body mass index (BMI) ≥ 30; (3) history
of alcohol, drug, or smoking abuse; (4) contraindications for 3T
MRI, such as claustrophobia, metal implants, and pacemakers.

MRI Data Collection
A 3.0-T UNITED Discovery 770 MRI scanner was used for all
MRI acquisitions. Participants were required to keep still and
stay awake during the entire session. The resting-state functional
images were obtained with the following parameters: field of view
(FOV) = 224 × 224mm, data matrix = 64 × 64, echo time
(TE)= 30ms, repetition time (TR)= 2,000ms, slice thickness=
4mm, flip angle= 90◦ and voxel size= 3.5× 3.5× 40 mm3. For
anatomical reference, a high-resolution T1-weighted image was
also acquired with the following parameters: TR= 7.24ms, TE=

3.10ms, FOV = 256 × 256mm, flip angle = 10◦, slice thickness
= 0.5mm, and and voxel size = 0.5 × 0.5 × 1 mm3. The same
parameters were used for follow-up scans of the patients with
PPD and healthy controls.

fMRI Data Preprocessing
The resting-state fMRI images were preprocessed using the
Data Processing & Analysis for Brain imaging (DPABI, http://
rfmri.org/dpabi) software. The first 10 images were removed
for magnetization equilibrium, and the remaining 200 images
were subjected to motion realignment and slice timing, during
which the mean frame-wise displacement (FD) was calculated.
Subjects with more than 2mm of maximal translation or 2◦ of
maximal rotation were excluded. Then, the Friston-24 model
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was used to regress head motion effects and nuisance signals
from cerebrospinal fluid white matter and head motions. Then,
the fMRI data were normalized into the MNI space using the
diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL) method; the resulting images were finally
smoothed with a Gaussian kernel of 6mm full width at
half-maximum and band-pass filtered (0.01–0.08Hz). Before
calculation of the VMHC, all preprocessed rs-fMRI data were
transformed into the group-specific symmetric template; then,
VMHC was computed as Pearson’s correlation coefficient
between each voxel’s residual time series and that of the
corresponding voxel in the opposite hemisphere. Subsequently,
the correlation values were converted to z-values using Fisher’s
r-to-z transformation to enhance the normality of the values.

Treatment
Repetitive transcranial magnetic stimulation was delivered by
a commercially available magnetic stimulator (Black Dolphin
Navigation Robot). Individual L-DLPFC stimulation target
was determined according to a previous study (13). First, a
hierarchical agglomerative clustering algorithm was applied to
divide the DLPFC and subgenual anterior cingulate cortex
(sgACC) into numerous functional subunits, which were defined
as voxel pairs to be correlated. For each functional subunit,
a single time-series value was identified, which was defined
as the time-series that was most strongly correlated with the
median time series. Then, Spearman’s correlation coefficients
were used to calculate the correlation matrix. Finally, the optimal
target in DLPFC was determined considering the anticorrelation,
size, spatial concentration, and dispersion of subunits. Fifty
intermittent theta-burst stimulation (iTBS) sessions (1,800 pulses
per session, 50-min interval) were delivered in 10 daily sessions
over 5 consecutive days at 90% resting motor threshold.

Statistical Analysis
Demographic characteristics were compared between patients
with PPD and HCs using Student’s t-tests in SPSS (IBM SPSS
Statistics for Windows, version 18.0, IBM Corp.). Two-sample t-
tests (HCs vs. patients with PPD at baseline; HCs vs. patients with
PPD at follow-up) or paired t-tests (baseline vs. follow-up) were
used to identify interhemispheric FC changes. The threshold for
significance was P < 0.05, corrected with the FDR criterion.
Age, and mean FD calculated during the preprocessing step were
accounted for by including them as covariates. We extracted the
mean VMHC values of the brain regions exhibiting significant
differences (baseline vs. follow-up); then, Pearson’s correlation
coefficient was used to examine the associations between the
changes in VMHC and clinical scores in SPSS. Significance was
set at a threshold of P < 0.05, Bonferroni-corrected. Correction
for multiple comparisons was accomplished using the FDR
criterion with the “mafdr” script implemented in MATLAB.

RESULTS

Demographic Information
All participants (patients with PPD and healthy controls) were
right-handed. There were no significant differences in age, body

TABLE 1 | Demographic and clinical characteristics of participants.

Characteristics PPD (31) HCs (31) p

Age (years) 31.5 ± 3.4 31.7 ± 6.3 0.91

Education (years) 13.7 ± 2.5 14.1 ± 2.9 0.65

BMI 24.3 ± 4.5 23.9 ± 4.2 0.55

Length of pregnancy(days) 281.2 ± 17.3 280.4 ± 16.9 0.76

EPDS 16.7 ± 4.6 4.75 ± 2.2 <0.01

HAMD 32.6 ± 5.2 8.64 ± 3.8 <0.01

Characteristics PI at baseline PI at follow-up

EPDS 16.7 ± 4.6 7.88 ± 2.4 <0.01

HAMD 32.6 ± 5.2 12.1 ± 4.5 <0.01

PPD, Postpartum depression; HCs, healthy controls; BMI, body mass index; EPDS,

Edinburgh Postnatal Depression Scale; HAMD, 24-Item Hamilton Depression Scale.

mass index, education levels and length of pregnancy between
women with PPD and HCs. As expected, the patients with
PPD exhibited significantly higher EPDS scores (P < 0.001)
and HAMD scores (P < 0.001) than the HCs. After rTMS
treatment, all scores showed a significant improvement (P < 0.01
for EPDS, P < 0.01 for HAMD). Detailed information is listed
in Table 1. The head motion indicated by mean FD did not differ
significantly between baseline and follow-up in patients with PPD
(p > 0.05; mean FD = 0.142 ± 0.035 for baseline, mean FD =

0.135 ± 0.029 for follow-up), or between patients with PPD and
HCs (all p > 0.05; mean FD= 0.108± 0.041 for HCs).

VMHC Differences Between Groups
Significant VMHC differences were found between patients
with PPD and healthy controls at baseline, whereby patients
with PPD showed reduced VMHC in the bilateral insula,
bilateral amygdala, bilateral medial frontal gyrus, bilateral
putamen, bilateral pallidum, bilateral anterior cingulate cortex,
and bilateral middle cingulate cortex. After rTMS treatment,
compared with baseline values, patients with PPD at follow-up
showed increased VMHC in these regions, in addition, bilateral
middle temporal gyrus. No significant differences were found
between patients with PPD at follow-up and healthy controls.
The detailed results are shown in Figures 1, 2 and Table 2.

To clearly demonstrate the dynamic changes in VMHC values
after TMS treatment, the VMHC values within those brain
regions were extracted across the three groups, as shown in
Figure 3. A renormalization of VMHC changes was found in
patients with PPD after TMS treatment.

Correlation Results
The changes of VMHC values after TMS treatment (baseline–
follow-up) were extracted, and correlations with the clinical
features in patients with PPD were assessed. A significant
negative correlation was found between EPDS score changes
and VMHC value changes in the left and right insula (r
= −0.47, P < 0.001). The correlation results are shown in
Figure 4. No significant correlations were found for HAMD and
VMHCmetrics.
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FIGURE 1 | Significant differences of VMHC between PPD patients at baseline

and HCs (P < 0.05, FDR corrected).

FIGURE 2 | Significant differences of VMHC between PPD patients at baseline

and PPD patients at follow-up (P < 0.05, FDR corrected).

DISCUSSION

In the current study, we found that SAINT applied to patients
with PPD significantly reduced depressive symptoms. Increased
inter-hemispheric connectivity was found in the amygdala-
insula-frontal circuit after SAINT administration. Furthermore,
the increased connectivity between the left and right insula after
SAINT was significantly correlated with the improvement of the
Edinburgh Postnatal Depression Scale score. Our study is the first
to demonstrate that SAINT could be a promising TMS protocol
for treating patients with PPD.

Multiple fMRI studies have improved our understanding of
the neural mechanisms of patients with PPD. Task-related fMRI

TABLE 2 | Significantly altered VMHC across the three groups.

voxels Peak Coordinates (MNI) t-value

x y z

Baseline < HC Right insula 202 42 9 0 −11.19

Left insula 202 −42 9 0 −11.19

Right amygdala 39 27 −3 −12 −7.84

Left amygdala 39 −27 −3 −12 −7.84

Right medial frontal cortex 32 24 36 −12 −4.95

Left medial frontal cortex 32 −24 36 −12 −4.95

Right putamen 152 21 21 3 −5.99

Left putamen 152 −21 21 3 −5.99

Right pallidum 40 24 −3 6 −6.01

Left pallidum 40 −24 −3 6 −6.01

Right anterior cingulate cortex 39 9 33 15 −4.39

Left anterior cingulate cortex 39 −9 33 15 −4.39

Right middle cingulate cortex 60 3 9 30 −5.21

Left middle cingulate cortex 60 −3 9 30 −5.21

Follow-up > Baseline

Right insula 186 42 9 0 10.59

Left insula 186 −42 9 0 10.59

Right amygdala 30 27 −3 −12 7.15

Left amygdala 30 −27 −3 −12 7.15

Right medial frontal cortex 43 18 48 6 3.72

Left medial frontal cortex 43 −18 48 6 3.72

Right putamen 134 21 21 3 5.46

Left putamen 134 −21 21 3 5.46

Right pallidum 23 24 −6 6 4.95

Left pallidum 23 −24 −6 6 4.95

Right middle temporal gyrus 25 60 −6 −24 3.65

Left middle temporal gyrus 25 −60 −6 −24 3.65

studies have indicated that during exposure to emotional stimuli,
patients with PPD have increased activity in the amygdala (15)
and reduced activity in the middle frontal gyrus (MFG) and
inferior frontal gyrus (IFG). Resting-state fMRI studies have
reported significant disruption of the posterior cingulate cortex
(PCC)–right amygdala functional coupling in patients with PPD
(16). Another resting-state study using regional homogeneity
(ReHo) analysis found that PPD is characterized by decreased
ReHo in the left DLPFC, right insular right ventral temporal
cortex, amygdala, and hippocampus (17). The MFC, IFC, and
PCC constitute the so-called default mode network (DMN),
which is active at rest and involved in monitoring the external
and internal environment (18); the right insula is a core region of
the salience network (SN), which is crucial for detecting salient
external stimuli and internal mental events (19). Consistent with
previous studies, our findings suggest that disrupted activity
within the amygdala, DMN, and SN is important for the
pathophysiology of PPD.

Owing to the potential impact of medication side effects
on their newborn infant or the perceived risk of breastfeeding
while on medication, many mothers do not consider using
psychotropic medication to treat their PPD. Compared with
other depression therapies, repetitive TMS is unique in that

Frontiers in Psychiatry | www.frontiersin.org 4 March 2022 | Volume 13 | Article 85945362

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zhang et al. Individualized rTMS for Postpartum Depression

FIGURE 3 | VMHC values in bilateral insula, bilateral amygdala, bilateral medial frontal gyrus, bilateral putamen, bilateral pallidum, bilateral anterior cingulate cortex,

bilateral middle cingulate cortex and bilateral middle temporal gyrus across the three groups. HC, healthy controls.

FIGURE 4 | correlation results between the VMHC change (left insula - right

insula) and the Edinburgh Postnatal Depression Scale improvements after

rTMS treatment.

it has no systemic side effects that would interfere with child
care. Previous studies have indicated that the improvement of
EPDS scores were higher in the rTMS group than the control
group. As reported in previous studies, standard rTMS protocols
provide marginal effects in improving the depressive mood and
cognitive function of patients with PPD compared with the
control group (20, 21). SAINT, however, has several advantages in
improving treatment effects, such as individual DLPFC targeting,
long intersession intervals to produce cumulative effects on
synaptic strengthening, individualized resting motor threshold,
and the use of 1,800 pulses rather than the typical 600 pulses per
iTBS session.

After SAINT, increased interhemispheric connectivity was
found in the amygdala, insula, and frontal gyrus, which
suggests that SAINT exerts its effects by increasing inter-
hemispheric communication. Interestingly, we found that the
increased connectivity between the left and right insula was
correlated with the improvement of depressive symptoms
(indicated by a reduced Edinburgh Postnatal Depression
Scale score). These findings are consistent with those of
previous studies that have highlighted the importance of the
salience network in the pathogenesis of depressive disorders.
The salience network (SN) is involved in monitoring salient
events and processing emotions (19). The deficient role
of the insula might disrupt the cross-network interactions
between the SN network, DMN, and limbic network, and
SAINT might normalize these interactions to improve the
clinical manifestations.

This study has several limitations that should be noted.
First, this study had a small sample size. In the future, a larger
sample size is needed to enhance the generalizability of the
present findings. Second, we only explored interhemispheric
functional connectivity and did not consider brain structural
connectivity, other statis, or dynamic functional connectivity;
examining these factors in future work will provide
more important information. Third, not all PPD patients
showed great improvement after SAINT administration,
the underlying mechanism should be further studied in
the future.
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Introduction: Autism spectrum disorder (ASD) is a lifelong condition. Autistic symptoms

can persist into adulthood. Studies have reported that autistic symptoms generally

improved in adulthood, especially restricted and repetitive behaviors and interests

(RRBIs). We explored brain networks that are related to differences in RRBIs in individuals

with ASDs among different ages.

Methods: We enrolled 147 ASD patients from the Autism Brain Imaging Data Exchange

II (ABIDEII) database. The participants were divided into four age groups: children (6–9

years old), younger adolescents (10–14 years old), older adolescents (15–19 years

old), and adults (≥20 years old). RRBIs were evaluated using the Repetitive Behaviors

Scale-Revised 6. We first explored differences in RRBIs between age groups using

the Kruskal–Wallis test. Associations between improvements in RRBIs and age were

analyzed using a general linear model. We then analyzed RRBIs associated functional

connectivity (FC) links using the network-based statistic method by adjusting covariates.

The association of the identified FC with age group, and mediation function of the FC on

the association of age-group and RRBI were further analyzed.

Results: Most subtypes of RRBIs improved with age, especially stereotyped behaviors,

ritualistic behaviors, and restricted behaviors (p= 0.012, 0.014, and 0.012, respectively).

Results showed that 12 FC links were closely related to overall RRBIs, 17 FC links were

related to stereotyped behaviors. Among the identified 29 FC links, 15 were negatively

related to age-groups. The mostly reported core brain regions included superior occipital

gyrus, insula, rolandic operculum, angular, caudate, and cingulum. The decrease in FC

between the left superior occipital lobe and right angular (effect = −0.125 and −0.693,

respectively) and between the left insula and left caudate (effect = −0.116 and −0.664,

respectively) might contribute to improvements in multiple RRBIs with age.

Conclusion: We identified improvements in RRBIs with age in ASD patients, especially

stereotyped behaviors, ritualistic behaviors, and restricted behaviors. The decrease

66

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2022.874090
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2022.874090&domain=pdf&date_stamp=2022-03-25
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:liujiajia_sdu@bjmu.edu.cn
mailto:baoyp@bjmu.edu.cn
mailto:linlu@bjmu.edu.cn
https://doi.org/10.3389/fpsyt.2022.874090
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.874090/full


Zhang et al. Connectivity Features for RRBIs in ASD

in FC between left superior occipital lobe and right angular and between left insula

and left caudate might contribute to these improvements. Our findings improve our

understanding of the pathogenesis of RRBIs and suggest potential intervention targets

to improve prognosis in adulthood.

Keywords: autism spectrum disorder, brain networks, network-based statistic, restricted and repetitive behaviors,

mediation analysis

INTRODUCTION

Autism spectrum disorder (ASD) comprises a set of lifelong
neurodevelopmental disorders that develop in early childhood,
characterized by such core symptoms as social deficits and
restricted and repetitive behaviors and interests [RRBIs; (1)].
The prevalence of ASD is estimated to be 1 in 59, which has
dramatically increased in recent decades and caused numerous
public health and social burdens worldwide (2). The onset of ASD
symptoms among toddlers appears around 18–24 months of age,
and a reliable diagnosis is typically made at 3–4 years of age (3).
The early onset of deficits in joint attention and verbal or non-
verbal communication contribute to early identification (1). Early
screening and intervention usually indicate a better outcome in
adulthood. Importantly, ASD is a lifelong condition. Its clinical
symptoms might persist into adulthood (4). The developmental
trajectory of autistic symptoms is largely unknown. Although
autism was considered a “devastating condition,” subsequent
studies reported that autistic symptoms generally improved in
adulthood, especially RRBIs that might decrease over time (5–
7). According to the finding in typically developing children, the
higher-order RRBIs decreased later than lower-order RRBIs (8).
Generally, the improvement of RRBIs in autistic children was
similar to that in typically developing children, but happened
later (5).

There are several subtypes of RRBIs, including stereotyped
or repetitive motor movements, insistence on sameness, highly
restricted and fixated interests, and hyper- or hyporeactivity to
sensory input, according to the Diagnostic and Statistical Manual
of Mental Disorders, 5th edition (1). As a core symptom of
ASD, RRBIs might first be found at 2 years of age, expressed
as repetitively playing with specific toys or abnormal sensory
interests, and gradually increased with age before 6 years old (9).
The severity of repetitive motor movements and rigid routines
is highest at preschool age and then decreases during school age
and adolescence (10).

Children’s brains are rapidly growing and developing systems.
Recent studies identified atypical developmental trajectories of
brain connectivity in individuals with ASD. These alterations
might contribute to different autistic symptoms throughout life
(11). Brain connectomics analyses in ASD patients identified
an atypical age-associated trajectory of connectivity in the
default mode network [DMN; (12)]. Studies of developmental
changes in large-scale brain networks indicated that within and
between network connectivity were not uniform at different
ages (13). A previous review proposed a developmental
model to explain age-related connectivity in ASD patients,
including hyperconnectivity in childhood and hypoconnectivity

in adulthood (14). These findings indicate atypical developmental
trajectories in ASD patients over time, which might contribute to
different clinical characteristics at different developmental stages.

According to studies of brain mechanisms that underlie
RRBIs, structural abnormalities of the striatummight be involved
in RRBIs in autism (15). Little is known about connectivity-
based brain characteristics of age-related developmental trends
of RRBIs. The present study explored brain network organization
that is related to RRBIs in ASD patients of different ages. We
expected to generate a comprehensive model of age-related brain
network features that support RRBIs in ASD. Our findings
will help understand the pathogenesis of age-related changes in
RRBIs and provide crucial clues to aid the development of new
treatments and interventions at early stages of ASD and improve
prognosis in adulthood.

MATERIALS AND METHODS

Participants
Participants were recruited from the Autism Brain Imaging Data
Exchange II (ABIDEII; http://fcon_1000.projects.nitrc.org/indi/
abide/). There were 1,144 subjects who were 5-64 years old
in the ABIDEII database, including 521 individuals with ASD
[diagnosed by Autism Diagnostic Observation Scale (ADOS)
and/or Autism Diagnostic Interview-Revised (ADI-R)] and 593
controls (16). Participants were included if they (1) were ≥ 6
years old, (2) were diagnosed with ASD, (3) had complete data
from the Repetitive Behaviors Scale-Revised 6 (RBSR-6), and
(4) were right-handed. The exclusion criteria were (1) missing
data on age, sex, full intelligence quotient (FIQ), and current
medication status, (2) no functional or structural imaging data,
and (3) large head motions (3.0mm translation or 3.0◦ rotation).
The final sample included 147 ASD patients (123 males and
24 females) from nine sites: Barber National Institute (BNI),
Institut Pasteur (IP), Kennedy Krieger Institute (KKI), Katholieke
Universiteit Leuven (KUL), New York University (NYU), San
Diego State University (SDSU), Trinity College Dublin (TCD),
and University College Dublin (UCD). The ASD patients were
classified into four groups according to the World Health
Organization classification: (1) children (6–10 years old; 31
subjects), (2) younger adolescents (11–14 years old; 52 subjects),
(3) older adolescents (15-19 years old; 33 subjects), and (4) adults
(≥20 years old; 31 subjects) (17).

Ethics
The data in the present study was extracted from an open
online database (http://fcon_1000.projects.sitrc.org/indi/abide/).
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All participants and their caregivers signed informed consent
forms at each site.

Measures
RBSR-6

The RBSR-6 is a widely used questionnaire that evaluates
RRBIs. It includes 43 items that are grouped into six
RRBI subtypes: stereotyped behaviors, self-injurious
behaviors, compulsive behaviors, ritualistic behaviors,
sameness behaviors, and restricted behaviors. Every item
is ranked on a 4-point Likert-type scale, from 0 (do not
occur) to 3 (very serious) (18). The assessment of RRBIs
using the RBSR-6 is usually based on observations by
parents, caregivers, teachers, or others who know the
patient. This questionnaire has excellent reliability and
validity (19).

Covariates

We further extracted age, sex, handedness, FIQ, eye-status
during scan, and current medication status from the online
database (http://fcon_1000.projects.sitrc.org/indi/abide/).
Handedness was grouped into three categories: right-handed,
left-handed, and mixed-handed. Only right-handed patients
were enrolled in the study. Measurements of FIQ were different
across sites: Kaufman Brief Intelligence Test at BNI, Wechsler
Intelligence Scale for Children at IP and KKI, Wechsler Adult
Intelligence Scale at KUL, and Wechsler Abbreviated Scale of
Intelligence at NYU, SDSU, TCD, and UCD. The results of the
different measurements were comparable (20, 21). Eye-status
during scan was grouped into two categories: open and closed.
Medication status about whether the participants currently took
medications within 3 months before the scan was also extracted
from the database. These data were controlled as covariates in
the analysis.

Brain Imaging Processing
Imaging data were preprocessed using the Data Processing
Assistant for Resting-State Functional Magnetic Resonance
Imaging (DPARSF) in MATLAB (22). The first 10
volumes for each subject were removed for magnetization
equilibrium. The remaining volumes were slice-time
corrected, head-motion realigned, co-registered to
structural scans, normalized to 3 × 3 × 3 mm3 voxels
with a bounding box of [−90 −126 −72; 90 90 108],
smoothed with a Gaussian kernel with a full-width
half maximum of 6mm, and bandpass filtered (0.01–
0.1Hz). The detailed scan parameters were presented in
Supplementary Table 1.

After preprocessing, we constructed a whole-brain functional
connectivity (FC) network for each participant in DPARSF. The
whole brain was segmented into 116 brain regions based on the
Anatomical Automatic Labeling atlas, and regional signals were
extracted by averaging blood oxygen level-dependent signals of
every voxel in the brain region. We then calculated FC between
every two brain regions using the Pearson correlation between
regional signals (116 × 116 brain regions with 13,456 edges for
all of them).

Statistical Analysis
Demographic characteristics are presented as percentages for
categorical variables and means, standard deviations (SDs)
or medians, and interquartile ranges (IQRs) for continuous
variables. Comparisons of RRBIs in the different age groups were
conducted using the Kruskal–Wallis test. We additionally
compared the subscales evaluating restricted/repetitive
behaviors in ADOS and ADI-R among different age-group
using the Kruskal–Wallis test, and results were presented in
Supplementary Table 2. Associations between age groups and
RRBIs were further investigated using a general linear model
(GLM) after adjusting for sex, age, FIQ, and current medication
status. These analyses were performed using Statistical Package
for the Social Sciences (SPSS) 23.0 software.

The network-based statistic (NBS) was applied to investigate
functional networks that were associated with RRBIs in ASD
patients after controlling for age, sex, FIQ, eye-status during rest
scan, andmedication status (23). TheNBS process was conducted
as the following: (1) conduct a linear regression model to explore
every edge associated with RRBIs after controlling covariates,
and further perform t-tests for those associated components,
(2) identify connected components that were suprathreshold
(threshold = 3.0) links, and (3) compute the family-wise error-
corrected p-value for each connected components using 5,000
random permutations. Correlations between RRBIs-related FC
links and age groups were then investigated using Pearson
correlation analysis by controlling for sex, age, FIQ, eye-status
during scan, and medication status.

Shared FC links that were related to the RRBI subscales and
age groups might simultaneously contribute to developmental
changes in RRBIs with age in ASD patients. We conducted a
mediation analysis to explore whether shared FC links might
mediate the relationship between developmental stages and
RRBIs. We used Model 4 in PROCESS, and N = 10,000 was
used for the bootstrap. The level of significance was set at p <

0.05 (two-tailed).

RESULTS

Demographic Characteristics
Demographic characteristics are presented in Table 1. Included
participants were between 6 and 64 years of age, and the median
age was 17 years old. Most participants in our study were male
(83.67%). The FIQ of the subjects ranged from 66 to 146. Most
patients had high-functioning autism (IQ > 70).

RRBIs at Different Developmental Stages
Figure 1 shows the severity of RRBI subtypes in the different
age groups. The trajectories of each subtype showed similar
developmental patterns, in which children had the highest scores,
which then gradually decreased with age. According to the
results of the Kruskal–Wallis test, improvements in stereotyped
behaviors, ritualistic behaviors, and restricted behaviors were
statistically significant (p= 0.012, 0.014, and 0.012, respectively).
The post-hoc tests showed significant differences between
children and the older age groups. Detailed RRBI subtype scores
in the different age groups are presented in Table 2.
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TABLE 1 | Demographic characteristics (n = 147).

Item Description

Male [n (%)] 123 (83.67%)

Age (years) (median, IQR) 17.37 ± 11.57

Age-group [n (%)]

Children 31 (21.09%)

Younger adolescents 52 (35.37%)

Older adolescents 33 (22.45%)

Adults 31 (21.09%)

FIQ (mean ± SD) 104.56 ± 15.00

Currently taking medication [n (%)] 39 (26.5%)

RBSR-6 total raw score (median, IQR) 20.00, 22.00

Stereotyped behaviors 3.00, 4.00

Self-injurious behaviors 0.00, 2.00

Compulsive behaviors 2.00, 4.00

Ritualistic behaviors 4.00, 5.00

Sameness behaviors 6.00, 7.00

Restricted behaviors 3.00, 4.00

Eyes opened during scanning [n (%)] 102 (69.39%)

IQR, interquartile range; SD, standard deviation; RBSR-6, Repetitive Behaviors Scale-

Revised 6.

Associations between the severity of RRBIs and age groups
are shown in Table 3. Because this was an observational study,
GLM analysis showed that age was negatively associated with the
severity of stereotyped behaviors, ritualistic behaviors, restricted
behaviors, and overall RRBIs. Associations with other RRBI
subtypes were not statistically significant (Table 3).

Functional Connectivity Links Associated
With RRBI Subtypes
We explored FC links that were associated with stereotyped
behaviors, ritualistic behaviors, restricted behaviors, and overall
RRBIs. For stereotyped behaviors, the underlying functional
network included 17 edges between 13 brain regions (Table 4,
Figures 2A,B).We did not find FC links that were associated with
ritualistic behaviors or restricted behaviors. For overall RRBIs,
the correlated connectivity network included 12 edges between
12 brain regions (Table 4, Figures 2C,D). We then extracted
the 17 and 12 FC links for each individual, and the association
between FC links and age were also calculated. It was found
that 15 out of the 29 FC links were negatively related to age,
meaning that FC between these 13 brain regions decreased with
age (Table 4).

FC Links Mediated the Association
Between Age and RRBIs
As shown in Table 5, FC between left superior occipital lobe
and right angular, left superior occipital lobe and left angular,
left cuneus and right angular, left insula and left caudate, left
caudate and right caudatemediated improvements in stereotyped
behaviors with age. Interestingly, all these forementioned FC
links negatively mediated the difference of stereotyped behaviors
and overall RRBIs among age groups, which meant that the
FC between these brain regions were decreased with age, and

the decreased connectivities might further contribute to the
improvement of different domains of BBRIs in ASD patients.
Moreover, FC between left superior occipital lobe and right
angular, left insula and left caudate were related to improvements
in total RRBIs with age simultaneously, whichmight indicate that
FC links between the left superior occipital lobe and right angular,
left insula and left caudate might contribute to developmental
changes in multiple RRBIs in patients with ASD.

DISCUSSION

We identified improvements in RRBIs with age, especially
stereotyped behaviors, ritualistic behaviors, and restricted
behaviors. Furthermore, FC between the left superior occipital
lobe and right angular and between the left insula and
left caudate, which are responsible for visual integration,
motor function, and sensorimotor process, might contribute
to developmental changes in multiple RRBIs in patients
with ASD. To our knowledge, this was the first study to
analyze neuroimaging-based features that support trajectories of
RRBIs in ASD patients. These core brain regions might have
implications for future intervention targets.

Our results indicated that the RRBI subscales had different
improvement trajectories. Stereotyped behaviors, ritualistic
behaviors, and restricted behaviors improved greatly after
childhood. These finding corroborated previous studies that
reported a broad range of trajectories of RRBIs in ASD patients
(8–10, 24). For children, RRBIs are relatively stable between 2 and
7 years of age (9). Richler et al. reported discrepant trajectories
between different subtypes of RRBIs, in which repetitive sensory
motor behaviors (i.e., repetitive motor movements) and the
repetitive usage of objects would increase while the insistence
of sameness (i.e., adherence to daily routines) would decrease
during a 7-year follow-up period (10). Moreover, RRBIs also
manifest in typically developing children, and developmental
changes of RRBIs in healthy toddlers suggest that higher-
order RRBIs (e.g., insistence on sameness) decrease later than
lower-order RRBIs (e.g., stereotype behaviors; (8). In summary,
the trajectory of autistic symptoms in ASD patients suggests
stable improvements in RRBIs over time. We were able to
measure age-related improvements in stereotyped behaviors,
ritualistic behaviors, and restricted behaviors in the present study.
The present GLM analysis indicated that compulsive behaviors
greatly improved after younger adolescence, which occurred
slightly later than improvements in stereotyped behaviors, which
was consistent with a previous study (8).

Atypical neurodevelopment has been previously reported
to contribute to autism-related symptoms. Previous brain
development studies mostly focused on cortical volume, gray
matter thickness, or white matter volume (25). We found
that significant reductions of FC among brain regions in the
temporal lobe, occipital lobe, and cingulate might contribute
to the trajectory of RRBIs over time, especially stereotyped
behaviors and overall RRBIs (evaluated by the RBSR-6). Previous
studies that examined associations between cortical thickness and
RRBI severity over time found that gray matter thickness of
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FIGURE 1 | RRBI subtype scores at different developmental stages (n = 147). Median scores are shown for six subtypes of RRBIs (stereotyped behaviors,

self-injurious behaviors, compulsive behaviors, ritualistic behaviors, sameness behaviors, and restricted behaviors) in four age groups: children (6–9 years old),

younger adolescents (10–14 years old), older adolescents (15–19 years old), and adults (≥20 years old). Comparisons of median scores among different age groups

were performed using the Kruskal–Wallis test. Children had the highest scores, and then their scores for every subtype gradually decreased with age. The decreases

in stereotyped behaviors, ritualistic behaviors, and restricted behaviors were statistically significant. *p < 0.05.

TABLE 2 | Description of RRBIs in different age groups (n = 147).

Item (1) Children

(n = 31)

(2) Younger

adolescents

(n = 52)

(3) Older

adolescents

(n = 33)

(4) Adults

(n = 31)

H p p in post-hoc test

(2)–(1) (3)–(1) (4)–(1) (3)–(2) (4)–(2) (4)–(3)

RBSR-6 total raw score 32.77, 21.54 23.40, 17.69 22.42, 16.68 20.48, 14.48 7.89 0.048 0.020 0.036 0.014 0.967 0.630 0.693

Stereotyped behaviors 4.81, 3.46 3.31, 2.84 3.42, 3.24 2.32, 1.99 10.75 0.013 0.026 0.060 0.001 0.918 0.159 0.176

Self-injurious behaviors 2.23, 3.47 1.92, 2.75 1.52, 2.69 0.94, 1.71 5.22 0.157 NA NA NA NA NA NA

Compulsive behaviors 5.19, 4.98 3.42, 3.76 3.12, 4.20 3.65, 3.77 7.08 0.070 NA NA NA NA NA NA

Ritualistic behaviors 6.77, 4.40 4.94, 3.90 3.97, 3.89 3.87, 3.26 10.28 0.016 0.054 0.004 0.008 0.209 0.288 0.881

Sameness behaviors 9.03, 7.18 6.79, 6.44 7.15, 6.28 6.94, 6.04 4.56 0.207 NS. NS. NS. NS. NS. NS.

Restricted behaviors 4.74, 3.30 2.98, 2.51 3.24, 2.67 2.77, 2.43 9.20 0.027 0.006 0.066 0.011 0.498 0.888 0.471

RRBIs, restricted and repetitive behaviors and interests; IQR, interquartile range; RBSR-6, Repetitive Behaviors Scale-Revised 6; NA, not applicable. Post-hoc tests were conducted to

explore differences between age groups. In the post-hoc test, (1) refers to children, (2) refers to younger adolescents, (3) refers to older adolescents, and (4) refers to adults.

TABLE 3 | Association between age and severity of RRBIs based on GLM (n = 147).

Age group Total raw score Stereotyped

behaviors

Self-injurious

behaviors

Compulsive

behaviors

Ritualistic

behaviors

Sameness

behaviors

Restricted

behaviors

Children (reference) 1 1 1 1 1 1 1

Younger adolescents −9.37*

(−17.16, −1.58)

−1.50*

(−2.78, −0.22)

−0.30

(−1.50, 0.90)

−1.77

(−3.59, 0.05)

−1.83*

(−3.54, −0.13)

−2.24

(−5.09, 0.60)

−1.76*

(−2.95, −0.57)

Older adolescents −10.35*

(−18.93, −1.77)

−1.38

(−2.80, 0.03)

−0.71

(−2.03, 0.61)

−2.07*

(−4.08, −0.07)

−2.80*

(−4.68, −0.93)

−1.88

(−5.02, 1.26)

−1.50*

(−2.81, −0.19)

Adults −12.29*

(−21.01, −3.57)

−2.48*

(−3.92, −1.05)

−1.29

(−2.63, 0.05)

−1.55

(−3.59, 0.49)

−2.90*

(−4.81, −1.00)

−2.10 (−5.28,

1.09)

−1.97* (−2.95,

−0.57)

The statistics show β and 95% confidence interval. RRBIs, restricted and repetitive behaviors and interests. The models adjusted for sex, age, FIQ, eye status during scan and current

medication status. * p < 0.05.
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TABLE 4 | Functional connectivity associated with stereotyped behaviors and overall RRBIs and correlation between FC and age (n = 147).

Dependent variable Brain region 1 Brain region 2 Connection strength Correlation with age

Stereotyped behaviors Occipital_sup_L Angular_R 3.39 −0.35**

Occipital_sup_L Caudate_L 3.18 −0.16

Occipital_sup_L Cingulum_ant_R 3.04 −0.20*

Occipital_sup_L Caudata_R 3.60 −0.16

Occipital_sup_L Angular_L 3.02 −0.35**

Cuneus_L Angular_R 3.41 −0.38**

Insula_R Occipital_mid_L 3.08 −0.13

Insula_L Occipital_mid_L 3.04 −0.13

Insula_L Caudate_L 3.18 −0.189*

Insula_L Caudate_R 3.15 −0.21*

Insula_L Cingulum_ant_L 3.22 −0.26*

Insula_L Rolandic_oper_L 3.59 −0.20*

Angular_L Heschl_L 3.10 −0.26*

Cingulum_ant_L Heschl_L 3.03 −0.23*

Rolandic_oper_L Caudate_R 3.27 −0.23*

Rolandic_oper_L Cingulum_ant_L 3.05 −0.29**

Rolandic_oper_L Cingulum_ant_R 3.16 −0.31*

Overall RRBIs Occipital_sup_R Caudate_R 3.31 −0.14

Cuneus_R Caudate_R 3.00 −0.15

Occipital_sup_L Angular_R 3.10 −0.35**

Occipital_sup_L Insula_R 3.36 −0.07

Occipital_sup_L Caudate_R 4.02 −0.16

Occipital_sup_L Caudate_L 3.50 −0.16

Occipital_sup_L Cingulum_ant_R 3.43 −0.20*

Occipital_sup_L Cingulum_ant_L 3.12 −0.19*

Insula_R Hippocampus_L 3.01 −0.25*

Insula_R Cingulum_ant_L 3.10 −0.25*

Occipital_mid_L Caudate_R 3.30 −0.18

Insula_L Caudate_L 3.03 −0.19*

RRBIs, restricted and repetitive behaviors and interests; NBS, network-based statistic; R, right hemicerebrum; L, left hemicerebrum. The models adjusted for sex, age, FIQ, eye status

during scan and current medication status. *p < 0.05, **p < 0.001.

the orbital frontal cortex and middle frontal cortex correlated
with self-injurious behaviors in adolescent patients (24). In
the present study, core brain regions that were responsible
for stereotyped behaviors included the superior occipital gyrus,
insula, rolandic operculum, angular, caudate, and cingulum.
Importantly, these FC links declined with age at the same time. In
ASD patients, neurobiology studies found that the most reported
brain regions that were responsible for RRBIs were located
in corticostriatal circuits, including the orbitofrontal cortex,
anterior cingulate cortex, caudate, putamen, pallidum. These
brain regions that are associated with goal-directed behaviors,
alterations of growth rate, abnormalities in cortical thickness
or volume, decreases or increases in FC between brain regions,
and changes in neuro-metabolism might contribute to atypical
behaviors, including RRBIs (15, 26, 27). The present study
supported the implication of these brain regions. We also found
that stereotyped behaviors were related to alterations of FC
between the superior occipital gyrus, angular, insula, rolandic
operculum, andHeschl gyrus, which aremostly related to sensory
processing and integration.

The superior occipital gyrus is important for visual processing
and fluid reasoning (27, 28). Nebel et al. found that atypical
FC between the superior occipital gyrus and motor cortex
might contribute to visual-motor disfunction in school-age ASD
patients (29). Thus, alterations of FC of the superior occipital
gyrus might have been responsible for sensorial stereotyped
behaviors that are related to visual processes in the present study.

The angular gyrus is in the parietal lobe and part of
the DMN (30). Dysfunction of the angular gyrus has been
reported to be involved in pathophysiological social cognition
and social deficits in ASD patients (31). The angular gyrus is
also an important hub that converts multisensorial messages and
manages multicognition processes (32). With regard to RRBIs,
abnormal FC of the angular gyrus might be an attempt to correct
atypical FC in corticostriatal circuits (15, 30).

The insular cortex is located at the base of the lateral
sulcus, consisting of three subregions that are based on distinct
functions: dorsal anterior insular (involved in cognitive control),
ventral insula (involved in emotion and affective processing), and
posterior insula (involved in sensorimotor processing) (33, 34).
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FIGURE 2 | Functional connectivity links associated with stereotyped behaviors (A,B) and overall RRBIs (C,D) (n = 147). (A,B) Network-based statistic results for

stereotyped behaviors in ASD patients. The underlying functional network included 17 edges between 13 brain regions. (C,D) Network-based statistic results for

overall RRBIs. The correlated connectivity network included 12 edges between 12 brain regions. In the NBS analysis, we adjusted several covariates, including sex,

age, FIQ, eye-status during scan, and medication status. ACG_L, left anterior cingulate gyrus; ACG_R, right anterior cingulated gyrus; CAU_L, left caudate; CAU_R,

right caudate; INS_L, left insular; INS_R, right insular; ROL_L, left rolandic operculum; HES_L, left heschl’s gyrus; ANG_L, left angular; ANG_R, right angular; MOG_L,

left middle occipital gyrus; SOG_L, left superior occipital gyrus; CAL_L, left calcarine; ACG_L, left anterior cingulate gyrus; ACG_R, right anterior cingulate gyrus;

HIP_L, left hippocampus; CUN_R, right cuneus; SOG_R, right superior occipital gyrus.

Structural and functional abnormalities of the insula have
been reported to contribute to social and non-social cognitive
impairments in ASD patients (34). The volume of the caudate, the
density of caudate nuclei, and atypical structural or FC between
frontal-striatal circuits have been reported to underlie RRBIs
(15, 35, 36).

The operculum covers the insula, which is related to emotional
processing and facial expressions (37, 38). Zhou et al. found
that RRBIs in ASD patients were closely related to a decrease
in FC between the rolandic operculum and anterior cingulum
cortex (39). The rolandic operculum is also an important part
of the sensorimotor network, and a decrease in connectivity of
the rolandic operculum might contribute to deficits in sensory

processing and motor function. Moreover, ASD patients were
suggested to engage in stereotyped or compulsive behaviors to
produce sensory self-stimulation, reflecting a sensory processing
deficit (39, 40).

The Heschl gyrus is part of the temporal lobe, located mainly
at the primary auditory cortex (41). In ASD patients, bottom-up
sensorimotor network dysfunction is common. The Heschl gyrus
plays an important role in auditory-motor integration (42, 43).
The early onset of auditorial processing abnormalities might
further affect subsequent higher-order sensorial perception
(44). In preschool children with ASD, alterations of FC of
the Heschl gyrus was positively related to ASD symptoms
(45). Moreover, reductions of gray matter volume of the
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TABLE 5 | Functional connectivity that mediated associations between age and stereotyped behaviors/overall RRBIs (n = 147).

X M Y Mediation effect

Effect SE LLCI ULCI

Age groups Occipital_sup_L+Angular_R Stereotyped behaviors −0.125 0.074 −0.292 −0.003

Occipital_sup_L+Angular_L −0.110 0.069 −0.270 −0.001

Cuneus_L+ Angular_R −0.136 0.077 −0.312 −0.012

Insula_L+Caudate_L −0.116 0.075 −0.288 −0.003

Insula_L+Caudate_R −0.118 0.077 −0.295 −0.005

Age groups Occipital_sup_L+Angular_R Overall RRBIs −0.693 0.408 −1.605 −0.027

Insula_L+Caudate_L −0.664 0.435 −1.672 −0.015

RRBIs, restricted and repetitive behaviors and interests; X, independent variables; M, mediators; Y, dependent variables; SE, standard error; LLCI, lower level of 95% confidence interval;

ULCI, upper level of 95% confidence interval; R, right hemicerebrum; L, left hemicerebrum.

Heschl gyrus were suggested to contribute to delays in spoken
language (44).

Furthermore, we found that two FC links mediated the

development of multiple RRBIs at different ages: between the

left superior occipital lobe and right angular and between the

left insula and left caudate. As a subregion of the striatum, the

caudate was notably associated with RRBIs (46). Previous FC
studies of the striatum found that RRBIs were associated with
imbalanced corticostriatal connectivity, involving the striatum,
frontal lobe, and parietal lobe (46–48). In the present study, FC
between the left superior occipital lobe and right angular and
between the left insula and left caudate decreased with age, which
might contribute to the improvements of RRBIs. The angular
gyrus was reported to be involved in semantic processing, word
reading and comprehension, attention, and spatial cognition, and
atypical structural and functional development of this region
might contribute to autistic symptoms (30). As described in
previous studies, alterations of FC of the angular gyrus were
reported to be related to tactile disorders in ASD patients (49).
Increases in volume of the angular gyrus were shown to be
involved in motor impairments (30, 50). The insula and caudate
were responsible for social cognitive and movement accordingly
(15, 34–36). In the present study, we found that alterations of
FC between the insula and caudate might further exacerbate
impairments in social function and stereotyped behaviors.

The present study explored connectivity-based brain
network features that supported RRBIs in ASD patients across
development, but several limitations should be noted. First,
this was a cross-sectional study with participants of different
ages. The results should be cross-validated in a longitudinal
analysis of subjects with follow-up. Second, the ASD patients
mostly had high-functioning ASD. Future studies should also
focus on low-functioning ASD patients. Third, we did not
find FC links that were related to trajectories of self-injurious
behaviors, compulsive behaviors, ritualistic behaviors, sameness
behaviors, or restricted behaviors, which might be related to
our limited sample size or cross-sectional study design. Thus,
longitudinal studies with larger sample sizes are needed. Last
but not the least, most participants in our study were boys,
which might be a potential source of heterogeneity. Future
studies with more girls are needed to test the generalizability of
our findings.

In conclusion, the present study identified improvements in
RRBIs in ASD patients with age, especially stereotyped behaviors,
ritualistic behaviors, and restricted behaviors. The decrease in
FC between the left superior occipital lobe and right angular
and between the left insula and left caudate might contribute to
improvements in multiple RRBIs in patients with ASD.
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Background: Patients with temporal lobe epilepsy (TLE) frequently complain of poor

sleep quality, which is a condition that clinicians are typically neglecting. In this study,

Epworth Sleepiness Scale (ESS), Pittsburgh Sleep Quality Index (PSQI), and Athens

Insomnia Scale (AIS) were used to assess the sleep status of patients with temporal lobe

epilepsy (TLE). Simultaneously diffusion kurtosis imaging (DKI) was applied to examine

the white matter microstructure abnormalities in patients with TLE and sleep disorders.

Methods: TLE patients who have been diagnosed in the cardio-cerebrovascular ward of

the Yanan University Affiliated Hospital fromOctober 2020 to August 2021were recruited.

Finally, 51 patients and 30 healthy controls were enrolled in our study, with all subjects

completing the sleep evaluation questionnaire and undergoing a DKI examination. Using

independent sample t-test, analysis of variance (ANOVA), and Mann-Whitney U test to

compare groups.

Results: Thirty patients (58.82%) complained of long-term sleep difficulties. The overall

differences among the evaluation of AIS, ESS, and PSQI are significant (P = 0.00,

P = 0.00, P = 0.03). The scores of AIS, ESS in Left and Right-TLE (L/R-TLE) with

sleep disorders, as well as PSQI in L-TLE, are statistically higher than the control group

(P = 0.00, P = 0.00, P = 0.00, P = 0.00, P = 0.02). L-TLE with sleep disorders showed

decreased MK on affected sides (P = 0.01). However, statistical differences in MD and

FA have not been observed (P = 0.34, P = 0.06); R-TLE with sleep disorders showed

significantly decreased MK and increased MD on affected sides (P = 0.00, P = 0.00),

but FA’s statistical difference has not been observed (P = 0.20).

Conclusions: TLE patients with sleep disorders have different DKI parameters than

individuals who do not have sleep issues. During this process, the kurtosis parameter

(MK) was more sensitive than the tensor parameters (MD, FA) in detecting the patient’s

aberrant white matter diffusion. DKI may be a better choice for in vivo investigation of

anomalous craniocerebral water diffusion.

Keywords: diffusional kurtosis imaging (DKI), temporal lobe epilepsy (TLE), sleep disorders, sleep questionnaires,

abnormal white matter structure
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INTRODUCTION

The most prevalent intractable focal epilepsy is temporal lobe
epilepsy (TLE), which is frequently linked with hippocampal
sclerosis (HS) (1). Moreover, the location of TLE tissue damage
followed a specific anatomical and functional pattern, with the
sections directly or indirectly related to the medial temporal lobe
being the most affected (2). Seizures affect patients’ cognitive
abilities and quality of life (3) and negatively affect sleep structure.
Previous studies discovered that poor sleep quality would affect
peoples’ memory formation and life wellbeing (4). Although
the interaction between seizures and sleep issues is still under
research, sleep disorders have become a common but often
overlooked problem in patients with epilepsy by neurologists.
Sleep disorders are common comorbidities in epilepsy, such as
obstructive sleep apnea syndrome (OSA), restless legs syndrome,
and chronic insomnia. Sleep deficit, poor sleep quality, and
daytime sleepiness are common complaints among clinical TLE
patients (5). According to statistics, about 50% of patients have
chronic insomnia (6).

Early identification of the comorbidity can help ameliorate
patients’ epilepsy burden and improve their quality of life.
Yaranagula (7) found that although surgery can control the
frequency of seizures, the sleep quality of the patients did not
improve. The sleep quality scores before and after surgery were
lower, so the purpose of epilepsy treatment should not be limited
to controlling the frequency, but also to treat the disease on
the adverse effects on the patient, such as sleep, are minimized.
Rapid eye movement (REM) has a protective effect on seizures
(8). Previous studies have used polysomnography (PSG) to
investigate the sleep structure of TLE patients and compared
the sleep status of patients without seizures during the day with
the patients after seizures, finding that nighttime REM sleep
was significantly reduced after seizures and that reductions were
more pronounced after nighttime seizures than daytime seizures,
patients also experienced significantly lower sleep efficiency, and
the effect of L-TLE on REM was more significant after nighttime
seizures than daytime seizures (9).

The anomalous diffusion of cerebral water molecules was

discovered in researches that used diffusion tensor imaging

(DTI) to examine patients with primary insomnia (PI) (10).

Jensen first introduced diffusional kurtosis imaging (DKI) in

2005, which expands traditional DTI by estimating the kurtosis
of the water diffusion probability distribution function. DKI
can provide both kurtosis parameters and tensor parameters.
Many researchers have used DKI to assess microscopic white
matter abnormalities in patients with various types of epilepsy
using the region of interest (ROI), voxel analysis, and automated
fiber quantification (AFQ) and have discovered abnormal brain
regions and extensive anomalies in brain networks (1, 11, 12).
Nonetheless, this approach has hardly been used in studies to
identify subtle structural abnormalities in TLE patients with sleep
disturbances. Furthermore, in clinical work, sleep questionnaires
are frequently used to examine the subjective sleep experience of
TLE patients.

Our purpose is to use the DKI to analyze microstructural
abnormalities in white matter in TLE patients with subjective

sleep issues and to measure patients’ subjective sleep quality
by delivering sleep questionnaires. We also looked into the
differences in sleep scores between sick and healthy controls.

SUBJECTS AND METHODS

Participants
The local institutional review board of the Yanan University
Affiliated Hospital approved this prospective study (number:
YAS-S01-202106001), and informed consent was obtained from
all participants. From October 2020 to August 2021, patients
suspected of having unilateral TLE were recruited for this
study. Inclusion criteria were as follows: (1) in line with
the International League Against Epilepsy (ILAE) and the
International Bureau for Epilepsy (IBE) (13) diagnostic criteria
for TLE; (2) younger than 50 years old, since previous
research have suggested that adults over 50 had different sleep
habits than younger people (14); (3) had no seizures within
24 h before MR examination and (4) had complete DKI-
MRI data and sleep status data available. Of the 57 patients
initially enrolled, 6 were excluded (2 with obvious image
artifacts, 1 with concomitant white matter lesions grade III,
1 is encephalitis secondary epilepsy, and 2 with concomitant
traumatic brain injury). Finally, 51 patients with unilateral
TLE were enrolled. Another 30 healthy volunteers with no
neurological abnormalities were also recruited to form a
control group.

Neurologists referred to the International Classification
of Sleep Disorders-third edition (ICSD-3) and screened
patients for underlying sleep disorders, such as insomnia,
somnolence, sleep-related breathing disorders or movement
disorders (restless legs syndrome), etc. (15), based on their
main complaints. Then allocated subjects to 3 subgroups,
consisting of TLE patients with sleep disorders, without sleep
disorders and the control group. A flow chart is shown in
Figure 1.

Sleep Questionnaires Evaluation
Epworth Sleepiness Scale
Excessive daytime sleepiness (EDS) is described as a recent
three-month inability to stay awake during the primary
awake part of the day. The Epworth Sleepiness Scale (ESS)
(16) is a questionnaire that assesses a person’s daytime
sleepiness. Participants were asked to rate their chances
of nodding off in various situations. It can determine
the likelihood of dozing off in eight situations that we
encounter daily, which spans from 0 (never dozing off)
points to 3 (frequently dozing off). Previous research (17)
validated the construct validity and internal consistency
of the score. An ESS score of more than ten is seen as
abnormal (7, 18).

Pittsburgh Sleep Quality Index
The Pittsburgh Sleep Quality Index (PSQI) (19) was compiled
in 1989 to assess sleep quality during the previous month.
It consists of 19 self-evaluated questions and five roommate-
evaluated questions, with the last five items being used
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FIGURE 1 | A flow chart is used to show the implementation method of the study.

solely for clinical data. These 19 self-assessment questions
look at a variety of sleep-related characteristics, such as
sleep length and latency estimates, as well as the frequency
and severity of specific sleep-related issues. These 19 items
are separated into seven components, and the scores from
the seven components are summed together to provide a
PSQI score (0–21). The higher the score, the poorer the
sleep quality. The sleep quality scale measures subjective
sleep quality, sleep latency, and sleep length, among other
things. A PSQI score of more than five is considered
abnormal (7).

Athens Insomnia Scale
The Athens Insomnia Scale (AIS) (20) is an eight-item self-
assessment of sleep status with a total score of 0–24, with 1–
5 questions evaluating sleep status and 6–8 items evaluating
daytime mental state, an AIS score of more than six are
considered abnormal (21). The Chinese version (22) of AIS has
been proven to be reliable and effective in adolescents and adults.

Magnetic Resonance Imaging Acquisition
and Data Analysis
Images acquisition were performed on a 3T MRI scanner
(Magnetom Verio, Siemens Healthineers, Erlangen, Germany)
equipped with an 8-channel head coil. The conventional
MRI protocols included the following sequences: axial
T1-weighted, axial T2-weighted, and axial FLAIR images.
The detail parameters about DKI imaging were: TR = 11000ms,
TE= 96ms, field- of- view= 230× 230 mm2, matrix size= 100
× 100, scanning slice thickness = 2mm, b = 0, 1,000 and 2,000
s/mm2, using 30 different diffusion coding directions totally.

The images were double-blind analyzed by two neuroimaging
physicians who have worked for over 10 years and the
average of the two was taken as the final result. The
diffusional kurtosis estimator software (https://www.nitrc.org/
projects/dke/Version2.6) was used to analyze raw diffusion
images and calculate DKI’s parametric maps, specifically maps
of mean diffusivity (MD), fractional anisotropy (FA), and mean
kurtosis (MK). Figure 2 shows a representation of DKI’s major
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FIGURE 2 | Typical diffusional kurtosis imaging (DKI)-derived parametric maps in a case brain. (A) Female, 27 years old, R-TLE with sleep disorder, (B) Male, 35 years

old, R-TLE without sleep disorder; from left to right are T2WI images, mean kurtosis (MK) maps, mean diffusivity (MD) maps and fractional anisotropy (FA) maps. No

clear abnormalities were seen on T2WI images and DKI images in both patients, which could be detected by measurement of DKI parameters. Note: the unit of MD is

µm2/ms, and FA, MK are dimensionless.

TABLE 1 | The demographic and clinical characteristics in subjects of the study.

Characteristics L-TLE (n = 34) R-TLE (n = 17) HC (n = 30) F/χ2/z P value

Age (years) 23.52 ± 11.10 27.45 ± 8.51 28.52 ± 11.53 1.29 0.28a

Duration (years) 3 (0.42,8) 1.2 (1.0,6.7) / −1.30 0.19b

Gender (male/female) 16/18 7/10 11/19 0.71 0.70c

Sleep disorder (with/not) 19/15 11/6 0/30 28.41 0.00c

Type of AED:

Levetiracetam 17 6 / 1.37 0.71c

Lamotrigine 6 5 /

Valproate sodium 8 4 /

No medication 3 2 /

L-TLE, Left-TLE; R-TLE, Right-TLE; HC, The healthy control group.
aAnalysis of variance (ANOVA) bMann-Whitney U-test cChi-square test.

parametric maps. Using the T1WI image as a reference, one
circular ROI was drawn in the white matter of the temporal
lobe on the affected side of patients and matched side of
control group throughMRIcron software (https://www.nitrc.org/
projects/mricron/Version1.0.20190902), avoiding the sulci, split-
brain, and ventricle. The ROI would be no <25 mm2, and the
average would be taken by measuring at the same point on three
consecutive levels of MK, MD, and FA graphs (23).

Statistical Analysis
SPSS software was used to analyze the data (version 20.0).
Continuous variables utilize mean±standard deviation (m±SD),
while categorical variables use frequency. An independent sample
t-test, analysis of variance (ANOVA), and Mann-Whitney U
test were used to compare between groups, depending on the

normality of the data. Post-hoc pairwise comparisons were
performed using LSD-t test. The Chi-square test and Fisher-
Freeman-Halton test were used to study the association between
categorical variables. A P < 0.05 is considered significant.

RESULTS

Demographic and Clinical Characteristics
of Subjects
After screening, 51 TLE were finally enrolled (23 males and 28
females). Video EEG revealed unusual temporal lobe discharge
on one side, including 34 cases of Left-TLE (L-TLE) and 17 cases
of Right-TLE (R-TLE). Table 1 shows demographic information
and clinical traits. Thirty patients (58.82%) complained of
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TABLE 2 | The score of self-evaluation sleep questionnaire in subjects of the study.

Items AIS(score) ESS(score) PSQI(score) Number

score of AIS≥6 score of ESS≥10 score of PSQI>5

L-TLE (n = 19) 6.21 ± 2.66 5.84 ± 2.58 5.16 ± 2.60 10 2 5

R-TLE (n = 11) 5.81 ± 2.35 6.27 ± 2.53 4.46 ± 1.97 6 1 3

HC (n = 30) 2.38 ± 1.28 3.15 ± 1.31 3.34 ± 1.77 0 0 0

F/χ2 18.79 3.62 3.96 0.25

P value 0.00a 0.00a 0.03a 1.00b

aAnalysis of variance (ANOVA) bFisher-Freeman-Halton test (n < 40).

FIGURE 3 | Post-hoc multiple comparison in sleep scores of TLE with sleep disorders and the healthy controls.

long-term sleep difficulties, while 21 thought sleep quality was
satisfactory. Five patients (9.80%) did not take any medications;
the others took the single antiepileptic therapy (AED).

Results of Self-Evaluation Sleep
Questionnaire
Table 2 compares the overall differences in AIS, ESS, and
PSQI scores between TLE with sleep disorders and the control
group. The AIS, ESS, and PSQI total differences are statistically
significant (P = 0.00, P = 0.00, P = 0.03). Figure 3 shows
the pairwise comparison: the scores of L/R-TLE in AIS, ESS,
and PSQI in L-TLE are statistically higher than the control
group (P = 0.00, P = 0.00, P = 0.00, P = 0.00, P = 0.02).
Although the difference in PSQI between R-TLE and the control
group was not statistically significant, the mean value was higher
than the control group. The number of patients with abnormal
scores (AIS≥6, ESS≥10, and PSQI>5) was few, and no statistical
difference was detected.

MK, MD and FA Values in White Matter of
the Temporal Lobe on Subjects
Nineteen combined with sleep disorders and 15 without in L-
TLE, as illustrated in Table 3. We compared the DKI parameters
in three groups: L-TLE with sleep disorders, L-TLE without sleep
disorders, and the control group. We manually delineated the
ROI and quantified the MK, MD, and FA values on the afflicted
side (left) of a patient and matched the side of the control group
(left). Table 3 and Figure 4 demonstrate the results.

TABLE 3 | ANOVA of DKI parameters between L-TLE with or without sleep

disorders and the healthy controls.

DKI parameters L-TLE (n = 34)

MK MD FA

With sleep disorder (n = 19) 0.8112 ± 0.12 1.0550 ± 0.16 0.2401 ± 0.08

Without sleep disorder (n = 15) 0.9374 ± 0.13 1.0011 ± 0.16 0.3041 ± 0.11

HC-L (n = 30) 1.0299 ± 0.15 0.9049 ± 0.13 0.3655 ± 0.08

F 15.61 6.33 13.32

P value 0.00 0.00 0.00

The overall difference inMK,MD, and FA between these three
groups was statistically significant (P= 0.00). The FA,MK of TLE
decreased, and the MD increased compared to the control group,
regardless of whether sleep disturbance was combined (FA: P =

0.00, P = 0.01; MD: P = 0.00, P = 0.04; MK: P = 0.00, P =

0.03). Especially MK was significantly lower in the sleep disorder
group than without sleep disorder (P = 0.01). FA was also lower,
though not statistically significant (P= 0.06).We did not observe
a significant difference in MD between the sleep disorder group
and those without (P = 0.30).

In R-TLE, eleven combined with sleep disorders and
six without, as illustrated in Table 4. As with L-TLE, we
compared DKI parameters between these three groups in the
patient’s afflicted side (right) and matched side of the control
group (right): R-TLE with sleep disorders, R-TLE without
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FIGURE 4 | Post-hoc multiple comparison in DKI parameters of L-TLE with or without sleep disorders and the healthy controls.

TABLE 4 | ANOVA of DKI parameters between R-TLE with or without sleep

disorders and the healthy controls.

DKI parameters R-TLE (n = 17)

MK MD FA

With sleep disorder (n = 11) 0.7924 ± 0.12 1.2568 ± 0.11 0.2494 ± 0.06

Without sleep disorder (n = 6) 1.0401 ± 1.13 0.9459 ± 0.21 0.2863 ± 0.04

HC-R (n = 30) 1.1312 ± 0.15 0.8280 ± 0.13 0.3701 ± 0.09

F 22.35 39.24 9.81

P value 0.00 0.00 0.00

sleep disorders, and the control group. Table 4 and Figure 5

demonstrate the results.
The overall difference inMK,MD, and FA between these three

groups was statistically significant (P= 0.00). The FA,MK of TLE
with sleep disorders reduced, and the MD increased than that of
the control group (FA: P = 0.00; MD: P = 0.00; MK: P = 0.00).
There were only six individuals in R-TLE without sleep disorders,
so only FA was found to be reduced in without sleep disorder
group than the control group (P = 0.00), and we did not found
difference in MK and MD between them (MD: P = 0.06; MK: P
= 0.17).

The sleep disorder group found significantly higher MD and
lower MK patients (MD: P= 0.00; MK: P= 0.00). The difference
in FA between the sleep disorder group and those without has not
been observed (P = 0.39).

DISCUSSION

Our study’s combination of sleep disorders with DKI is a
significant advantage, which previous investigations hardly used.
Another advantage is the homogeneity of subjects; we controlled
for factors that might affect sleep quality, such as age and the
amount of medication.

Mechanisms of the interaction between seizures and sleep
have been under investigation. Abnormal electrical discharges

between seizures can lead to sleep disruption (6), and the
disruption of a patient’s normal sleep would exacerbate the
seizures. Sleep quality also affects the type and likelihood
of a patient’s seizures, and the association between sudden
unexpected death in epilepsy (SUDEP) and sleep is also gradually
being recognized.

Our research grouped the sleep condition of patients with TLE
and investigated the microstructure through DKI. Meanwhile,
we evaluated the sleep quality scores between patients with sleep
disorders and the control group by sleep questionnaires. We
discovered that TLE with sleep difficulties are pretty common
(58.82% in this study), and the values of DKI’s parameters also
have anomalies.

The diffusion environment of water molecules is affected in
TLE due to injured nerve fiber bundles, disrupted white matter
integrity, and proliferation of irregular glial cells. Therefore,
differences exist in DKI parameters between TLE and the
controls. The preliminary results of the present study are also
close to our previous works on the microstructure of TLE.
However, we aimed to apply the DKI technique to subgroup
further comparisons between comorbid sleep disorders and non-
comorbid sleep disorders. We want to obtain more information
about comorbidities and support individualized treatment of
patients with sleep problems.

TLE patients frequently experience insomnia, poor sleep
quality, and excessive daytime drowsiness. The prescription of
AEDs mainly focused on reducing seizures, and it is easy to
overlook other mental and sleep disorders that patients may
be experiencing. Our study only included individuals who used
one AED to minimize the effects of AEDs on sleep. Drugs
have a significant impact on the sleep quality of PWE, prior
investigations have reported that combining numerous AEDs can
result in a decrease in sleep quality in patients (24).

Twenty-three patients (50%) utilized Levetiracetam in
our investigation. Studies (25) have shown that large-dose
levetiracetam use caused excessive drowsiness during the day.
Patients with sleep disorders had a higher ESS score could be
related to their medication. Furthermore, daytime sleepiness
in patients may be related to other multiple factors, such
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FIGURE 5 | Post-hoc multiple comparison in DKI parameters of R-TLE with or without sleep disorders and the healthy controls.

as nocturnal seizures, sedative effects of AEDs, and sleep
deprivation at night. However, the number of abnormal ESS
scale scores was lower, probably because excessive daytime
sleepiness was more common in frontal lobe epilepsy than
TLE (26). Lamotrigine and valproate sodium were the other
two medicines the patients took in this study. Foldvary (27)
compared lamotrigine to several older antiepileptic medicines
and concluded that lamotrigine users rarely have significant
daytime sleepiness or night sleeplessness. As Foldvary’s article
indicates, valproate sodium also has no substantial effect on sleep
structure (28).

White matter plays a vital role in regulating brain activity and
the coupling between brain regions and behavioral regulation
(29). Previous studies have found that the proportion of fiber
bundles in the left striatum and hippocampus of insomnia
patients reduced through DTI technology (30), which may
mean the abnormal reduction of white matter fiber tracts
in insomnia patients. To further explore the microstructure
abnormalities of TLE with sleep disorders, our study used
DKI for patients’ brain imaging and analysis. Compared
with DTI, DKI can describe higher-order diffusion dynamics
and more complex diffusion distribution. DKI could detect
complex and crossed white matter fiber bundles and provide
more comprehensive quantitative parameters, which will help
improve the disease detection rate of white matter abnormalities
(1). Although the number of studies related to abnormal
white matter structure in sleep disorders is lacking, it has
confirmed that abnormal changes in microstructure and
brain networks exist in the brain of this group, and this
abnormality spreads from the limbic system to the entire
brain (31).

Numerous previous studies have demonstrated that sleep
plays an essential role in the brain. Neuroimaging found sleep
disturbances associated with functional deficits as measured by
fMRI or atrophy of the cerebral cortex, and the integrity of
the white matter microstructure may underlie these associations.
Poor sleep may disrupt axonal integrity and degenerate white
matter, but white matter pathology may also precede sleep
disturbance (32).

Voldsbekk et al. (33) combined spherical mean technique
(SMT) and diffusion imaging to inquire into differences
between sleep deprivation and normal sleep-wake-cycle (SWC)
group. He discovered that sleep deprivation was associated
with extensive white matter changes and had an abnormal
intracranial diffusion coefficient. Vyas (34) utilized DKI to brain
microstructural changes in OSA and detected abnormalities in
kurtosis parameters in several brain regions of the patients.
They indicated that kurtosis parameters are more sensitive to
abnormalities shown at the microcosmic structure level before
detectable abnormalities appear in conventional MRI or other
imaging modalities.

As a classic parameter of DKI, MK is related to the
microstructure changes of many diseases and is sensitive to
more subtle brain changes. The increase in the myelin sheath
of white matter fibers, dense accumulation of axons and fiber
bundles, and decreases in the permeability of the axonmembrane
caused increases in kurtosis parameters. MK decreased in the
sleep disorder comorbidity group in our study. It could be
due to a net loss of microscopic tissue complexity caused
by damage to the myelin barrier and other microscopic cell
structures in these areas, such as the loss of nerve synapses.
Which results in decreased cell connections, decreased tissue
integrity, and increased extracellular gap (35), and is also
consistent with pathological denervation (1). Epilepsy activity
and long-term parasomnia may make water molecules in the
brain more susceptible to spreading toward synchrony. In an
immunohistochemistry investigation of Huntington’s disease
(36), the number of fibers that can be stained and arranged
orderly reduced in regions with decreased kurtosis values.

The present study differs from Tummala’s study on OSA (37),
which found increased kurtosis parameters in several intracranial
regions. They suggested that the hypoxic and ischemic damage
caused by OSA may cause swelling of neurons and axons,
leading to acute axonal and myelin tissue damage. This study
also proposed that the mechanism for the increased kurtosis
parameter in acute disease may be the incremental extracellular
fluid due to degeneration of axons and myelin sheaths, the
more pronounced the non-Gaussian nature of water molecule
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diffusion. In contrast, in chronic disease, for instance, epilepsy,
the diffusion of water molecules tends to be more Gaussian in
distribution due to the decrease in axons, myelin, neurons, and
glial cells and the increase in extracellular gaps.

MD variations linked to the activity dynamics of epileptic
seizures according to the previous research (38, 39): in the hyper-
acute phase after protracted convulsions or status epilepticus,
MD decreases due to cytotoxic edema. MD gradually develops
during the sub-acute attack period (∼5 days), which is linked to
angioedema, while the chronic phase of neuron loss and gliosis
leading to an increase in interstitial water content will further lead
to an increase in MD.

In our study, the MD of TLE with sleep disorders also tended
to higher than patients without sleep disorders. This difference is
significant in R-TLE, whichmay also be consistent with reports of
increased MD in the sub-acute state because all patients included
in this study had no seizures within 24 h before the scanning. The
finding also supports the notion of extensive axonal and neuronal
damage. Our results were consistent with research on Rapid eye
movement (REM) sleep behavior disorder (RBD), which found
the increased MD value in many brain regions (40).

FA is the most often used parameter in daily work
and scientific research in neuroimaging and represents water
molecules’ degree of anisotropic diffusion. The degree of
dispersion more noticeable, the bigger the FA. Although the
difference in FA in our study was not significant, a downward
trend can still be seen, particularly in L-TLE. A decrease in
FA reflects the blockage of water molecule transport in the
lesion area. The variations in axon density and the integrity
of the myelin membrane frequently disrupted water diffusion,
the transient increase in diffusion rate generated by the start
of angioedema may enhance the probability of water molecules
encountering the barrier (41, 42). Our results are similar to
Kang’s article. He discovered differences in white matter tract
spreadmeasures on white matter connections in the left thalamus
and inferior frontal gyrus in insomniacs. Insomniacs had
compromised white matter integrity, and FA reduced compared
with healthy controls. The results may also provide new evidence
for decreased connectivity in the thalamic-frontal regions of
insomnia patients in functional imaging studies (43). In the
future, increasing the sample size may result in more statistically
significant findings.

We did not overemphasize the causal relationship between
TLE and sleep disorders, which may lead to inappropriate
treatment of sleep disorders. Some neurologists may focus on
resolving sleep disorders by controlling the primary disease, thus
neglecting to correct the patient’s sleep problems alone. However,
treating the primary disease and sleep disorders should be carried
out simultaneously and curing sleep problems also promotes the
effectiveness of treatment of the primary disease (15).

However, we still have some limitations: First and foremost,
since we have no obtained histology specimens, we must rely
on past research to make assumptions. We should collect more
longitudinal data from patients to investigate the disease’s unique
mechanisms. Second, to avoid drug effects on sleep quality, the
patients we studied all used only one AED, which may leave

out the group of patients treated with a mix of medicines and
could have more specific abnormalities in diffusion parameters.
Third, our study is a cross-sectional study, and we have not yet
obtained a causal relationship from it. So it is unclear whether
the abnormality in the observed white matter microstructure
is the cause or the result. We hope that future studies with
longitudinal designs will identify causal directionality. Fourth,
the study’s sample size was small (especially in R-TLE), and future
continued expansion of the sample size will hopefully lead to
more meaningful results.

CONCLUSIONS

To summarize, our research discovered the abnormal DKI
parameters in TLE with sleep disorders. The kurtosis parameter
(MK) is more sensitive than the tensor parameters (MD, FA)
in detecting aberrant white matter diffusion in the patient
during this procedure. The DKI properties revealed in our study
may represent the underlying pathophysiological mechanism
of TLE with sleep disorders, which will need verifying in
future investigations.
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Background: Chronic insomnia disorder (CID) is a highly prevalent sleep disorder, which

influences people’s daily life and is even life threatening. However, whether the resting-

state regional homogeneity (ReHo) of disrupted brain regions in CID can be reshaped to

normal after treatment remains unclear.

Methods: A novel intervention real-time functional magnetic resonance imaging

neurofeedback (rtfMRI-NF) was used to train 28 CID patients to regulate the activity of

the left amygdala for three sessions in 6 weeks. The ReHo methodology was adopted to

explore its role on resting-state fMRI data, which were collected before and after training.

Moreover, the relationships between changes of clinical variables and ReHo value of

altered regions were determined.

Results: Results showed that the bilateral dorsal medial pre-frontal cortex,

supplementary motor area (SMA), and left dorsal lateral pre-frontal cortex had decreased

ReHo values, whereas the bilateral cerebellum anterior lobe (CAL) had increased ReHo

values after training. Some clinical scores markedly decreased, including Pittsburgh

Sleep Quality Index, Insomnia Severity Index, Beck Depression Inventory, and Hamilton

Anxiety Scale (HAMA). Additionally, the ReHo values of the left CAL were positively

correlated with the change in the Hamilton depression scale score, and a remarkable

positive correlation was found between the ReHo values of the right SMA and the

HAMA score.

Conclusion: Our study provided an objective evidence that amygdala-based rtfMRI-

NF training could reshape abnormal ReHo and improve sleep in patients with CID. The

improved ReHo in CID provides insights into the neurobiological mechanism for the

effectiveness of this intervention. However, larger double-blinded sham-controlled trials

are needed to confirm our results from this initial study.

Keywords: chronic insomnia disorder, regional homogeneity, real-time, fMRI, neurofeedback, amygdala
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INTRODUCTION

Chronic insomnia disorder (CID) is a highly prevalent sleep
disorder, especially with the spread of coronavirus disease
2019 around the world in recent years (1). According to
reports, the prevalence of insomnia among American adults
is 18.8% and that among the general population in China is
15% (2). The typical symptom of CID is difficulty in falling
asleep at bedtime, frequent awakening in the middle of the
night, and waking up too early in the morning (1). Long-
term insomnia or low sleep quality causes imbalance in the
interaction between sympathetic and parasympathetic nerves,
resulting in anxiety, depression, and other negative emotions (1,
3). The neurobiological mechanism of CID remains unclear, thus
affecting the development of therapeutic methods (4). Therefore,
the neurobiological mechanisms should be urgently identified,
and innovative therapies of CID should be studied.

Recently, resting-state functional magnetic resonance imaging

(rs-fMRI) is an increasingly recognized technique to investigate

functional alterations in patients with CID, and this method

has unique advantages in clinical research (3, 4). Different

methods have been applied to determine the disruptions of

the brain activity in CID by using rs-fMRI, including seed-
based functional connectivity (FC) (5), independent component

analyses (ICA) (6), voxel-mirrored homotopic connectivity
(VMHC) (7), amplitude of low-frequency fluctuations (ALFFs)

(8), and regional homogeneity (ReHo) (2, 9, 10). However,

FC is a hypothesis-driven method, and the definition and
exact placement of ROI seeds can be somewhat arbitrary,
thus introducing potential biases in the assessment results
and impeding the discovery of unexpected regions of interest
(11). For ICA, the determination of the generated components
with an optimal number is relatively arbitrary, thereby greatly
influencing the number of connectivity patterns that can be
obtained and producing considerable variations among studies
(11). In addition, VMHC focuses on exploring the differences in
homotopic coordination rather than the whole brain (12). ReHo
and ALFF are both data-driven methods that reflect spontaneous
neuronal activity from different perspectives. However, some
studies have recognized that ReHo analysis achieves better
performance in depict clinical trait than ALFF (13). Therefore,
ReHo analysis could be used to gain insight into the neural
mechanisms underlying CID.

Resting-state regional homogeneity measures the similarity or
synchronicity of the time series of nearest neighboring voxels
and reflects the strength of local spontaneous neural activity
in the brain (14). It has been successfully applied to reveal
abnormalities in the brain function of patients with CID (2,
9, 10). Earlier, Dai et al. (9) found increased ReHo in the left
fusiform gyrus and lower ReHo in the bilateral cingulate gyrus
and right cerebellum anterior lobe (CAL) in patients with CID.
The correlations between the clinical measurements and ReHo
value of the fusiform gyrus and frontal lobe were observed (9).
Wang et al. (10) discovered abnormal ReHo activities in multiple
brain regions, especially in emotion-related areas in patients
with CID. Significant correlations were observed between ReHo
values of altered brain regions and clinical scores (10). Zhang et

al. (2) found that ReHo alterations in the left inferior occipital
gyrus may play an important role in the dysfunctional beliefs
and attitudes about sleep in patients with CID. Therefore,
ReHo is a highly effective and sensitive method for mapping
disrupted neural activity to reflect the underlying neurobiological
mechanism of CID. However, whether the ReHo of disrupted
brain regions in patients with CID can be reshaped to normal
after treatment remains unclear.

A novel intervention real-time fMRI neurofeedback (rtfMRI-
NF), which has no known side effects and potential longer-
term neuroplastic effects, can train people to autonomously
regulate brain activity and has huge application prospect in
improving cognition or curing diseases (15–20). In comparison
with other neurofeedback techniques, such as EEG and non-
invasive physical stimulation techniques (transcranial magnetic
stimulation), rtfMRI-NF has the advantage of higher spatial
resolution and better access to deep relevant brain structures (15–
17). Subjects can use rtfMRI-NF to regulate the activity of local
brain regions or the functional connections of multiple brain
regions to improve clinical symptoms, including depression,
anxiety, schizophrenia, and other diseases (18–20). Spiegelhalder
et al. (3) found that rtfMRI-NF may be useful for future studies
on the treatment of patients with CID. Therefore, we aimed to
verify whether the abnormal local ReHo of patients with CID can
be reshaped to normal by rtfMRI-NF training.

A target brain region, which is closely related to the
pathogenesis of CID, was needed for rtfMRI-NF training (15–
18). Multiple local and overall dysfunctions occur in patients
with CID, and these dysfunctions are mainly concentrated in the
amygdala and emotion and cognition-related brain areas (3, 5, 21,
22). CID is associated with increased amygdala responsiveness to
negative stimuli, and its treatment may benefit from strategies
that modulate its association with emotion (22). Huang et al.
discovered decreased FC between the amygdala and insula,
striatum, and thalamus. They also found increased FC of the
amygdala with the pre-motor and sensorimotor cortex (5). The
amygdala, which is positioned in the limbic system’s center and
plays a critical role in the formation, expression, and perception
of unpleasant emotions, has been implicated in the important
pathophysiology of CID (23). Previous studies supported a
functional dissociation between the left and right amygdala in
terms of temporal dynamics. The right amygdala is engaged in
the rapid and automatic detection of emotional stimuli, whereas
the left amygdala participates in more detailed and elaborate
stimulus evaluation (24, 25). Moreover, many researchers have
successfully used rtfMRI-NF training to help patients regulate the
activity of their left amygdala through positive autobiographical
memory to change brain function and clinical symptoms (16–18).
As a result, targeting the activity of the left amygdala for rtfMRI-
NF regulation may improve the sleep of patients with CID,
thereby providing a new breakthrough point for investigating the
neurological mechanism.

Taken together, amygdala-based rtfMRI-NF training
could reshape resting-state local spontaneous neural activity
accompanying improvement of sleep in patients with CID. To
prove our hypothesis, we used rtfMRI-NF to train patients with
CID to regulate the activity of the left amygdala for three sessions
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in 6 weeks. The rs-fMRI data were collected before and after
training. Then, the ReHo method was used to explore the effect
of rtfMRI-NF training. We also investigated the relationships
between the ReHo value of altered regions and the changes of
clinical variables.

MATERIALS AND METHODS

Participants
The study design and patient approval for this study were granted
by the Ethics Committee of the Henan Provincial People’s
Hospital. All patients with CID were recruited by advertisement
or introduction of hospital doctors from January 2018 to
December 2021. All patients signed an informed consent form
and were compensated for their participation. All participants
underwent a comprehensive neuropsychological and clinical
assessment, including Pittsburgh Sleep Quality Index (PSQI)
(26), Insomnia Severity Index (ISI) (27), Hamilton Depression
Scale (HAMD) of 17 items (28), Beck Depression Inventory
(BDI) (29), and Hamilton Anxiety Scale (HAMA) of 14 items
(30). To exclude the potential influence of drugs, the patients
were asked not to take medications or other treatment methods
for insomnia from 2 weeks before the experiment to the end
of training. Patients who cannot bear the torture of insomnia
can quit at any time. Based on the Fifth Edition of Diagnostic
and Statistical Manual of Mental Disorders diagnostic criteria
(DSM-V), the inclusion criteria are as follows: (1) age of 18–
70 years; (2) right-hand dominance and native Chinese speaker;
(3) fatigue, irritability, cognitive decline, and other insomnia
symptoms should last for at least 3 months; (4) PSQI score
≥8; (5) no history of psychiatric or neurological disorders (e.g.,
schizophrenia, stroke); (6) no any secondary sleep problems
(e.g., restless leg syndrome, obstructive sleep apnea); (7) no
history of alcohol and substance abuse or dependence; and (8)
no brain lesions or prior substantial head trauma found by T2-
weighted dark-fluid and T1-weighted MR images. Considering
the concomitant relationship between CID and depression and
anxiety (31, 32), this study did not limit the depression and
anxiety score of patients with CID when recruiting them. In
addition, an overnight polysomnography (PSG) was used to
exclude participants with occult sleep disorders. The PSG was
recorded using an ambulatory recording system (Compumedics
Siesta, Australia). The collected PSG parameters included total
sleep time (TST), sleep efficiency (SE), sleep onset latency (SOL),
and number of awakenings (NOA).

Power Calculation
The sample size was calculated using the G∗Power software
(33). Considering that no relevant research has been published,
the parameters of effect size were set at 0.5 to estimate the
sample size (18). To achieve 80% power at P = 0.05 in the
two-sided (t-test) test, a sample size of n = 34 participants
was required. Considering a maximum possible dropout rate of
20%, 41 subjects were needed. Given that this clinical trial of
fMRI-NF was conducted as a pilot study to test the feasibility,
the performed power calculation was of limited value because
it is based on effect sizes (18). Furthermore, fMRI-NF is still

in the early phases of clinical evaluation, and it is a relatively
complex and time-consuming process (18). Finally, 33 patients
with CID completed all experimental procedures. However, four
participants were excluded because of excessive head movements
during resting-state scanning. One subject dropped out because
of the pause during training.

Procedure
The experimental procedure of rtfMRI-NF training is shown
in Figure 1A. The participants completed the experiment by
visiting six times with 1 week internal. During the first visit,
we gathered information on broad demographic parameters.
The PSQI, ISI, HAMD, BDI, and HAMA were also provided
by the participants. During the second visit, the participants
completed MRI scans and familiarized themselves with the MRI
scanning environment. To rule out any structural abnormalities
in the brain, we collected routine axial T2-weighted dark-fluid
and T1-weighted MR images. To register the template of the
amygdala from the standard space to the subject space for
real-time processing data during training, we collected high-
resolution T1-weighted structural images. Afterward, PSG was
performed overnight. During the third, fourth, and fifth visits,
the participants completed the same clinical and self-report
measures as the first visit and their three rtfMRI-NF training
sessions. The detailed paradigm of rtfMRI-NF training is shown
in the following section. During the sixth visit, the participants
finished overnight PSG as in their second visit. Meanwhile, the
participants finished rs-fMRI scans, and the same clinical score
as in their third visit was obtained.

rtfMRI-NF Training Paradigm
The schematic of amygdala-based rtfMRI-NF loop is shown in
Figure 1B. The participants were required to write down three
or more specific autobiographical memories about themselves.
Before rtfMRI-NF training, we informed the patients about
the details of experimental process and the specific tasks
under different stimuli. The signals of brain activity from the
left amygdala region were provided as feedback to them for
regulation during training. The amygdala is defined from the
Talairach space with a radius of 7mm and the coordinates (i.e.,
−21, −5, and −16), and its signal is displayed as temperature
bars updating once per reaction time (TR) (2 s) (20, 34). The
OpenNFT system was used to perform real-time online data
analysis (35). Detailed information about the steps and parameter
are provided in the article published by Koush et al. (35). Eight
runs were carried out in each training session lasting for∼50min,
including the functional localizer, resting-state scan, practice-
training, three NF-training, transfer-training, and resting-state
scan. The functional localizer run was carried out for 20 s, and
the resting-state scan run was carried out for 7min. The five
remaining runs were carried out for 6min and 50 s. In the
two resting-state scan runs, we collected rs-fMRI data of the
participants, who were instructed to fix on green cross, remain
awake, and think of nothing in particular. The practice-training
and transfer-training runs shared the same paradigms with NF
training but without a feedback signal. The participants were
allowed to familiarize with the rtfMRI-NF training procedure by
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FIGURE 1 | (A) Procedure of rtfMRI-NF training experiment. The experimental protocol consisted of six visits, lasting for ∼6 weeks. During the third, fourth, and fifth

visits, each rtfMRI-NF training session included eight runs, lasting for ∼50min. (B) Schematic of amygdala-based rtfMRI-NF loop for patients with CID. Typically, brain

images were acquired using the MR scanner online and analyzed using the OpenNFT software in real time. Then, the signal of amygdala activity was provided as

feedback to patients with CID for neural self-regulation. rtfMRI-NF, real-time fMRI neurofeedback; PSG, polysomnography; CID, chronic insomnia disorder.

designing the practice-training run. To test whether participants
hadmastered the regulation strategy, we added a transfer training
run after three NF training runs. Each NF training run consisted
of alternating 30 s rest and 30 s happy blocks, with seven blocks
of rest and six blocks of happy. At rest blocks, participants were
asked to stare at the green cross on the screen to calm their mind.
During happy blocks, the participants were instructed to increase
the height of thermometer on the screen by recalling a positive
autobiographical memory.

Data Acquisition
A MAGNETOM Prisma 3T MR scanner (Siemens Healthcare,
Erlangen, Germany) with a 64-channel head-neck coil was used
for fMRI data acquisition at the Medical Imaging Center of
our hospital. Earplugs and foam pads were used to minimize
scanner noise and head motion. A medical tape was fixed on
participants’ foreheads to help them control their movements. rs-
fMRI data were acquired using an echo-planar imaging sequence
with 210 volumes lasting for 420 s. The corresponding acquisition
parameters were set as follows: TR: 2,000ms, echo time (TE):
30ms, field of view (FOV): 224mm × 224mm, matrix size:
112 × 112, slices: 27, slice thickness: 4mm, gap: 1mm, and
flip angle: 90◦. High-resolution T1-weighted structural images
were acquired with the following parameters: TR: 2,300ms, TE:
2.27ms, FOV: 250mm × 250mm, matrix size: 256 × 256, slices:
192, slice thickness: 1mm, and flip angle: 8◦.

Data Processing
The rs-fMRI data collected in Visit 6 and the first scan of
Visit 3 (Figure 1A) were used for analysis in this study.
Data pre-processing and ReHo analysis were carried out by
using the Data Processing and Analysis of Brain Imaging

(DPABI, http://rfmri.org/DPABI) toolbox (36). First, we
discarded the first 10 volumes of each run for signal stabilization
and participant adaptation. Then, slice timing and head-motion
correction were carried out. Data with maximum displacement
in head rotation of larger than 2◦ or any directions of larger than
2mm were excluded from further analysis. For precise spatial
normalization of the fMRI data, individual high-resolution
T1-anatomic images were registered to the mean fMRI data,
and the resulting aligned T1-weighted images were segmented
and transformed into standard Montreal Neurological Institute
space by using the DARTEL toolbox. Furthermore, white
matter, cerebral-spinal fluid signals, and 24-head realignment
parameter were regressed out as covariates. Subsequently,
regressed functional images were specially normalized to the
group template by using the transfer parameter estimated by
DARTEL segmentation and resampled to 3 × 3 × 3 mm3

voxels. Finally, linear trend and temporal band-pass filtering
(0.01–0.1Hz) was applied to reduce low-frequency drift and
physiological high-frequency respiratory and cardiac noise.

ReHo Calculation
Regional homogeneity maps were generated on the pre-
processed rs-fMRI data as previously described (2, 9, 10). The
Kendall’s coefficient of concordance (KCC) was calculated to
measure the similarity of the time series of a given voxel to those
of its nearest 26 voxels. To reduce the influence of individual
variation in KCC values, we performed ReHomap normalization
by dividing the KCC of each voxel by the averaged whole-brain
KCC. Finally, the ReHo maps were spatially smoothed using a
Gaussian kernel with 6mm full-width at half-maximum. A group
template of 90%was generated for fMRI processing and statistics.
To assess the effect of amygdala-based rtfMRI-NF training on
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TABLE 1 | Changes in clinical variables before and after training in patients with

chronic insomnia disorder.

Variables Before training After training T/Z value P-Value

PSQI 13.86 ± 3.35 11.25 ± 3.31 4.87 <0.001

ISI 17.82 ± 4.83 14.18 ± 6.14 3.46 0.002

HAMD 19.11 ± 8.01 16.86 ± 7.47 1.76 0.09

BDI 19.29 ± 10.70 15.89 ± 9.25 2.88 0.008

HAMA 19.82 ± 9.45 16 ± 12.15 2.65 0.013

TST (min) 380.11 ± 101.70 404.27 ± 81.22 1.18 0.25

SE (%) 78.75 (66.25–84.78) 78.6 (71.33–89.98) −0.62 0.539

SOL (min) 20.5 (7.25–58.13) 12 (6.63–27.13) −1.95 0.052

NOA 20.5 (10.25–26.75) 15 (8–26.5) −1.49 0.137

Normally distributed data are expressed as mean ± SD, and P-values were obtained

using two-tailed paired t-test. Non-normally distributed data were presented as median

and interquartile range, and P-values were obtained using the Wilcoxon signed-rank

test. PSQI, Pittsburgh sleep quality index; ISI, insomnia severity index; HAMD, Hamilton

depression rating scale; BDI, Beck depression inventory; HAMA, Hamilton anxiety rating

scale; TST, total sleep time; SE, sleep efficiency; SOL, sleep onset latency; NOA, number

of awakenings.

TABLE 2 | Brain regions exhibited altered ReHo in patients with chronic insomnia

disorder (after training vs. before training).

Brain regions Whole

cluster

size

Cluster

size

MNI co-ordinates t score

x y z

Left supplementary

motor area

152 43 0 21 48 −6.2269

Left dorsal lateral

pre-frontal cortex

35 −15 30 45 −5.3858

Right supplementary

motor area

26 3 24 48 −6.3088

Left dorsal medial

pre-frontal cortex

23 0 27 48 −5.7855

Right dorsal medial

pre-frontal cortex

19 3 30 45 −6.2449

Left cerebellum anterior

lobe

137 62 12 −48 −15 6.8476

Right cerebellum

anterior lobe

42 −12 −48 −12 4.55

Results were set at voxel-level: P < 0.001, cluster-level: P < 0.05, t = 3.29

(Gaussian random field corrected). ReHo, regional homogeneity; MNI, Montreal

Neurological Institute.

the CID brain, we compared the whole-brain ReHo differences
between after training and before training conditions via the
paired t-test. The Gaussian random field (GRF) theory correction
procedure was used for multiple comparisons.

Statistical Analysis
Demographic and Clinical Data Analysis
The data of the clinical score analyzed were collected during the
sixth visit and at the beginning of the third visit. The PSG data
analyzed were collected during the sixth and second visits. The
distribution of clinical data was tested using the Kolmogorov-
Smirnov method. Continuous variables with normal distribution

were analyzed using the independent paired t-test and expressed
as mean ± standard deviation. Otherwise, the Wilcoxon signed-
rank test was used to analyze non-normally distributed data,
which were expressed as median and interquartile range. All
statistical analyses were performed using SPSS version 22.0
(http://www.spss.com; Chicago, IL). The threshold for statistical
significance was set at P < 0.05, and all hypothesis tests were two-
tailed.

Brain-Behavior Correlation Analysis
Based on the paired t-test, the altered ReHo brain regions were
located. Then, the mean ReHo values of these brain regions
in after training condition were extracted. After this, partial
correlation was performed to examine the association between
the values of ReHo and the changes in the clinical scores and
indexes of PSG, including PSQI, ISI, HAMD, HAMA, BDI, TST,
SE, SOL, and NOA with age, gender, and education as covariates.
Statistical significance was considered at P < 0.05. Multiple
comparison correction was performed by the false discovery
rate (FDR).

RESULTS

Demographic and Clinical Data
In this article, 28 patients with CID were included for further
analysis. The demographic data were as follows: 21 females;
education: 13.1 ± 3.3 years; and age: 45.7 ± 13.2 years. The
normal distribution of clinical characteristics data included PSQI,
ISI, HAMD, HAMA, BDI, and TST. However, the SE, SOL,
and NOA non-normally distributed. After rtfMRI-NF training,
the PSQI, ISI, BDI, and HAMA of patients with CID showed
significant differences (P < 0.05, Table 1) compared with those
before training. However, HAMD, TST, SE, SOL, and NOL
showed no significant differences. Detailed information of these
results are shown in Table 1.

ReHo Analysis
In comparison with the ReHo before training condition, patients
with CID showed decreased ReHo in bilateral dorsal medial
pre-frontal cortex (DMPFC), supplementary motor area (SMA),
and left dorsal lateral pre-frontal cortex (DLPFC) and increased
ReHo in bilateral CAL. Table 2 shows the detailed information
on activation centers. The spatial distributions of altered ReHo
regions are shown in Figure 2. The results were set at voxel-level:
P < 0.001, cluster-level: P < 0.05, t = 3.29, GRF corrected. The
distributions of z-transform ReHo values in brain regions that
exhibited altered ReHo are shown in Figure 3.

Brain Behavior Correlation Analysis
The ReHo values of right SMA also showed significant positive
correlation with the changed HAMA score (r = 0.405, P= 0.045,
FDR corrected, Figure 4A). A remarkable positive correlation
was also found in the changed HAMD score (after training
minus before training) with ReHo values of the left CAL (r
= 0.46, P = 0.042, FDR corrected, Figure 4B). The changed
ISI score and ReHo values of the left CAL showed a positive
correlation but did not reach a significant level (r = 0.356, P =
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FIGURE 2 | Brain areas that exhibited altered ReHo induced by real-time fMRI neurofeedback training (after training vs. before training). Results were set at voxel-level

P < 0.001, cluster-level P < 0.05, and t = 3.29 (Gaussian random field corrected). Warm colors indicate regions in which ReHo increased significantly, whereas cool

colors indicate regions in which ReHo decreased significantly. The color bar indicates the t-value. The numbers at the bottom indicate the axial slices. ReHo, regional

homogeneity; L, left; R, right.

0.08, Supplementary Figure S1). The ReHo values of the others
altered brain regions did not show significant correlation with the
other changed clinical scores and indexes of PSG.

DISCUSSION

In this study, based on the ReHo method, we explored whether
the resting-state local spontaneous neural activity in patients
with CID could be regulated by amygdala-based rtfMRI-NF
training accompanying improvement of clinical symptoms.
Results showed that the bilateral DMPFC, SMA, and left DLPFC
had decreased ReHo values, and the bilateral CAL had increased
ReHo values. Some clinical scores, including PSQI, ISI, BDI,
and HAMA, were markedly decreased. Additionally, the ReHo
values of the left CAL were positively correlated with the changed
HAMD score. The ReHo values of the right SMA also showed
remarkably positive correlation with the HAMA score. These
results support our hypothesis that amygdala-based rtfMRI-NF
training could reshape abnormal ReHo and improve sleep of
patients with CID.

The DMPFC, as a key node of default mode network (DMN),
is engaged in self-referential mental activity and emotional
processing and has more connection with limbic areas such
as amygdala (37–39). Koenigs et al. (40) discovered that the
sleep initiation and maintenance is related to damage of the
left DMPFC. Notably, the intrinsic activity in the DMPFC of
the normal sleep subject is reduced during a natural sleep and
shifts to a deep sleep (37). Furthermore, Yu et al. (38) reported
that the patients with CID showed significantly increased global
FC density in the left DMPFC. Besides, core areas of the DMN
showed greater activation in patients with CID compared with
healthy controls (HCs) in self-referential-related tasks (41). These
results support the hypothesis of hyperarousal to explain the
etiology and maintenance of CID (3, 4, 38). An increasing
number of studies supports that CID may be conceptualized
as a disorder associated with the overactivity of certain brain
areas of the DMN (42, 43). The widespread hyperarousal of
several systems (e.g., cognitive, physiological, and emotional)
occurs during insomnia, which consequently prevents relaxation
(42). In this study, the ReHo values of the bilateral DMPFC
decreased after training. Our findings may reflect that the
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FIGURE 3 | Plot of the z-transform ReHo values in brain regions that exhibited altered ReHo. The blue dots (before training condition) and the pink dots (after training

condition) indicated the mean values of ReHo in the different brain regions of all the subjects. L, left; R, right; ReHo, regional homogeneity; SMA, supplementary motor

area; DLPFC, dorsal lateral pre-frontal cortex; DMPFC, dorsal medial pre-frontal cortex; CAL, cerebellum anterior lobe. ***indicates p < .001.

amygdala-based rtfMRI-NF training could reshape the disrupted
ReHo of DMPFC.

Chronic insomnia disorder has a close relationship with
depression and anxiety (44, 45). Therefore, our study aimed
to improve the sleep of patients with CID by training them
to regulate amygdala activity through recalling happy emotions
and then improve emotions states. The DMPFC and amygdala
are the key structures of cognitive-affective brain systems
(46). Insomnia may disrupt reward-related brain function, a
potentially important factor in the development of depressive
disorder (47). Melynda et al. (47) found that DMPFC response
to reward anticipation and depressive symptoms mediates the
relationship between early adolescent non-restorative sleep and
late adolescent depressive symptoms. Moreover, the activity of
DMPFC increased in HCs during a positive emotion regulation
task (46). Taken together, our results indicate that the cognitive-
affective brain systems in patients with CID could be modulated
through amygdala-based rtfMRI-NF training.

The DLPFC is a critical brain region of central executive
network (CEN) and is involved in neurocognitive functions,

including executive functions, decision-making, working
memory, social cognition, and top-down emotional regulation
(48, 49). The DLPFC of patients with CID exhibits structural and
functional impairment, which may be lead to early rising and
difficulty in falling asleep (50–53). In comparison with HCs, two
studies observed decreased gray matter volume in the bilateral
DLPFC of patients with CID, thus providing basis for functional
abnormalities (52, 53). Huang et al. (50) discovered reduced FC
strength in the right DLPFC in patients with CID. The global
FC density increased in the right DLPFC (38). These results
indicated an impairment of intrinsic FC network in patients with
CID. In addition, patients with CID showed high FC between
the DLPFC and salience network, which had a remarkable
significant positive correlation with PSQI score (49). In terms
of spontaneous neuronal activity, Liu et al. (54) discovered
increased ALFF values in the bilateral DLPFC of patients with
major depressive disorder (MDD) and high insomnia and
patients with MDD and low insomnia compared with HCs.
Zhang et al. (2) discovered increased ReHo values in the right
DLPFC of patients with CID.
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FIGURE 4 | (A) Correlation between the altered HAMA score and ReHo values of the right SMA after training. (B) Correlation between the altered HAMD score and

ReHo values of the left CAL after training. The P-values were corrected by the false discovery rate. ReHo, regional homogeneity; HAMA, Hamilton Anxiety Scale;

HAMD, Hamilton Depression Scale; SMA, supplementary motor area; CAL, cerebellum anterior lobe.

Notably, decreased ReHo values were found in left DLPFC
after training in this research. DLPFC not only plays a major
role in cognitive control but also has an intimate relationship
with emotional processes (49, 55). Patients with CID also showed
increased amygdala reactivity to insomnia-related stimuli and
increased levels of anxiety and depression (22, 49). Thus,
DPLFC controls amygdala activity in response to external sleep-
related emotional stimuli. At rest, people are less responsive
to the outside stimuli. However, this function was disrupted
in patients with CID and the activity of DLPFC is increased
to inhibit excessive emotional response. Our training enhanced
the top-down executive controlling of amygdala by DLPFC.
Subsequently, the activity of DLPFC was reduced at rest, thus
promoting sleep. In this study, the improvement in symptoms of
both depression and anxiety in patients with CID also support
the influence of rtfMRI-NF training in reducing hyperarousal.
Recently, several studies selected DLPFC as a brain target of
non-invasive brain stimulation, including transcranial magnetic
stimulation (TMS) and transcranial direct/alternating current

stimulation (tDCS/tACS), for CID treatment (56–58). The results
showed that it could be a good supplement to drugs in the
treatment of CID (56–58). Therefore, DLPFC may also be an
effective target for rtfMRI-NF training in the treatment of CID,
and future studies are needed to verify this hypothesis.

The sensory-motor network (SMN), including SMA, pre-
central gyrus, and post-central gyrus, plays a role in the
continuous sensory process of environmental stimuli and
proprioceptive information (59). FC within SMN is increased in
patients with CID (5, 59–61). In comparison with HCs, Huang
et al. (5) found increased FC mainly between the amygdala and
pre-motor cortex, sensorimotor cortex in patients with CID.
This result might reflect an adaptive response to the “internal”
threat in patients with CID (5). The difficulty in falling asleep
is associated with high FC between primary sensory and SMA
in patients with CID (60). By using the graph theory analysis
method, our previous study found increased nodal centralities
of right pre-central gyrus in patients with CID (61). The
node betweenness of the right pre-central gyrus was positively
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correlated with the PSQI score in patients with CID (61). Wang
et al. (10) discovered increased ReHo in the bilateral pre-central
gyrus belonging to SMN, and this parameter is significantly
correlated with SAS scores. Therefore, the SMA of patients
with CID may be hyperactivity and hyperconnectivity. After
amygdala-based rtfMRI-NF training, we found decreased ReHo
in bilateral SMA in patients with CID. To some extent, this
result is consistent with previous findings. After the CID group
underwent cognitive-behavioral therapy, response to sleep-
related stimuli of left SMA and FC between the left putamen and
left SMA decreased (62, 63). The ReHo values of the right SMA
also showed a remarkably positive correlation with the changed
HAMA score, indicating an improved anxiety state to external
environment in patients with CID. In HCs, those with shorter
sleep duration show greater impairment of psychomotor ability
than those with longer sleep duration, that is, mental movement
in the brain increases before falling asleep and during sleep,
resulting in light sleep or difficulty falling asleep in patients with
CID (64). Patients with CID fall into a perpetual cycle of somatic
hyperarousal and increased sensitivity to sensory stimulation,
causing further cortical arousal and difficulty in sleep initiation
and maintenance (60). Therefore, amygdala-based rtfMRI-NF
training may exert its treatment effects on CID by reducing
hyperarousal of the SMA to sleep-related threatening stimuli.

The cerebellum is closely related to cognitive and emotional
processing and sleep (9, 65). Several neuroimaging studies
have reported cerebellar changes in CID (2, 9, 10, 65). A
structural neuroimaging reported that the severity of insomnia
has a negative correlation with the gray matter volume of the
cerebellum (65). In comparison with HC, Dai et al. (9) found
that patients with CID showed decreased ReHo values in the
right CAL. Recently, Zhang et al. (2) also found decreased ReHo
values in left CAL in patients with CID compared with HC.
Therefore, disturbed nocturnal sleep may damage the function
of the cerebellum and may be associated with disturbed negative
mood state in CID (2, 10). In terms of the FC network, Huang
et al. (50) discovered a significant reduction in FC strength
in the right CAL, which is mainly located in the bilateral
basal ganglia/thalamus and bilateral superior frontal gyrus. They
pointed out that the disrupted connectivity in the right CAL
affects patients with CID via the CEN and SMN system (50).
However, the diminished activity of CAL was normalized after
amygdala-based rtfMRI-NF training, as well as DMPFC in the
CEN system and SMA in SMN system. The ReHo values of
the left CAL showed a remarkably positive correlation with the
changed HAMD score and may reflect the improved emotional
state of the patients with CID. CID and depression are intimately
related, which may suggest an overlapping neurobiology (1).
Sleep disturbance is common in patients with depression, and
patients with insomnia are at high risk of developing depression
(31). Gebara et al. (32) indicated that treating CID in patients
with depression has a positive effect on mood. The results of this
article also confirmed this conclusion. Therefore, in the future
treatment of CID, the patient’s depression needs to be considered
at the same time. Additionally, the ReHo values in the left CAL
is associated with higher changed ISI score and closely reached
significance level. Although this result did not reach significance,
we think that this result is meaningful for the exploratory study

of rtfMRI-NF in the treatment of CID. Thus, we added it to
this report. We speculated that some influencing factors were
present, including rtfMRI-NF training duration, participants’
cooperation, training specifications, and so on, which affected
the clinical changes in ISI and CLA. Hence, this result should
be interpreted properly with caution. In summary, amygdala-
based rtfMRI-NF training may normalize the activity of CAL to
enhance the emotion regulation ability and thus improve sleep.

Limitations and Strengths
This study has several limitations. We did not include a sham
feedback group. Thus, the ReHo changes of brain after amygdala-
based rtfMRI-NF training may be attributable to placebo rather
than the actual therapeutic effects. Patients with CID that
participate in the experiment hope to improve sleep, thereby
reducing the suffering of insomnia. Their compliance is greatly
reduced, and if they find that the effect is not significant, theymay
realize that they are in the sham feedback group. Therefore, only
a real feedback group was included to ensure the training effect of
patients with CID. Accordingly, in future studies, we aim to add
three sham feedback sessions before three real feedback sessions.
Moreover, the sample size of this study was relatively small. The
rtfMRI-NF training is time-consuming and relatively complex,
and the enrolled participants are required to meet PSG diagnostic
criteria, thus limiting the number of enrolled patients with CID.
Therefore, controlled studies with larger sample size are needed
to verify our results from this initial study.

CONCLUSION

In summary, our study provided an objective evidence that
amygdala-based rtfMRI-NF training could reshape abnormal
ReHo and improve the sleep in patients with CID. The improved
regions with abnormal ReHo are mainly located in DMN,
CEN, SMA, and CAL. The improved abnormal spontaneous
neural activity in CID provided insights into the neurobiological
mechanism for the effectiveness of amygdala-based rtfMRI-NF
training. However, double-blinded sham-controlled trials with a
larger sample size are needed to confirm our results from this
initial study.
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The aberrant dynamic amplitude
of low-frequency fluctuations in
melancholic major depressive
disorder with insomnia
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Linna Jia1,2, Qikun Sun4, Yu Xie1, Yifang Zhou1,2, Ting Sun1,2,
Feng Wu1,2, Lingtao Kong1,2 and Yanqing Tang2,5*
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Hospital of China Medical University, Shenyang, China, 5Department of Gerontology, The First
Affiliated Hospital of China Medical University, Shenyang, China

Background: Insomnia is considered one of the manifestations of sleep

disorders, and its intensity is linked to the treatment effect or suicidal thoughts.

Major depressive disorder (MDD) is classified into various subtypes due to

heterogeneous symptoms. Melancholic MDD has been considered one of

the most common subtypes with special sleep features. However, the brain

functional mechanisms in melancholic MDD with insomnia remain unclear.

Materials and methods: Melancholic MDD and healthy controls (HCs, n = 46)

were recruited for the study. Patients were divided into patients with

melancholic MDD with low insomnia (mMDD-LI, n = 23) and patients with

melancholic MDD with high insomnia (mMDD-HI, n = 30), according to

the sleep disturbance subscale of the 17-item Hamilton Depression Rating

Scale. The dynamic amplitude of low-frequency fluctuation was employed to

investigate the alterations of brain activity among the three groups. Then, the

correlations between abnormal dALFF values of brain regions and the severity

of symptoms were investigated.

Results: Lower dALFF values were found in the mMDD-HI group in the

right middle temporal gyrus (MTG)/superior temporal gyrus (STG) than in the

mMDD-LI (p = 0.014) and HC groups (p < 0.001). Melancholic MDD groups

showed decreased dALFF values than HC in the right middle occipital gyri

(MOG)/superior occipital gyri (SOG), the right cuneus, the bilateral lingual

gyrus, and the bilateral calcarine (p < 0.05). Lower dALFF values than HC

in the left MOG/SOG and the left cuneus in melancholic MDD groups were

found, but no significant difference was found between the mMDD-LI group

and HC group (p = 0.079). Positive correlations between the dALFF values in

the right MTG/STG and HAMD-SD scores (the sleep disturbance subscale of

the HAMD-17) in the mMDD-HI group (r = 0.41, p = 0.042) were found. In the

pooled melancholic MDD, the dALFF values in the right MOG/SOG and the
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right cuneus (r = 0.338, p = 0.019), the left MOG/SOG and the left cuneus

(r = 0.299, p = 0.039), and the bilateral lingual gyrus and the bilateral calcarine

(r = 0.288, p = 0.047) were positively correlated with adjusted HAMD scores.

Conclusion: The occipital cortex may be related to depressive symptoms in

melancholic MDD. Importantly, the right MTG/STG may play a critical role in

patients with melancholic MDD with more severe insomnia.

KEYWORDS

melancholic depression, resting-state, magnetic resonance imaging, the dynamic
amplitude of low-frequency fluctuation, sleep disturbance, insomnia

Introduction

Major depressive disorder (MDD) is a widely distributed,
heterogeneous, and disabling psychiatric disease (1, 2),
characterized by different clinical manifestations, such as
persistently depressed mood, anhedonia, low self-esteem,
somatization, weight change, cognitive dysfunction, retardation,
and sleep disturbances (1). Sleep disturbances, particularly
insomnia, are prevalent and prodromal clinical characteristics
in MDD (3), and 92% of patients with major depressive episodes
reported substantial sleep complaints (4). Insomnia, as one of
the main manifestations of sleep disturbances, is not only an
important risk factor for developing depression (5, 6) but also
for recurrence (7), and its severity is associated with the quality
of life (8), the severity of depression (8), the therapeutic effect
(9, 10), and suicidal thoughts (11, 12). In addition, the link
between MDD and insomnia showed a strong bond based on
substantial shared genetic liability (13, 14).

Previous research has shown a significant relationship
between sleep disturbance (insomnia especially) and
depression (15, 16). Furthermore, several neuroimaging
studies have also found objective differences in brain regions
and changes in neural activity in patients with MDD (17–
21) and insomnia individuals (22–25) by using distinctive
imaging approaches, such as the amplitude of low-frequency
fluctuation (ALFF), functional connectivity (FC), and regional
homogeneity (ReHo). These studies implied that neuroimaging
characteristics can correctly reflect individual sleep disturbances
and performance and could be used as diagnostic biomarkers of
MDD (26). There is also some research into the underlying brain
mechanisms of patients with MDD with sleep disturbances
using resting-state functional MRI (rs-fMRI). Carried out using
various methods of rs-fMRI, such as ALFF or FC in patients
with MDD with insomnia, researchers noticed changes in the
activity of some brain regions, such as the salience network, the
suprachiasmatic nuclei, and the default mode network (27–29).
A study using a multicenter dataset found that the combination
of gray matter (GM) density and fractional ALFF can accurately
predict individual total sleep disturbance scores of the 17-Item

Hamilton Depression Rating Scale (HAMD-17) which includes
items 4 (sleep initiation disorder), 5 (sleep maintenance
disorder), and 6 (early awakening) of HAMD-17 in patients
with MDD (26). According to certain findings, patients with
MDD with more severe insomnia had smaller cortical surface
areas in several frontoparietal cortical areas (30), and the
interaction between depression and insomnia was related to
reduced GM volume in the right orbitofrontal cortex (31).
Besides, abnormal global FC density in the visual system was
considered a biomarker in patients with MDD with insomnia
(32). As a result, the underlying biological mechanisms of sleep
disruption in MDD are being investigated constantly.

However, these studies mentioned above did not go deep
into each subtype of MDD, and the heterogeneity of symptoms
may bring inconsistent experimental results. In addition, newer
imaging methods can also be used in future research.

As a heterogeneous mental disorder, dividing MDD
into subcategories based on diagnostic criteria is essential
for identifying underlying pathophysiological mechanisms,
and this form of individualized diagnosis is required for
precise MDD treatment (26). Melancholic MDD has been
viewed as the most serious subtype of MDD (33) with specific
clinical symptoms, such as persistent anhedonia, psychomotor
disturbances, cognitive impairment, early morning awakening,
excessive guilt, and anorexia (34). In addition, there are
several biological indicators, such as disturbances in sleep
architecture, occurring more frequently in melancholia than
in other types of depression (35, 36). Studies also found
that patients with melancholic MDD had a higher rate of
nightmares, middle, and terminal insomnia than patients
with non-melancholic MDD (37, 38). Previous research
revealed that patients with melancholic MDD displayed
evident sleep-electroencephalogram (EEG) changes, which
involved low quantities of slow-wave sleep, disrupted sleep,
a short rapid eye movement (REM) latency, and a high
REM density compared to non-melancholic depression
(36, 39–41). However, limited studies use imaging methods
to investigate underlying neuroimaging mechanisms of
melancholic MDD with insomnia.
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Resting-state functional magnetic resonance imaging (rs-
fMRI) is a method to measure spontaneous activity in the
brain that has been generally utilized to explore functional
changes in the human brain (42). There are also several
studies about melancholic MDD. These studies found that
the melancholic MDD had distinct fractional ALFF values in
the right middle temporal gyrus (MTG)/and bilateral superior
occipital gyrus (SOG) (43), lower ReHo values in the right
SOG/middle occipital gyrus (MOG) (44), different network
homogeneity values in the right posterior cingulate cortex
(PCC)/precuneus, right angular gyrus, and the right MTG (45),
decreased voxel-mirrored homotopic connectivity values in the
fusiform gyrus, PCC, and SOG (46). As a promising approach
to rs-fMRI, ALFF has been adopted widely because it can
reflect the spontaneous neuronal activity of specific regions (47).
Simultaneously, ALFF is also considered to be momentarily
stationary during a typical rs-MRI session (48). However, the
activity of brain areas is inherently dynamic (49). Therefore,
to capture the dynamic properties of distinct brain regions’
activity effectively, the dynamic sliding window method such
as dALFF has been adopted in several types of research in
contrast to the “static” approaches of rs-fMRI. Furthermore, a
previous study demonstrated that dALFF changes are related to
changes in EEG band power (50). Recently, many psychiatric
illnesses have discovered a significant change in dALFF, such as
MDD (51), bipolar disorder (52), Schizophrenia (53), primary
insomnia (54), and generalized anxiety disorder (55). For an
instance, Staner found that temporal dALFF can predict suicidal
thoughts in depressed patients, while static ALFF cannot (16).
Nevertheless, the dynamics of brain activity in patients with
melancholic MDD with insomnia have not yet been quantified.

Therefore, our goal is to investigate the dynamic
spontaneous brain activity in patients with melancholic
MDD along with insomnia compared to HCs by employing
the dALFF. We assume that melancholic MDD with variable
degrees of insomnia may show certain particular dynamic
brain functional changes and these features are associated with
insomnia symptoms of melancholic MDD.

Materials and methods

Participants

In the current research, a total of 53 melancholic MDD
individuals and 46 healthy controls (HCs) matched for age,
gender, and education were recruited from the Shenyang Mental
Health Center and The First Affiliated Hospital of China
Medical University. Participants ranged in age from 18 to 40.
The Medical Research Ethical Committee of the First Affiliated
Hospital of China Medical University has approved the study.
Before starting the study, all participants were informed of the
purpose of the study and signed an informed consent form.

The diagnosis of melancholic MDD was independently
performed by two seasoned psychiatrists, according to the
Diagnostic and Statistical Manual of Mental Disorders,
fourth edition (DSM-IV) criteria. The inclusion criteria for
melancholic MDD were: (1) continuously anhedonia; (2) at
least three of the symptoms as follows are required: depressive
mood, feeling worse in the morning, early morning awakening,
remarkable psychomotor disturbances, severe anorexia or
weight loss, and excessive or inappropriate guilt. Patients were
enrolled in the research while experiencing a depressive episode
with a total of HAMD-17 scores ≥ 17 on the day of the MRI
scan. These patients were excluded if diagnosed with other Axis
I or Axis II disorder.

HCs with HAMD-17 scores ≤ 7 were recruited from the
local community and they had no Axis I or Axis II disorder.
Meanwhile, their first-degree relatives could not have any family
history of psychiatric disorders.

The following exclusion criteria applied to all participants:
history of neurological such as head injury, stroke, seizures,
or transient ischemic attack; caffeine, drug, or alcohol
abuse; and pregnancy.

Assessments

The depression severity was evaluated by HAMD-17 (56)
and the anxiety severity was measured based on the Hamilton
Anxiety Rating Scale (HAMA) (57). Insomnia symptoms
were evaluated using the insomnia subscale of the HAMD-
17 (HAMD-SD) (22, 26, 58), which involved items 4 (sleep
initiation disorder), 5 (sleep maintenance disorder), and 6 (early
awakening). The scores of the HAMD insomnia subscale and
sleep diary data are widely considered to be well correlated,
which has been a global measure of insomnia severity in
depressive disorders (59). The adjusted HAMD scores meant
the HAMD-17 scores after the omission of the sleep subscale
scores (27, 32). Patients with melancholic MDD were separated
into patients with melancholic MDD with low insomnia group
(mMDD-LI, HAMD-SD ≤ 3, n = 23) and patients with
melancholic MDD with high insomnia (mMDD-HI, HAMD-
SD ≥ 4, n = 30), according to the HAMD-SD.

Image acquisition

The rs-MRI functional images were acquired by adopting
a 3.0 T GE SIGNA MRI system at the Image Institute of The
First Affiliated Hospital of China Medical University, Shenyang,
China. The following are the parameters that were obtained
using a gradient echo-planar imaging (EPI) sequence: repetition
time (TR) = 2,000 ms, echo time (TE) = 40 ms, field of view
(FOV) = 240 × 240 mm2, flip angle (FA) = 90◦, image matrix
size = 64 × 64, slices = 35, slice thickness = 3 mm, spacing
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between slices = 3 mm. Participants were required to wear
earplugs and use foam pads to reduce scanner noise and head
motion, and their head was fixedly positioned during scan time.
The resting state meant that participants were not doing any
cognitive tasks during the scan time and they were asked to keep
relaxed and awake with their eyes closed while simultaneously
keeping their minds blank. After completing scanning, we
obtained a total of 200 volumes of images.

Image pre-processing

Images were processed by applying the Statistical Parametric
Mapping 12 (SPM12)1 and the Data Processing Assistant for
Resting-State fMRI (DPABI 4.1, Advanced edition) (60) based
on the custom code written in MATLAB. To maintain the
stability of the initial signal, the first 10 volumes of each
participant’s scanned data were eliminated. Then, the remaining
190 images were adjusted for slice-timing and head motion.
Participants with the translation of more than 2 mm or
rotation of more than 2◦ of head motion in each direction
were not included in the present study. The mean framewise
displacement (FD) was used to measure the scrubbing-related
micro-head motion of each participant. Additionally, no
statistical difference existed in mean FD when comparing the
three groups. After realignment, the imaging data corrected
were spatially normalized into a standard EPI template in the
Montreal Neurological Institute (MNI) space and resampled
to a voxel size of 3 mm × 3 mm × 3 mm. The spatial
smoothing of the EPI images adopted a 4 mm full width at
half maximum (FWHM) Gaussian kernel. The BOLD signals
were then detrended to correct a linear trend. Finally, the linear
regression of the nuisance covariates was performed to remove
the effects, including head motion parameters, cerebrospinal
fluid signal, and white matter signal. Normalization of T1
images was also conducted, and details and results are shown
in Supplementary Table 3 and Supplementary Figure 3, and
pre-processing part.

Dynamic amplitude of low-frequency
fluctuation acquisition

The dynamic ALFF was computed using temporal dynamic
analysis (TDA) toolkits in DPABI 4.1 (60) based on a sliding
window analysis. The window length which was considered a
crucial parameter of resting-state dynamic computation should
be larger than 1/f min. The f min referred to the minimum
frequency of the time series. As a shorter window length is
more likely to introduce misleading fluctuations in the observed

1 www.fil.ion.ucl.ac.uk/spm/software/spm12

dALFF, a longer window length may fail to discover the potential
dALFF. Therefore, a window length of 50 TRs (100 s) was
selected to compute the temporal variability of ALFF according
to prior research (51, 61). We calculated the ALFF of each
subject with a sliding window and obtained the ALFF values of
each given voxel, the time series of which were then transformed
into a frequency domain with a fast Fourier transform. The
square root of the power spectrum of each voxel was computed
and summed from 0.01 to 0.08 Hz. The dALFF values were
obtained through computing the standard deviation (SD) of
ALFF values at each voxel across the sliding window dynamics.
SD is a useful and quantified indicator that is generally applied
to describe the degree of change in dALFF in the research
of temporal dynamic brain activity. Therefore, we used SD as
dALFF for the next analysis.

Statistical analysis

The demographic features and clinical symptoms were
analyzed by several statistical methods, such as one-way analysis
of variance (ANOVA), two-sample t-test, and chi-square test,
and p < 0.05 was set as significance. The specific use of
these statistical methods is shown in Table 1. The relationships
between the total HAMD-17 scores, adjusted HAMD scores,
HAMD-SD scores, and HAMA scores were explored by
Pearson’s correlation in the pooled melancholic MDD groups,
and the statistical significance was also set at p < 0.05. Images
data were analyzed by two software, and two types of correction
are used. Altered dynamic ALFF values across the three groups
were investigated by ANOVA in DPABI 4.1 and the results
were corrected with the Gaussian random field (GRF) one-
tailed (62), the threshold of voxel-wise was p < 0.001, and the
cluster-level was p < 0.05. The extracted dALFF values were
evaluated by SPSS (Statistical Product and Service Solutions)
and the one-way analysis of covariance (ANCOVA) was used
to compare differences among three groups when age, gender,
years of education, and FD were covariates. Significance was set
at p < 0.05 after correcting by Bonferroni correction. The partial
correlation analysis was conducted to examine the relationship
between the altered dALFF values and clinical features (HAMD-
SD scores, HAMA scores, and adjusted HAMD scores) in
melancholic MDD groups when age, gender, medication,
HAMA scores, adjusted HAMD scores, or HAMD-SD scores
were used as covariates. Significance was set at p < 0.05 after
correcting by Bonferroni correction.

Validation analysis

To verify the results of dALFF variability obtained from a
sliding window length of 50 TR, we adopted using two other
window lengths (30 and 70 TR).
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TABLE 1 Demographic and clinical measurement among three groups.

Measurement mMDD-LI (n = 23) mMDD-HI (n = 30) HC (n = 46) Statistical value P-value

Age (years) 24.65 ± 5.57 26.83 ± 6.81 25.65 ± 6.08 0.832 0.442*

Gender (male/female) 8/15 6/24 20/26 4.441 0.109#

Education (years) 14.70 ± 2.42 14.73 ± 2.27 14.63 ± 1.88 0.022 0.978*

Mean FD 0.11 ± 0.54 0.93 ± 0.39 0.12 ± 0.51 2.061 0.133*

Illness duration (months) 17.39 ± 19.61 13.15 ± 18.28 NA 0.81 0.420

Number of episodes 1.13 ± 0.34 1.17 ± 0.38 NA −0.36 0.720

HAMD-SD 2.52 ± 0.67 4.87 ± 0.82 NA −11.18 <0.001

Adjusted HAMD 19.43 ± 2.83 20.20 ± 5.25 NA −0.68 0.500

HAMD-17 21.96 ± 3.07 25.07 ± 5.45 NA −2.63 0.012

HAMA 19.61 ± 7.05 24.17 ± 8.24 NA −2.12 0.039

Medication 19 (83%) 19 (63%) NA 0.171 0.879#

Antidepressants 19 (83%) 15 (60%) NA NA NA

Benzodiazepines 13 (57%) 12 (40%) NA NA NA

Medication-free 4 (17%) 11 (37%) NA NA NA

Data are presented as either percentages (%) or means (standard deviations). #P-value for chi-square test, *P-value for one-way ANOVA, the rest P-value for two-sample t-tests. NA
stands for not available; mMDD-LI, patients with melancholic MDD with low insomnia group; mMDD-HI, patients with melancholic MDD with high insomnia; HC, healthy control; FD,
framewise displacement; HAMD-17, 17-item Hamilton Depression Rating Scale; HAMD-SD, the sleep disturbance factor of the HAMD-17 subscale; adjusted HAMD, HAMD-17 scores
after the omission of the sleep subscale scores; HAMA, Hamilton Anxiety Rating Scale.

Results

Demographic characteristics and
clinical symptoms

As Table 1 illustrates age, sex, years of education, and
mean FD were not significantly different among the mMDD-
LI, mMDD-HI, and HC groups (p > 0.05). And there were
no significant differences in medication, duration of disease,
or number of episodes between the two melancholic MDD
groups (p > 0.05). Compared with the mMDD-LI, mMDD-
HI showed higher HAMD (p = 0.012) and HAMA scores
(p = 0.039). However, the adjusted HAMD scores were not
statistically different between the two melancholic MDD groups
(p = 0.50). In the pooled melancholic MDD, the HAMD-
SD scores were significantly positively associated with the
HAMD scores (r = 0.452, p = 0.001) and HAMA scores
(r = 0.377, p = 0.005), but not with the adjusted HAMD scores
(r = 0.178, p = 0.203). The HAMA scores were also positively
associated with the HAMD scores (r = 0.68, p < 0.001) and
the adjusted HAMD scores (r = 0.629, p < 0.001) in the pooled
melancholic MDD.

Differences in dynamic amplitude of
low-frequency fluctuation values
among three groups

Significant group differences of dALFF were found in
the right MTG/superior temporal gyrus (STG), the bilateral
MOG/SOG, the bilateral cuneus, the bilateral calcarine, and

the bilateral lingual gyrus (p < 0.001, GRF correction). The
ANCOVA revealed that the mMDD-HI group displayed lower
dALFF values in the right MTG/STG than the mMDD-LI group
(p = 0.014, Bonferroni correction) and HC group (p < 0.001,
Bonferroni correction). Meanwhile, two melancholic MDD
groups showed lower dALFF values than HC in the right
MOG/SOG, the right cuneus, the bilateral lingual gyrus, and
the bilateral calcarine (p < 0.05, Bonferroni correction). The
two melancholic MDD groups had lower dALFF values than
HC in the left MOG/SOG and the left cuneus, although the
difference between the mMDD-LI group and HC group was
not statistically significant (p = 0.079, Bonferroni correction).
Table 2 and Figure 1 illustrate these findings.

Correlations between dynamic
amplitude of low-frequency
fluctuation values and clinical
characteristics

The partial correlation analysis revealed that the dALFF
values in the right MTG/STG were positively correlated
with HAMD-SD scores in the mMDD-HI group when age,
gender, medication, and adjusted HAMD scores, and HAMA
scores were covariates (r = 0.41, p = 0.042). In the pooled
melancholic MDD, the dALFF values in the right MOG/SOG
and the right cuneus were significantly positively correlated
with adjusted HAMD scores (r = 0.338, p = 0.019), the
dALFF values in the left MOG/SOG and the left cuneus were
positively correlated with adjusted HAMD scores (r = 0.299,
p = 0.039), and the dALFF values in the bilateral lingual
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TABLE 2 Brain regions showing significant group differences in dALFF values.

Cluster Hemisphere Brain regions Cluster size (voxels) MINI coordinates (x, y, z) F-values

1 Right Middle temporal gyrus/superior temporal gyrus 43 48 −27 3 12.913

2 Bilateral Calcarine/lingual gyrus 92 −6 −72 15 11.936

3 Right Middle occipital gyrus/superior occipital gyrus/cuneus 81 21 −96 9 14.964

4 Left Middle occipital gyrus/superior occipital gyrus/cuneus 135 −24 −87 15 12.318

MINI, Montreal Neurological Institute; dALFF, the dynamic amplitude of low-frequency fluctuation.

FIGURE 1

Differences in dALFF values and post hoc analysis of dALFF values among three groups. Cluster 1: right MTG/STG, Cluster 2: bilateral lingual
gyrus/calcarine; Cluster 3: right middle occipital gyrus/superior occipital gyrus/cuneus; Cluster 4: left middle occipital gyrus/superior occipital
gyrus/cuneus. (A) Significant difference in dALFF values among the three groups. Significant at p < 0.001 after GRF correction. R, right side; L,
left side. (B) Post hoc analysis of dALFF values with significant variations across the three groups. ***p < 0.001 level, **p < 0.01 level, *p < 0.05
level, Bonferroni correction.

gyrus and the bilateral calcarine were positively correlated
with adjusted HAMD scores (r = 0.288, p = 0.047) when age,
gender, medication, HAMD-SD scores, HAMA scores were as
covariates. The above results are shown in Tables 3, 4. No other
correlation was found.

Validation results

In the present study, we validated our results by using
different sliding window lengths (30 and 70 TR). Finally, the
relevant results were presented in Supplementary Tables 1, 2
and Supplementary Figures 1, 2.

Discussion

In the present study, we investigated the neuroimaging
features of melancholic MDD with varying degrees of insomnia
by adopting the dynamic sliding window method. Our research
found that the mMDD-HI group displayed significantly
decreased dALFF values in the right MTG/STG than the
mMDD-LI and HC groups. Furthermore, the dALFF values
in the right MTG/STG were significantly positively correlated
with HAMD-SD scores in the mMDD-HI group. We also found
two melancholic MDD groups showed decreased dALFF values
than HC in the right MOG/SOG, the right cuneus, the bilateral
lingual gyrus, and the bilateral calcarine. The two melancholic
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TABLE 3 The partial correlation analysis between the dALFF values and adjusted HAMD scores in the pooled melancholic MDD.

Cluster Hemisphere Brain regions Cluster size (voxels) MINI coordinates (x, y, z) r p

2 Bilateral Calcarine/lingual gyri 92 −6 −72 15 0.288 0.047

3 Right Middle occipital gyrus/superior occipital gyrus/cuneus 81 21 −96 9 0.338 0.019

4 Left Middle occipital gyrus/superior occipital gyrus/cuneus 135 −24 −87 15 0.299 0.039

Covariates included age, gender, medication, HAMD-SD scores, and HAMA scores. MINI, Montreal Neurological Institute; dALFF, the dynamic amplitude of low-frequency fluctuation.

TABLE 4 The partial correlation analysis between the dALFF values and HAMD-SD scores in patients with melancholic MDD with high insomnia.

Cluster Hemisphere Brain regions Cluster size (voxels) MINI coordinates (x, y, z) r p

1 Right Middle temporal gyrus/superior temporal gyrus 43 48 −27 3 0.41 0.042

Covariates included age, gender, medication, adjusted HAMD scores, and HAMA scores. MINI, Montreal Neurological Institute; dALFF, the dynamic amplitude of low-frequency
fluctuation; HAMD-SD, the sleep disturbance factor of the HAMD-17 subscale.

MDD groups had lower dALFF values than HC in the left
MOG/SOG and the left cuneus, but the difference between the
mMDD-LI group and HC group was not statistically significant.
Meanwhile, the dALFF values in the bilateral MOG/SOG, the
bilateral cuneus, the bilateral lingual gyrus, and the bilateral
calcarine were significantly positively correlated with adjusted
HAMD scores in the pooled melancholic MDD. These findings
suggested that the bilateral occipital cortex may be associated
with the neuroimaging mechanisms of melancholic MDD
depressive symptoms other than insomnia, while the temporal
cortex may play an important role in more severe insomnia
symptoms in patients with melancholic MDD.

In the present study, the mMDD-HI group revealed
alterations of dALFF in the right temporal cortex. Meanwhile,
the right temporal cortex may be associated with more
severe insomnia symptoms in patients with melancholic MDD.
Previous studies also speculated that functional alterations in
the right MTG/STG may be a neurobiological characteristic
of melancholic MDD (44, 45). Some studies found GM
hypertrophies (63) and diminished ALFF in the right MTG
(64) in patients with insomnia disorder. The altered fALFF
brain areas of patients with insomnia were found in the
right STG, which was unaffected by age and gender factors
(65). This evidence suggests that the right MTG/STG may
play an important role in insomnia symptoms of melancholic
depression. Previous studies have proposed the hyperarousal
hypothesis to explain the mechanism of insomnia, which is
the result of hyperarousal in emotional or cognitive networks
(66, 67). Furthermore, emotional and cognitive functions, such
as emotional regulation, social cognition, and the process
of memory, have been considered to be associated with the
temporal lobe (55, 68), which may explain the hyperarousal
hypothesis. Hence, we speculated that the abnormal dALFF
values in the right temporal cortex may be one of the
neuroimaging mechanisms of high insomnia symptoms in
melancholic MDD.

However, there are also studies that are inconsistent
with our results. They found several brain regions, such

as the left inferior temporal gyrus (32), the posterior
parahippocampal/hippocampal gyrus (32), frontoparietal
cortical areas (30), caudate nuclei (69), and the anterior insular
subregions (70), were associated with insomnia symptoms in
patients with MDD. We went on to think about the reasons
for these differences, which may be caused by distinct rs-fMRI
methods or the heterogeneous symptoms of patients with
MDD. This suggests that we need to expand the sample size, pay
more attention to the heterogeneity of MDD, and adopt newer
methods for analysis in future.

In the current study, we also discovered that melancholic
MDD caused changes in dALFF values in the occipital cortex.
Furthermore, these findings revealed that the occipital cortex
may be associated with depressive characteristics. In recent
years, multiple studies reported that patients with melancholic
MDD manifested considerably lower values in the MOG/SOG
than patients with non-melancholic MDD or HCs by applying
rs-fMRI neuroimaging methods (44–46). However, there is
not much literature on melancholic MDD, and we found
similar results in other studies on MDD. Another research
also found lower ALFF in the bilateral occipital cortex in
treatment-free MDD subjects (71). The results indicate that
decreased dALFF values of the calcarine in MDD are essentially
consistent with findings from another study, where lower
ALFF values were investigated in the left calcarine (27).
Apart from functional changes, melancholic depression involves
structural abnormalities, according to growing neuroimaging
research evidence. Previous studies have found that patients
with melancholic MDD showed asymmetrical cerebrospinal
fluid (CSF) volume enlargement in the Sylvian fissure region
(72, 73). The increased CSF volume may cause occipital
bending, which may result in functional changes in the
occipital cortex (74). These present findings are in line with
the results of the previous studies. Therefore, these results
revealed that alterations in the occipital cortex may be specific
in melancholic MDD.

Besides, correlation analysis results show that the occipital
cortex may be associated with depressive traits. The lingual

Frontiers in Psychiatry 07 frontiersin.org

103

https://doi.org/10.3389/fpsyt.2022.958994
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


fpsyt-13-958994 August 16, 2022 Time: 16:54 # 8

Deng et al. 10.3389/fpsyt.2022.958994

gyrus and cuneus, located in the medial occipital lobe, are
necessary for both basic and advanced visual processing (75).
The function of the occipital cortex is to process initial
visual stimuli, consolidate information into visual working
memory (76), and revolve in the consciousness of facial
expressions (77), and its aberrant changes may explain working
memory impairment in melancholic MDD (78). A study
demonstrated functional changes in the occipital cortex when
depressed adolescents are presented with sad faces, and the
occipital cortex is important to the interaction of depression
status, attention, and mood processing (79). In addition,
the functional stability in the middle occipital gyri (MOG)
was negatively linked with depressive symptoms, which could
predict long-term recovery in depressive symptoms in patients
with MDD (80). As a result, we hypothesized that the
occipital cortex maybe plays a major role in the neuroimaging
mechanisms of other depressive symptoms more than insomnia
symptoms in melancholic.

In addition, we also observed that the mMDD-HI group
showed lower dALFF values in all brain regions found in
the current study compared to the mMDD-LI group and HC
group, although certain differences did not achieve statistical
significance. However, previous similar investigations using
different imaging methods have yielded inconsistent results (27,
32). As a result, future studies will require a larger sample size to
verify these results.

From our research, we observed several limitations. First,
HAMD was adopted to evaluate the severity of insomnia,
which may cause an incomplete assessment. In further
studies, we could apply more objective and subjective
measurements, such as Pittsburgh Insomnia Rating Scale
or polysomnography, to improve the precision of the
severity of insomnia assessments. Second, most patients
had been on medicine before the scan and the drug-
related effects cannot be excluded. In subsequent statistical
analysis, we attempted to limit the impact of medication
on the results by taking medication as a covariance. More
medication-free patients should be enrolled in our research.
Finally, our study was a cross-sectional study with a small
sample size for each subgroup, and the sample size should
be expanded in future, and relevant longitudinal work
should be conducted.

In conclusion, the present study investigated brain
functional alterations in melancholic MDD with insomnia.
We found that the occipital cortex may be related to
depressive symptoms in those with melancholic MDD,
which further supports the findings of previous imaging studies
on melancholic MDD. Moreover, the major finding of the
present study revealed that the right temporal cortex was
associated with more severe insomnia symptoms in melancholic
MDD, which is consistent with our earlier hypothesis, and it
suggested that the right temporal cortex could be a biomarker
for melancholic MDD with high insomnia.
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Background: Depression in adolescents is more heterogeneous and less

often diagnosed than depression in adults. At present, reliable approaches

to differentiating between adolescents who are and are not affected by

depression are lacking. This study was designed to assess voxel-level

whole-brain functional connectivity changes associated with adolescent

depression in an effort to define an imaging-based biomarker associated with

this condition.

Materials and methods: In total, 71 adolescents affected by major depressive

disorder (MDD) and 71 age-, sex-, and education level-matched healthy

controls were subjected to resting-state functional magnetic resonance

imaging (rs-fMRI) based analyses of brain voxel-wise degree centrality

(DC), with a support vector machine (SVM) being used for pattern

classification analyses.

Results: DC patterns derived from 16-min rs-fMRI analyses were able

to effectively differentiate between adolescent MDD patients and healthy

controls with 95.1% accuracy (136/143), and with respective sensitivity and

specificity values of 92.1% (70/76) and 98.5% (66/67) based upon DC

abnormalities detected in the right cerebellum. Specifically, increased DC was

evident in the bilateral insula and left lingual area of MDD patients, together

with reductions in the DC values in the right cerebellum and bilateral superior

parietal lobe. DC values were not significantly correlated with disease severity

or duration in these patients following correction for multiple comparisons.

Conclusion: These results suggest that whole-brain network centrality

abnormalities may be present in many brain regions in adolescent depression
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patients. Accordingly, these DC maps may hold value as candidate

neuroimaging biomarkers capable of differentiating between adolescents who

are and are not affected by MDD, although further validation of these results

will be critical.

KEYWORDS

adolescent depression, resting state, functional magenetic resonance imaging,
degree centrality, support vector machine (SVM)

Introduction

Major depressive disorder (MDD) is a highly prevalent yet
deleterious psychiatric illness that can impair the psychological
and social functioning of affected patients, reducing the overall
quality of life and imposing a major burden on individuals
suffering from this disease (1). First-episode MDD most often
manifests between the middle of adolescents and the mid-40s,
with an estimated 40% of first episodes occurring before the age
of 20 (2). According to one recent meta-analysis, approximately
17.2% of children and adolescents between the ages of 6 and 15
in China have reported symptoms consistent with depression
(3). Depression that occurs during adolescence, which is defined
as 10–19 years of age by the World Health Organization (WHO),
is more likely to be overlooked than depression in adults such
that publically available statistics fail to accurately reflect the true
burden of this illness (4, 5). In addition to cultural concerns
pertaining to stigma and loss of privacy (6), the low rates
of detection for adolescent depression are also driven by its
highly heterogeneous presentation, which can manifest in the
form of reactive moods, aggressive behaviors, and irritability
with comorbid reductions in academic performance, eating
disorders, anxiety, and other behavioral issues (7). As such,
precisely detecting and diagnosing depression remains very
challenging in this age group. Patterned symptom identification
is an intrinsic component of MDD diagnosis under the
Diagnostic and Statistical Manual of Mental Disorders (DSM)
and International Classification of Diseases (ICD) diagnostic
symptoms, yet these symptoms are not reliably associated
with adolescent depression, and are also observed in the
context of a range of other physical and mental ailments (8).
Moreover, while the diagnosis of patients based on clinical
descriptions has been shown to exhibit validity, it is associated
with relatively poor specificity, contributing to the potential
for diagnostic uncertainty, which can make appropriate clinical
decision-making more challenging. There is thus an urgent
need to gain further insight into the mechanistic basis for
adolescent depression and to define robust and reliable means
of detecting this condition.

Several recent neuroimaging studies have shown that
young adults with MDD exhibit a range of neural functional

connectivity analyses as compared to healthy control (HC)
individuals. In a systematic review of functional brain
imaging studies focused on young MDD patients published
recently, these patients were found to exhibit changes in
emotional processing, affective cognition, cognitive control,
reward processing, and resting-state functional connectivity.
While relatively few differences were observed when comparing
younger adolescents and older youths, a comparison of youths
with adult MDD patients revealed significant differences in
the affective cognition and cognitive control domains (9).
A meta-analysis of functional neuroimaging findings from
young MDD patients revealed abnormal activation in several
executive functions and affective processing tasks relative to HC
individuals (10). These results suggest that differences in brain
connectivity may offer a more objective opportunity to diagnose
adolescents suffering from MDD.

Degree centrality (DC) is an index that measures whole-
brain connectivity based on a global description of the
characteristics of a particular region of the grain through
analyses of functional connectivity between that region and
the brain as a whole based on graph theory measures. DC
analyses have recently been employed as a means of defining
the core architectural conformation of brain networks, with
higher and lower levels of DC in particular brain areas
corresponding to increased and decreased global connectivity,
respectively (11). Here, voxel-wise DC values were used to
explore neuroimaging abnormalities in adolescents affected by
depression. This approach offers great promise given that DC
has been successfully used to examine whole-brain changes
associated with conditions such as MDD (12–14), schizophrenia
(15, 16), autism spectrum disorder (ASD) (17), and bipolar
disorder (BPD) (12, 18, 19), providing a highly sensitive, specific,
and reproducible biomarker that is physiologically meaningful.
While DC holds great promise as a means of comprehensively
analyzing brain networks in MDD patients, studies defining
adolescent depression-specific changes in DC are lacking.
Accordingly, the main goal of this study was to define specific
neuroimaging biomarkers of MDD in adolescents.

Machine learning techniques offer a key advantage when
analyzing large-scale, complex datasets. Support vector machine
(SVM) machine learning methods, which were developed using
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statistical learning theory, have been successfully used to aid
in the diagnosis and prediction of therapeutic responses or
prognostic outcomes (20) for conditions such as ASD (21), BPD
(22, 23), MDD (12, 24), and schizophrenia (25–27) using both
structural and functional neuroimaging data. SVM techniques
are the most commonly employed machine learning methods in
the context of brain imaging classification and depression given
that they exhibit a robust theoretical foundation and can flexibly
respond to high-dimensional data (28). SVM approaches are
also ideally suited to small sample sizes and the recognition of
non-linear, high-dimensional patterns (29).

Here, a kernel SVM was employed to detect voxel-
wise DC changes when comparing 71 unmedicated
adolescent first-episode MDD patients to 72 age-, gender-,
and educational level-matched HCs, with the goal of
developing a stronger understanding of the mechanisms
governing MDD and providing a new approach to effectively
diagnosing this condition.

Materials and methods

Participants

Ethical oversight
The Renmin Hospital of Wuhan University (Wuhan, China)

ethics committee approved this study, which was consistent with
the Declaration of Helsinki (Version 2002). All participants and
their legal guardians provided written informed consent after
receiving a full study description.

Recruitment and assessment
Patients participating in this study were recruited through

the Center of Prevention and Management of Depression
in Hubei Province, Renmin Hospital of Wuhan University
through advertising and word-of-mouth interactions with past
and current patients and volunteers. Data collection ran
from May 4, 2018 through December 30, 2018. In total,
71 adolescents diagnosed with MDD as per the DSM-IV
were recruited for this study, with diagnoses having been
confirmed via the Structured Clinical Interview for DSM-IV
Axis I disorders (SCID) by two board-certified psychiatrists.
To be eligible for participation, patients had to meet the
following criteria: (1) 14–18 years of age; (2) a history of
MDD illness < 12 months; (3) no history of depression-related
medication or electroconvulsive therapy; (4) no diagnoses of
other mental health conditions as per the DSM-IV diagnostic
criteria; (5) no instances of head trauma that resulted in
the loss of consciousness; (6) no current or prior somatic
illnesses with the potential to impact brain morphology; (7)
no history of substance abuse; and (8) right-handed. Patients
were excluded if: (1) they exhibited any serious physical or
neurological conditions, somatic disease, brain morphological

abnormalities, or a history of drug or alcohol abuse; (2) were
ineligible for MRI due to the surgical placement of metal or
electronic materials; (3) have utilized any medications within the
last five medication-specific half-lives. The 17-item Hamilton
Rating Scale for Depression (HRSD) (30) tool was used to
gauge MDD severity. This instrument was administered by two
board-certified psychiatrists, with patients exhibiting an HRSD
score ≥ 17 being eligible for inclusion. Of the 71 patients
included in this study, 22 exhibited anxiety-related features,
12 exhibited psychotic symptoms congruent with emotion, 6
exhibited psychotic symptoms not congruent with emotion, 14
had a history of suicidal thoughts, and 11 had a history of self-
harm.

Healthy control recruitment
In total, 72 HCs that were age-, sex-, ethnicity-, education

level-, and handedness-matched were recruited at random from
the local community based on the national population register.
The healthy status of HCs was confirmed through the use of
the Structured Clinical Interview for DSM-IV Axis I disorders-
Research version-Non-Patient Edition (SCID-I/NP).

Magnetic resonance imaging
acquisition and postprocessing

Image acquisition
All resting-state fMRI (rs-fMRI) scans were performed with

a 3.0T General Electric scanner at the PET center of Renmin
Hospital of Wuhan University using previously described
methods (31). Briefly, participants were directed to lie in the
supine position with their eyes closed while remaining awake
and motionless. An echoplanar imaging (EPI) sequence was
then conducted with the following settings: repetition time/echo
time (TR/TE) 2000/30 ms, 32 slices, 64∗64 matrix, 90◦ flip angle,
24 cm field of view, 3.0 mm slice thickness, no gap, and axial
scanning 212 times for 16 min.

Data postprocessing
The Data Processing Assistant for rs-fMRI (DPARSF) (32)

advanced edition based on SPM8 implemented in the MATLAB
platform was used for all rs-fMRI data analyses. After discarding
the first 5 imaging time points for each participant, those
individuals exhibiting a maximal displacement > 2 mm in any
direction (x, y, or z axis) or > 2◦ of maximal rotation were
excluded following correction for head motion and slice timing.
After spatial normalization to the MNI space and 3∗3∗3 mm3

resampling, images were smoothed using an 8 mm full width at
half-maximum Gaussian kernel, subjected to bandpass filtration
(0.01–0.1◦Hz), and linearly detrended. Spurious covariates were
additionally removed such as ventricular ROI signal, signal from
a region centered in the white matter, and six head motion
parameters obtained through rigid body correction.
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Degree centrality calculations
Data processing assistant for rs-fMRI (DPARSF) was used

for all DC calculations. As reported previously (33), Pearson’s
correlation coefficients between a given voxel and all other
voxels were used to establish a voxel-wise correlation matrix.
Potential spurious connectivity was eliminated from this matrix
through binarization for each correlation at an r > 0.25
threshold, thereby generating individual-level DC maps (34, 35)
(Please see more details in Supplementary material). These
maps were then normalized to Z-score maps via Fisher’s r-to-
z transformation, and standard deviation within the whole gray
matter mask (36), followed by spatial smoothing with a 6 mm
full-width at half-maximum Gaussian kernel.

Statistical analyses

SPSS was used for all statistical testing. Continuous
and categorical data were compared between MDD and
HC individuals via independent two-sample t-tests and chi-
squared tests, with P < 0.05 as the threshold of significance.
Individual whole-brain DC maps were subject to voxel-by-
voxel ANCOVAs to detect group differences, with results being
subject to GRF correction at the voxel level (P < 0.01), as GRF
correction is better suited to this study than the false discovery
rate (FDR; traditional approach with less smoothness) voxel-
level familywise error (few; relatively conversive), and AlphaSim
(less stringent) approaches (37, 38).

Correlation analysis

Pearson’s correlations and multiple factors regression
analysis were used to explore correlations between the severity of
MDD and DC values in the six abnormal brain regions identified
above and the demographic and clinical characteristics of
patients included in this study.

Classification analysis

An SVM approach conducted with the LIBSVM package in
MATLAB was utilized to examine the ability of DC values in
six abnormal regions of the brain (left lingual gyrus, left insula
and right insula, right cerebellum, right superior parietal lobule,
and left superior parietal lobule) to differentiate between MDD
patients and HCs. The radial basis function (RBF) was selected
as the kernel function, while a grid of parameters was evaluated
with LIBSVM, and the optimal parameters including C (penalty
coefficient) and g (gamma) were chosen. The accuracy values
for all parameter settings were established, and the maximal
cross-validation accuracy of these parameters was evaluated

(Please see a more detailed description of the SVM method in
Supplementary material).

Results

Participant characteristics

No significant differences in age, gender, or education level
were evident when comparing MDD and HC participant groups
(Table 1), while MDD patients exhibited higher HRSD-17 total
scores relative to HCs, as expected.

Group difference in degree centrality

Figure 1 summarizes significant differences in DC values
between the adolescent MDD and HC groups. Relative to HC
individuals, those with MDD present with higher DC in the
left lingual gyrus, left insula, and right insula, as well as with
decreased DC in the right cerebellum, right superior parietal
lobule, and left superior parietal lobule (Table 2).

Correlation between degree centrality
and HRSD-17 total scores

A matrix-based correlation approach and multiple factors
regression analysis were used to explore relationships between
DC values in the six abnormal brain regions identified above and
the demographic and clinical characteristics of patients included
in this study, but no significant correlations were detected
between DC values and the severity of MDD symptoms (Please
see Figure 1, Tables 1, 2 in Supplementary material).

TABLE 1 Demographic and clinical variables.

Demographic
variables

Depression
(70) A

Health
control (71)

Age (mean/SD,
year)

15.1 ± 1.9 16.5 ± 1.9

Sex n(%)

Male 44 (62) 44 (61)

Female 27 (38) 28 (39)

Education n(%)

High school or
lower

65 (88.7) 63 (87.5)

Undergraduate 6 (11.3) 9 (12.5)

HRSD-17 total
score (mean/SD)

22.9 (4.3) 8.7 (5.8)

Illness duration
(mean/SD,
month)

6.3 (3.6)
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FIGURE 1

The difference between adolescents depression patients and HCs. Red means increase of DC value, blue means decrease of DC value.

TABLE 2 Significant resting-state degree centrality difference across groups.

Clusterlocation adolescent depression vs. HC Peak MNI coordinate Number of voxels T-value

x y z

Right cerebellum 30 −30 −39 199 −11.4

Left lingual −9 −66 −3 105 9.5

Right insula 45 0 −3 74 9.2

Left insula −42 −3 0 64 8.9

Right superior parietal 15 −63 72 157 −10.9

Left superior parietal −18 −51 78 78 −9.8

DC, degree centrality; MNI, Montreal Neurological Institute.

FIGURE 2

The general information of support vector machine results for discriminating adolescent depression patients and HCs.
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Support vector machine results

Figure 2 summarizes the general SVM results when
differentiating between MDD patients and HCs. Overall,
abnormal DC values in the right cerebellum were found to
offer the greatest utility when discriminating between these two
participant groups, with respective accuracy, sensitivity, and
specificity values of 95.1, 92.1, and 98.5%.

Discussion

Here, DC values were explored as a promising neuroimaging
biomarker capable of differentiating between adolescent MDD
patients and healthy individuals. This approach revealed that
DC maps for the right cerebellum were able to reliably
discriminate between these two participant groups with
respective accuracy, sensitivity, and specificity values of 95.1,
92.1, and 98.5%. Moreover, changes in DC values in the lingual
area, insula, and superior parietal gyrus were evident when
comparing adolescent MDD patients and HCs. However, no
correlations were observed between abnormal DC values and
clinical findings in patients.

The accuracy value detected herein when using DC
values to differentiate between MDD and HC individuals
(95.1%) is similar to the 94% value published in a recent
report employing DC maps to differentiate between healthy
adults and MDD patients (12), and both values are much
higher than those for other previously reported neuroimaging
modalities, which generally range from 26 to 81% (39–41).
These results underscore the value of DC maps as tools
capable of accurately extracting abnormal connectivity findings
specific to a given illness, although follow-up validation
of these results remains to be completed. Depression is
regarded as an affective disorder that can impact individuals
of all ages, but the rate of diagnosis among younger
individuals has been rising in recent years (3). Sub-clinical
depressive symptom incidence is also a common finding in
healthy adolescent individuals (42), highlighting the value of
using DC maps to differentiate between potentially at-risk
adolescents who may be suffering from sub-clinical depression
and healthy peers.

Here, reductions in DC values were observed in both
the right cerebellum and bilateral superior parietal regions
in adolescents with MDD relative to HC individuals. In
addition to serving as the motor domain, the cerebellum
is important for many cognitive and affective functions
(43). Cerebellar lesions, accordingly, can result in affective
and/or cognitive symptoms that are collectively referred to
as cerebellar cognitive affective syndrome, which results in
characteristically impaired linguistic and executive function
with concomitant apathy, depressed mood, or abnormal social
cognition (44). The observed loss of cerebellar DC in this

study is consistent with recent evidence from analyses of both
first-episode treatment-naïve adolescent MDD patients and
unmedicated adults with this disease (45). Specifically, other
studies have reported an increase in the connectivity of the
left cerebellum in depressed adolescents considered suicidal,
whereas non-suicidal adolescent MDD patients exhibited
decreased connectivity in the lower left cerebellum, potentially
owing to differences in sample subgrouping in these studies.
The results of the present analysis are consistent with
prior data regarding the important role that the cerebellum
plays in the pathogenesis of MDD (46–49), highlighting the
possibility of defining novel neuroimaging-based biomarkers
for this condition.

The superior parietal lobule (SPL) is an important mediator
of diverse perceptive, cognitive, and motor-associated processes
such as spatial cognition, attention, working memory, visual
perception, and visually guided visuomotor functions (50, 51).
The ENIGMA-MDD working group performed a meta-analysis
which revealed that relative to HCs, depressed adolescents
exhibited significant reductions in the surface area of the
left (213 cases, 294 controls) and right (213 cases, 293
controls) superior parietal cortex (52). Depressed children
and adolescents who were naïve to psychotropic medication
treatment also exhibited a thinner SPL than that observed
in matched HC individuals (53). Here, lower DC in the
bilateral SPL was observed in adolescent MDD patients,
in line with prior evidence from adult MDD patients (54,
55). In one prior fMRI-based study employing attentional
tasks, medication-naive first-episode adolescent MDD patients
performed more poorly in an attention-focused testing battery,
and exhibited lower levels of parietal lobe activation in regions
related to tasks being performed for both attentional switching
(Switch task) and error detection (Stop task) (54). Prior
work also suggests that medication-naïve adolescent MDD
patients exhibit changes in brain function compared to those
in adults with MDD. Changes in SPL function may thus
represent an early pathogenic abnormality associated with the
onset of MDD, although more work will be necessary to test
this possibility.

This study further revealed that increases in DC values
were evident in the lingual gyrus in adolescents with MDD.
Lingual gyrus activation has previously been reported to be
evident in the context of tasks requiring memorization and the
maintenance of human faces in the working memory (55), and
it also serves as a structural component of the visual cortex
that is critical for word identification and recognition (56).
It is also potentially functionally linked with the amygdala,
and may thus play a role in emotional processing (57). The
ENIGMA-MDD group meta-analysis reported the left lingual
gyrus surface area to be significantly reduced in adolescents
with depression (58). While this meta-analysis incorporated
medicated patients and failed to correct for total surface
area, lingual gray matter density was found to predict patient

Frontiers in Psychiatry 06 frontiersin.org

113

https://doi.org/10.3389/fpsyt.2022.926292
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


fpsyt-13-926292 September 23, 2022 Time: 15:27 # 7

Guo et al. 10.3389/fpsyt.2022.926292

responses to antidepressant treatment. Another recent meta-
analysis of the neurological activity of youths and adults
diagnosed with MDD in the context of emotional processing
indicated that lingual gyrus activity levels were higher in
youths with depression as compared to adults (13). Accordingly,
the finding herein that the DC of the left lingual gyrus
was increased in adolescent MDD patients may be consistent
with intrinsic functional alterations in this area in adolescents
with depression.

Here, increases in bilateral insular DC values were
detected in MDD patients relative to HCs. The insula
serves as a site of fronto-limbic network integration owing
to its anatomical connections to associated brain regions
(59). Both adolescent and adult MDD patients consistently
exhibit abnormal fronto-limbic network activity, with a
bias toward negative stimuli and increased attention to
and processing of emotional information (60–62). In line
with the present results, prior rs-fMRI studies have found
adolescents with MDD to exhibit increases in the activity
and functional connectivity of the insula (63–65). Studies
have also reported hypoactivation of the dorsal anterior
insula in executive function tasks and hypoactivation of the
posterior insula in positive valence tasks in neuroimaging
studies (10). Insular structural alterations have also been
reported in adolescents with MDD in the meta-analysis
published by the ENIGMA-MDD group (44). These
results suggest that insular dysfunction may represent a
mechanism underlying the pathophysiological basis for MDD
in adolescents. Notably, reductions in insular functional
connectivity have been reported in adolescents with depression
suffering from comorbid anxiety disorder, ADHD, and
post-traumatic stress disorder (66, 67), consistent with the
multidisciplinary function that the insula plays in a range of
psychiatric conditions (66–68). However, additional studies
with appropriate patient subgroups will be needed to test
these possibilities.

There are multiple limitations to this analysis. For
one, the lack of any observed correlation between DC
values and MDD symptoms may be impacted by a range
of factors including the timing of DC changes, cognitive
impairment, and emotional/somatic disease-related burden. As
the present study relied on rs-fMRI data in the absence of
any emotion- or cognition-related tasks, additional follow-
up studies exploring DC abnormalities in these contexts are
warranted for adolescents with MDD. This study also included
a relatively small number of patients, potentially contributing
to this lack of any observed correlation. Moreover, accurately
subgrouping MDD patients based on their comorbidities
(such as anxiety, attention deficit-hyperactivity disorder, or
stress-associated disorders) or clinical findings may have an
impact on these results, highlighting a need for more detailed
subgroup-based analyses (69–72). It is also important to
take into consideration that some adolescents with BPD are

initially misdiagnosed with MDD, and the delay between
the initial onset of affective symptoms and the diagnosis
of BPD can be up to 10 years (73). As such, further
follow-up validation of these results will be critical. This
study also specifically focused on patients with an illness
duration of < 12 months to ensure that patients were
able to accurately recall depressive episodes. However, this
inclusion criterion has the potential to have biased these
results. Lastly, while the HDRS has been used as a gold
standard tool to rate the severity of MDD in adolescents,
there have been questions raised in recent years regarding its
internal reliability, its discriminant and convergent validity,
and its utility when assessing adolescent patients. As such,
the establishment of diagnostic tools more closely tailored
to the symptoms of adolescent MDD may be of value in
future research.

In summary, the present results suggest that adolescent
MDD is associated with DC abnormalities in several brain
regions associated with sensorimotor activity, emotional
processing, and cognitive impairment. These DC values may
ultimately offer good utility as a neuroimaging biomarker
for the early detection and monitoring of MDD in this
patient population.
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Background: Cholinergic basal forebrain (BF) plays an important role in sleep-

wake regulation and is implicated in cortical arousal and activation. However,

less is known currently regarding the abnormal BF-related neuronal circuit in

human patients with insomnia disorder (ID). In this study, we aimed to explore

alterations of functional connectivity (FC) in subregions of the BF and the

relationships between FC alterations and sleep and mood measures in ID.

Materials and methods: One hundred and two ID patients and ninety-

six healthy controls (HC) were included in this study. Each subject

underwent both resting-state fMRI and high-resolution anatomical scanning.

All participants completed the sleep and mood questionnaires in ID patients.

Voxel-based resting-state FC in each BF subregion (Ch_123 and Ch_4) were

computed. For the voxel-wise FC differences between groups, a two-sample

t-test was performed on the individual maps in a voxel-by-voxel manner.

To examine linear relationships with sleep and mood measures, Pearson

correlations were calculated between FC alterations and sleep and mood

measures, respectively.

Results: The ID group showed significantly decreased FC between the medial

superior frontal gyrus and Ch_123 compared to HC. However, increased FC

between the midbrain and Ch_4 was found in ID based on the voxel-wise

analysis. The correlation analysis only revealed that the altered FC between

the midbrain with Ch_4 was significantly negatively correlated with the self-

rating anxiety scale.

Conclusion: Our findings of decreased FC between Ch_123 and medial

superior frontal gyrus and increased FC between midbrain and Ch4 suggest

distinct roles of subregions of BF underlying the neurobiology of ID.

KEYWORDS

functional connectivity, insomnia disorder, anxiety, basal forebrain, resting-state
fMRI
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Introduction

Insomnia Disorder (ID) is predominantly characterized by
difficulties in initiating sleep, remaining sleep or early morning
awakenings for at least three times per week over at least
3 months. Patients with ID are generally accompanied by
impaired daytime function, mood disruption and cognitive
impairments (1–3). Moreover, it increases the risk of accidents
and impacts negatively the quality of life, and social productivity
(4, 5). ID is a common sleep-wake disorder and is often
considered to be related to central nervous system hyperarousal
and increased cortical activation (6, 7). Previous animal studies
have suggested that the cholinergic basal forebrain (BF) plays
an important role in sleep-wake regulation and is implicated in
cortical arousal and activation (8, 9). Moreover, the cholinergic
BF is reported to be active during both wakefulness and
rapid eye movement (REM) sleep but silent during non-REM
(NREM) sleep (10), and the activation of cholinergic neurons
enhances arousal, attention, and memory (11–16). Optogenetic
activation of cholinergic BF causes animals to transition from
slow wave sleep to wake (17). These previous animal findings
suggest that BF might play a key role in understanding the
underlying neuronal circuit for ID.

Most previous human studies that explored the role of
BF in the sleep-wake cycle or ID are based on invasive
positron emission tomography (PET) imaging techniques.
Using H2(15)O-PET to evaluate the dynamic changes in
cerebral blood flow (CBF) throughout the sleep-wake cycle
in 37 normal male volunteers, one study found that BF
showed profound deactivations during slow-wave sleep and
reactivations during REM sleep (18). Nofzinger et al. reported
insomnia patients showed a smaller decline in relative global
cerebral glucose metabolism from waking to sleep states in
BF compared to healthy controls (7). Moreover, the same
research group further found that depressed patients with severe
insomnia symptoms showed increased activation in the BF
from waking to the REM sleep state (19). More importantly,
Kajimura et al., found that CBF in the BF was lower during non-
REM sleep when subjects were given triazolam (a short-acting
benzodiazepine) than when they were given a placebo based on
the H2(15)O-PET imaging (20). The finding suggests that the
hypnotic effect of the benzodiazepines may be mediated mainly
by the deactivation of the BF system. Therefore, these previous
PET studies have shown that BF is involved in the sleep-wake
cycle and is closely related to sleep disorders. However, it is not
well established regarding the underlying neuronal mechanism
of BF in ID as revealed by non-invasive fMRI techniques.

Resting-state fMRI (rs-fMRI) is a useful non-invasive
imaging technique to measure spontaneous neural activity
and is crucial for uncovering the intrinsic brain functional
architecture. Functional connectivity (FC) analyses, using rs-
fMRI to measure synchronous low-frequency brain activity
fluctuations, have attracted increasing attention in the study

of intrinsic neuronal properties of the brain in ID (21–
24). However, non-invasive investigation of BF function has
proven challenging due to difficulty in localizing with fMRI.
A cytoarchitectonic atlas of the BF generated using post-mortem
brains (25) has partially improved these issues. Currently,
there is only premilitary evidence regarding the intrinsic
FC alterations of BF in ID (26). The BF is important in
the production of acetylcholine and is distributed widely to
the cortical and limbic structures. Mesulam et al., identified
four overlapping magnocellular groups within the basal
forebrain BF and described four cholinergic cell groups
Ch1–Ch_4 (27). More recently, Fritz et al., found that BF
is functionally organized into two subregions that largely
follow anatomically defined boundaries of the medial septum
and diagonal band of Broca (MS/DB, Ch1-3) and nucleus
basalis of Meynert (NBM, Ch_4) using the FC of BF based
on rs-fMRI technique (28). Therefore, given that the BF is a
heterogeneous structure with different subregions, we focused
on exploring the distinct FC alterations of BF subregions in
ID in this study.

To this end, we used voxel-based FC of BF subregions to
investigate intrinsic spontaneous neuronal activity alterations in
a large sample of ID patients (n = 102) and HCs (n = 96) who
completed sleep and mood relate questionnaires. Additionally,
we further explored the associations of sleep and mood measures
with FC alterations. We hypothesized that Ch_123 and Ch_4
showed distinct patterns of FC alterations in patients with ID
compared to HC. In addition, the altered FC of BF subregions
correlated with sleep or mood-related symptoms in ID.

Materials and methods

Participants

The current study was approved by the ethics committee
of Guangdong Second Provincial General Hospital. Written
informed consent was obtained from each participant. The
patients with ID were recruited in the Department of Neurology
at Guangdong Second Provincial General Hospital. The
diagnostic criteria for patients with ID were determined by an
experienced neurologist, based on the criteria of the Diagnostic
and Statistical Manual of Mental Disorders, version 5 (DSM-V).
The specific criteria for each patient with ID are as follows: (i)
self-complaint of difficulty in falling asleep, staying asleep, or
waking up and being unable to fall back to sleep; (ii) symptoms
occurring at least three times a week for at least 3 months; (iii)
sleep problems occurred despite adequate opportunities to sleep;
and (iv) no other sleep disorders (e.g., obstructive sleep apnea,
sleep-related movement disorders), mental disorders, substance
use, serious organ diseases. Moreover, the patients were free of
any psychoactive medication for at least 2 weeks before and
during the study.
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All participants completed the Pittsburgh Sleep Quality
Index (PSQI), the insomnia severity index (ISI), the self-
rating depression scale (SDS), and the self-rating anxiety scale
(SAS) to evaluate the sleep quality and mood status of ID
patients. We excluded four subjects from further examination
due to their depression scores (SDS > 73) or severe anxiety
scores (SAS > 69). After these tests, each patient underwent
rs-fMRI and structural MRI scanning. Three patients were
excluded since T2-weighted fluid-attenuated inversion-recovery
MR images for these patients showed abnormal hyperintense
signals. Finally, 102 patients with ID were included in the study.

We also included 96 HC participants from the local
community via advertisements. Sleep and mood questionnaires
were also completed for all participants in the HC group. The
inclusion criteria for participants in HC were as follows: (i)
good sleep quality and an ISI score < 7; (ii) no psychiatric or
neurologic diseases; (iii) no brain lesions or prior substantial
head trauma, verified by conventional T1- or T2-weighted
fluid-attenuated inversion-recovery MR imaging. None of the
participants in the HC group was excluded from further analysis.

MRI data acquisition

MRI data acquisition for each subject was performed on
a 3.0-T MRI scanner (Ingenia; Philips, Best, Netherlands)
at the Department of Medical Imaging at Guangdong
Second Provincial General Hospital. Each subject underwent
both the rs-fMRI and high-resolution anatomical data
scanning. The rs-FMRI data were acquired using an echo-
planar imaging (EPI) sequence with the following sequence

parameters: TR/TE = 2000 ms/30 ms, flip angle: 90◦, field of
view = 224 × 224 mm2, resolution = 64 × 64 matrix, number of
slices = 33, slice thickness = 3.5 mm with a 0.7 mm gap, a total of
240 volumes, and an acquisition time of approximately 8 min.
To determine the cooperation of the participant during the
MRI scanning, each subject was asked whether they fell asleep
and opened their eyes during scanning after MRI scanning. We
rescanned the subject to obtain new rs-MRI data if a participant
could not follow the instruction.

The high-resolution anatomical images were acquired using
the following parameters: TR/TE: 8 ms/4 ms; flip angle: 8◦;
256 × 256 matrix, field of view: 256 × 256 mm2; voxel size:
1 × 1 × 1 mm3; and 185 sagittal sections without gaps, covering
the whole brain.

Resting-state-fMRI data preprocessing

The rs-fMRI datasets were pre-processed based on Data
Processing and Analysis for Brain Imaging (DPARSF) toolbox,
version 4.3.1 The first 10 EPI volumes for each participant were
discarded for transient signal changes before magnetization
reached a steady state. The head motion of all participants in
the present study meets the criteria of translation < 1 mm
or rotation < 1 degree in any direction as well as volume-
to-volume mean frame-wise displacement (FD) < 2.0 m (29).
There were no significant differences in the maximum (p > 0.05)
or mean framewise displacement (p > 0.05) of head motion

1 http://rfmri.org/DPARSF

FIGURE 1

Illustration of the locations of basal forebrain (BF) subregions. The red color represents Ch_123; the blue color represents Ch_4.
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profiles between the two groups. Individual T1 structural
images were segmented and the DARTEL toolbox was used
to create a study-specific template for accurate normalization.
The functional images were co-registered to the structural
images and normalized into standard MNI space. To reduce
the effects of confounding factors on the BOLD signal in gray
matter, the signal of white matter, cerebrospinal fluid signals,
as well as the Friston 24 parameters of head motion (30),
were then regressed out from the time course of each voxel.
Global signal regression was not regressed in the current study
considering that it is a controversial preprocessing option in
rs-fMRI analyses (31, 32) and BF is proven to regulate the
global signal (33). Finally, temporal band-pass filtering (0.01–
0.1 Hz) was adopted.

Voxel-based functional connectivity
analysis of basal forebrain subregions

The two BF subregions, Ch_4 and Ch_123 covering both
left and right hemispheres (Figure 1), were generated from
the BF probabilistic maps in the SPM Anatomy toolbox (25,
34). The reasons we chose to use the BF probabilistic maps are
as follows. First, the probabilistic cytoarchitectonic map of BF
has been widely used in previous studies (35–38); Second, a
recent study revealed that BF is functionally organized into two
subdivisions that largely follow anatomically defined boundaries
of Ch_123 and Ch_4 (28). The two seed regions were resampled
to MNI space, in correspondence with the normalized rs-fMRI
data. FC analysis of the two seed regions was conducted in a
voxel-wise manner. For each seed region, voxel-wise FC maps
were calculated by correlating voxel-wise the mean time series
across a certain BF subnucleus with all time series across the
brain. To assure the normality of FC correlation coefficient

TABLE 1 Demographic and clinical characteristics between insomnia
disorder (ID) and healthy controls groups.

Characteristic ID
(n = 102)

HC
(n = 96)

Statistics P-value

Age (years) 44.66 ± 15.42
(21–65 years)

44.26 ± 12.62
(24–65 years)

0.20 0.84

Gender (F/M) 76/26 64/32 1.47 0.23

Education (years) 13.32 ± 3.12 14.03 ± 3.85 –1.43 0.16

BMI (kg/m2) 21.69 ± 3.09 21.87 ± 2.51 –0.43 0.67

FD (mm) 0.10 ± 0.09 0.09 ± 0.04 0.830 0.13

PSQI 12.73 ± 3.57 2.67 ± 0.29 28.38 <0.001

ISI 15.62 ± 5.76 2.79 ± 1.00 21.52 <0.001

SAS 49.21 ± 11.28 33.46 ± 2.69 13.32 <0.001

SDS 52.91 ± 12.00 33.16 ± 1.52 16.00 <0.001

ID, insomnia disorder; HC, healthy control; PSQI, Pittsburgh Sleep Quality Index; ISI,
insomnia severity index; SAS, self-rating anxiety scale; SDS, self-rating depression scale.
Age range of the two groups is given in the brackets.

TABLE 2 Brain region showing decreased functional connectivity
with Ch_123 in insomnia disorder.

Brain region Voxels MNI T-value

x y z

Frontal_Sup_Medial_R 60 6 24 60 4.340

R, right; MNI, Montreal Neurological Institute.

maps, the correlation coefficients were converted to z-values
using Fisher’s transformation. Finally, the obtained z-maps were
smoothed with a 6-mm full width at half maximum (FWHM)
isotropic Gaussian kernel. The flow chart of the seed-based FC
analysis was shown in Figure 2.

FIGURE 2

Flow chart of the seed_based functional analysis. Illustration of Ch-123 based functional connectivity (FC). Warms color in the FC map
represents voxels with positive correlation with Ch_123, while cold colors represent voxels with negative correlation with Ch_123.
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FIGURE 3

Distinct functional connectivity (FC) alterations of basal forebrain (BF) subregions in insomnia disorder (ID) compared to healthy control (HC).
The figure represents decreased FC between medial superior frontal gyrus and Ch_123 as well as increased Ch4-midbrain FC in ID group
compared to HC. The color bar represents the height of suprathreshold t-values.

Statistical analysis

A two-sample t-test was used to compare demographic data
and neuropsychological tests between the HC and ID groups.
The chi-squared test was used to examine sex distribution. For
the voxel-wise FC differences between groups, a two-sample
t-test was performed on the individual maps in a voxel-by-
voxel manner. We used two cluster-forming thresholds to
determine the significant results in this study. One is the
stringent analysis using p < 0.05, Gaussian random field (GRF)
corrected at the cluster level, based on a voxel-level threshold
p < 0.001. The other one is a more liberal analysis using
p < 0.05, GRF corrected at the cluster level, based on a voxel-
level threshold p < 0.01. Pearson correlations were calculated
between mean FC values in clusters showing significant group
differences between ID and HC and sleep or mood-related
measures, respectively.

Results

Demographic and neuropsychological
characteristics

The demographic and neuropsychological characteristics of
the HC and ID groups are shown in Table 1. There were no
significant group differences in age, gender, education level, and
BMI (all p > 0.05). As expected, the scores in all the sleep
measures (PSQI, ISI), and mood measures (SAS, SDS) in the ID
group are significantly higher than those in the HC group.

Distinct functional connectivity
alterations of basal forebrain
subregions

No significant differences in any of the FC of subregions of
BF were shown between ID and HC using the stringent statistical
threshold. Under the liberal threshold, voxel-wise Ch_4-FC
analysis revealed ID group showed significantly decreased FC
between medial superior frontal gyrus and Ch_123 compared
to HC (Table 2 and Figure 3). However, increased FC between
midbrain and Ch4 was found in ID compared to HC based on
the voxel-wise analysis (Table 3 and Figure 3).

Relationships between alterations of
basal forebrain subregions and clinical
variables

The correlation analysis only revealed that the altered FC
between the midbrain with Ch_4 was significantly negatively
correlated with the SAS (Figure 4).

TABLE 3 Brain region showing increased functional connectivity with
Ch_4 in insomnia disorder.

Brain region Voxels MNI T-value

x y z

Midbrain_R 31 3 –27 –3 4.02

R, right; MNI, Montreal Neurological Institute.
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FIGURE 4

Significant correlation between functional connectivity (FC) of Ch4-midbrain and self-rating anxiety scale (SAS). The figure shows the significant
negative correlation between the z-scores of the FC between Ch4-midbrain and anxiety score. The mean Z-Score of the FC was extracted from
the significant cluster of the midbrain.

Discussion

In the current study, we used rs-fMRI datasets with voxel-
based FC analysis to investigate FC alterations of BF subregions
in ID. Our findings showed distinctly alterations of FC in the
subregions of basal forebrain in ID, characterized by reduced
FC between medial superior frontal gyrus and Ch_123 as well
as increased FC between midbrain and Ch_4. In addition, the
altered FC between the midbrain and Ch_4 correlated negatively
with the SAS in ID. This study provided in vivo evidence for
distinct alterations of FC of BF subregions in ID based on
large sample size and may have important implications for
understanding the neural mechanisms underlying symptoms
and cognitive impairments in ID.

Our result showed reduced FC between medial superior
frontal gyrus and Ch_123 in ID compared to HC. The medial
superior frontal gyrus, especially the right side, has been
considered to be a site of convergence of the dorsal and
ventral attention networks (39). Moreover, it is also implicated
in working memory, movement, and cognitive control (40,
41). Previous rs-fMRI studies have revealed the abnormal
functional activity of the superior frontal gyrus from the
regional level in ID, as measured by local connectivity metrics
like Regional Homogeneity (ReHo) and Amplitude of Low-
Frequency Fluctuations (ALFF) (42, 43). In addition, the global
FC alterations of superior frontal gyrus were also reported by
previous studies in ID, as measured by the seed-based FC and
independent component analysis (ICA) (22, 23). Moreover, one
structural neuroimaging study found a reduced gray matter
volume of the parietal cortex in insomnia disorder compared
to healthy controls (44). A decrease in cortical thickness in the
bilateral parietal cortex has also been reported after 23 h of

acute sleep deprivation (45). The BF has widespread cholinergic
projections and is considered as a major neuromodulatory hub
for brain regions supporting cognition, including attention,
memory, and spatial navigation (6, 46–48). A recent human
study using the rs-fMRI technique reported that there is
specific connectivity between the Ch_123 and medial frontal
gyrus in healthy young adults using the rs-fMRI technique
(6). ID patients are normally characterized by deficits in
working memory tasks (49) and several attentional processes
(1). Therefore, the reduced FC between the Ch_123 and medial
superior frontal gyrus may be the underlying neuronal circuit
for cognitive impairments in ID.

Increased FC between midbrain and Ch_4 in ID compared
to HC was found in this study. The enhanced FC between Ch_4
and midbrain suggests an elevated neuronal synchronization
between the two regions. Via the monosynaptic anterograde
tracing system, Zheng et al. found that cholinergic neurons
in the NBM mainly projected to the midbrain and isocortex
(50). The midbrain is a component of the ascending reticular
activating system (ARAS), which plays a key role in arousal and
sleep (51–53). Nofzinger et al. found that glucose metabolism
in wake-promoting ARAS was increased in insomnia patients
and ARAS hypermetabolism heightens emotional activities and
produces an arousal state and insomnia (7). Furthermore,
increased ALFF in the midbrain was reported in the insomnia
patients compared to healthy controls (54). Therefore, the
increased FC between the NBM-midbrain in our study may
provide further evidence to support the theory of hyperarousal
underlying the neurobiology of insomnia patients. Furthermore,
the current study’s correlation analysis showed a significant
negative correlation between the NBM-midbrain connectivity
and the SAS score. This correlation result was supported by
recent studies, which have reported that the midbrain has been
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critically implicated in anxiety-like behaviors (55, 56). The
negative correlation in the current study may indicate that the
increased NBM-midbrain connectivity reflects a compensatory
mechanism to combat the anxiety problem in the ID patient.

There are several limitations in the current study. First,
we only conducted the limited sleep-related variables using
the sleep-related scales, the objective and comprehensive
polysomnography was not employed. This could possibly
explain the missing relationship between the altered FC of BF
with the sleep-related variables. Further studies are needed to
elucidate this research question. Second, cognitive tests were not
included in this study. It’s better to use a battery of cognitive
tests to comprehensively understand the specific correlation
between the altered FC of BF and the cognitive functions of
ID. Finally, the current study was cross-sectional, precluding
inferences about the longitudinal alterations of the altered FC
of BF over time.

In summary, our study based on a large sample size
provides an important addition to previous literature, namely,
by providing evidence for decreased FC between Ch_123 and
medial superior frontal gyrus as well as increased Ch_4-
midbrain FC in ID. The FC alterations of the BF subregions may
reflect the abnormal and specific BF subregion neurotransmitter
projections in ID. The distinct FC alterations of subregions of BF
may indicate different roles of subregions of BF underlying the
neurobiology of ID.
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Background: There is limited evidence on the link between gut microbiota

(GM) and resting-state brain activity in patients with chronic insomnia (CI).

This study aimed to explore the alterations in brain functional connectivity

strength (FCS) in CI and the potential associations among altered FCS, GM

composition, and neuropsychological performance indicators.

Materials and methods: Thirty CI patients and 34 age- and gender-matched

healthy controls (HCs) were recruited. Each participant underwent resting-

state functional magnetic resonance imaging (rs-fMRI) for the evaluation

of brain FCS and was administered sleep-, mood-, and cognitive-related

questionnaires for the evaluation of neuropsychological performance. Stool

samples of CI patients were collected and subjected to 16S rDNA amplicon

sequencing to assess the relative abundance (RA) of GM. Redundancy

analysis or canonical correspondence analysis (RDA or CCA, respectively)

was used to investigate the relationships between GM composition and

neuropsychological performance indicators. Spearman correlation was

further performed to analyze the associations among alterations in FCS, GM

composition, and neuropsychological performance indicators.

Results: The CI group showed a reduction in FCS in the left superior

parietal gyrus (SPG) compared to the HC group. The correlation analysis

showed that the FCS in the left SPG was correlated with sleep efficiency

and some specific bacterial genera. The results of CCA and RDA showed

that 38.21% (RDA) and 24.62% (CCA) of the GM composition variation could

be interpreted by neuropsychological performance indicators. Furthermore,

we found complex relationships between Alloprevotella, specific members

of the family Lachnospiraceae, Faecalicoccus, and the FCS alteration, and

neuropsychological performance indicators.
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Conclusion: The brain FCS alteration of patients with CI was related to their

GM composition and neuropsychological performance indicators, and there

was also an association to some extent between the latter two, suggesting a

specific interaction pattern among the three aspects: brain FCS alteration, GM

composition, and neuropsychological performance indicators.

KEYWORDS

chronic insomnia, gut microbiota, resting-state fMRI, functional connectivity
strength, brain function

Introduction

Chronic insomnia (CI), a frequent condition in adults, is
the most common sleep disorder in the human population.
CI exhibits diverse manifestations, including difficulties in
initiating or maintaining sleep and obtaining refreshing sleep, as
well as a hyperarousal state (1, 2). Persistent insomnia disorder
has been associated with chronic conditions like hypertension
(3) but also with cancer (4, 5). In addition, CI can impair social,
cognitive, and behavioral functioning, resulting in a high risk
of suicide (6, 7) and fatal traffic accidents (8). Therefore, CI
significantly impacts human physical and mental health and
impairs social development, and thus has become a major public
health issue worldwide (9). However, the neural mechanisms of
CI have not been fully elucidated.

The potential link between sleep disorders and gut
microbiota (GM) has drawn considerable interest in recent years
(10–13). Studies have found that the microbial diversity and
relative abundance (RA) of specific GM differed significantly
between insomnia patients and healthy individuals (11, 12).
Li et al. further showed that Faecalibacterium and Blautia
can be used as iconic bacteria to distinguish patients with
CI and healthy controls (HCs), whereas the combination of
Lachnospira and Bacteroides was most helpful for identifying
patients with acute insomnia (13). A study found that
sleep quality and the severity of insomnia were the main
factors that drove the variation in microbiome community
structure in patients with major depressive disorder (14).
Another study found RA changes in some members of the
microbiota following two nights of partial sleep deprivation
(15). Using redundancy analysis (RDA), Liu et al. found that
the GM profile at the phylum level was highly correlated
with clinical sleep parameters, including polysomnography
(PSG) parameters, total sleep time, sleep efficiency, and
sleep latency (10), which indicated that GM composition
alterations could be explained by clinical sleep parameters.
The findings of the above studies suggest that the GM is
closely related to insomnia disorder. Some specific flora may
be potential prognostic markers of insomnia symptoms or even
subtypes. The microbiota-gut-brain axis (MGBA) is a well-
known bidirectional communication system that has shown

great potential in exploring the neural mechanisms of CI.
The GM dysbiosis regulates brain physiology, cognition, and
behavior via various pathways, including metabolic, endocrine,
and immune signaling pathways (16–19). Bacterial metabolites,
such as short-chain fatty acids (SCFAs), bioactive compounds,
or neuroactive metabolites, can affect neuronal architecture and
function (20). However, research on whether the GM has an
impact on insomnia through the MGBA is still in its infancy,
and further studies are needed.

Resting-state functional magnetic resonance imaging (rs-
fMRI) is an effective means of studying the MGBA in humans
and is currently an essential technique for studying the
underlying neural mechanisms of insomnia (21). Rs-fMRI can
be used to observe the link between the GM and brain function
and perhaps even explain how the GM affects resting-state
brain activity (22). Rs-fMRI has been applied in several studies
investigating the potential brain-gut interaction mechanisms in
healthy individuals (23, 24) and those with neuropsychiatric
disorders (25–27), including schizophrenia and amnestic mild
cognitive impairment. Rs-fMRI offers a unique perspective
for studying MGBA communication pathways in insomnia.
Functional connectivity strength (FCS), a graph theory-based
data-driven method calculated by degree centrality (DC), can
quantify the strength of network nodes with high connectivity
to neighboring brain regions and thus identify communication
hubs in the human brain (28–30). The FCS method based on rs-
fMRI can be used to directly compute global brain connectivity
and visualize important architectural topology abnormalities
in the brain functional connectome at the voxel level, thus
reflecting the functional interactions of the brain in the resting
state (31). Previous studies based on this method showed that
the brain areas with increased FCS or DC in insomnia patients
were mainly located in the right superior parietal lobe, insula,
cerebellum posterior lobe, precuneus, and left middle frontal
gyrus. In contrast, reduced FCS or DC values were mainly
located in the bilateral frontal lobe, temporal lobe, right inferior
parietal gyrus, insula, right occipital lobe, and right cerebellum
anterior lobe (29, 32–35). With great potential in the study of
GM-brain function interaction pathways in insomnia patients,
the FCS method, which is accurate and highly reproducible,
could compensate for the shortcomings of traditional functional
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connectivity analyses (33, 36). However, to our knowledge,
no investigation has combined an evaluation of brain FCS
and the intestinal flora to explore brain-gut communication
mechanisms in CI patients.

This study aimed to investigate the interconnections
among the three aspects of brain function, the GM, and
neuropsychological performance indicators in patients with
CI. We hypothesized that altered brain function in patients
with CI is related to GM composition and that both are
related to neuropsychological changes. To test this hypothesis,
in addition to recruiting CI patients and HCs for evaluating
neuropsychological performance and studying intergroup brain
functional alterations based on the FCS method of rs-
fMRI, we collected stool samples from the CI group to
analyze the GM composition in CI patients and its potential
association with brain FCS alteration and neuropsychological
performance indicators. An in-depth understanding of the
relationship among the altered brain function, microbiota, and
neuropsychological performance of patients with CI may be
used to screen for new GM-neuroimaging markers for the study
of neural mechanisms of CI and to explore potential future
intervention targets.

Materials and methods

Participants

Informed consent was obtained from each participant
according to the principles of the Declaration of Helsinki.
Ethical approval was obtained from the Ethics Committee of
Guangdong Second Provincial General Hospital. All our tests
were completed on the day of the patient’s first visit. The
stools were collected on the morning of the visit and the
neuropsychological assessments were performed prior to the
MRI scans. The flow chart of our whole study was shown in
Figure 1.

The inclusion criteria for patients with CI were as follows:
diagnosis of CI based on the criteria in the Diagnostic and
Statistical Manual of Mental Disorders, version 5 (DSM-V);
free of other sleep disorders; and no history of receiving
cognitive behavioral therapy or medication. The diagnosis of
CI was confirmed by two psychiatrists with >15 years of
clinical experience. A third opinion was sought to reach a
consensus diagnosis when disagreement happened. HCs were
recruited through local advertisements with the following
inclusion criteria: (a) good sleep quality without difficulty falling
or maintaining asleep; and (b) no history of psychiatric or
neurological disorders. In addition, participants were excluded
if the following criteria were met: (a) T1-weighted and
T2-weighted fluid-attenuated inversion-recovery (T2-FLAIR)
weighted sequences identifying organic brain disease or a
history of head trauma; (b) a history of transient ischemic attack

or stroke; (c) the presence of other systematic diseases, including
severe respiratory, cardiovascular, renal, liver, or endocrine
diseases; (d) pregnancy, lactation, or menstruation in females;
(e) a history of smoking or drug/alcohol abuse; (f) the use of
any psychotropic drug or medication that could affect sleep;
(g) a diagnosis of irritable bowel syndrome; (h) diarrhea while
participating in the study or the use of antibiotics, probiotics,
and prebiotics before sample collection; and (i) rotating shift
work or crossing more than one-time zone within 2 weeks before
the study. According to the strict inclusion/exclusion criteria,
we excluded three patients due to the lack of access to fresh
fecal samples collection. Two patients were excluded after MRI
scanning due to the presence of abnormal hyperintense signals
on T2-FLAIR images. One healthy individual was excluded
because of falling asleep during scanning. Finally, 30 patients
with CI and 34 HCs were included. The two groups were
matched by age, sex, and education. All participants were right-
handed and aged 18–60 years.

Before the MRI scans, neuropsychological tests were
administered by trained psychiatrists to all participants to
evaluate their sleep quality, emotional state, and general
cognitive level. These tests included: the Pittsburgh Sleep
Quality Index (PSQI) and Insomnia Severity Index (ISI)
for the evaluation of sleep; the Self-Rating Depression Scale
(SDS), Self-Rating Anxiety Scale (SAS), and Hamilton Anxiety
Scale (HAMA) for the evaluation of emotional state; and the
Montreal Cognitive Assessment (MoCA), Digit Symbol Test,
and Digit Symbol Substitution Test (DSST) for the evaluation
of the general cognitive level. In addition, information on
sleep efficiency (the percentage of time asleep while in bed
at night) and total sleep time was collected using answers to
individual questions within the PSQI. The above evaluation of
neuropsychological performance was carried out in total by two
trained psychiatrists in a face-to-face, one-to-one approach.

Collection of fecal samples and gut
microbiota analysis

Fresh fecal samples were collected from CI patients into
sterile fecal boxes and stored immediately in −80◦C freezers to
avoid air oxidation and urine contamination during transport.
The subsequent 16SrDNA high-throughput sequencing was
performed on the MiSeq platform. First, DNA was extracted
from fecal samples using a QIAamp DNA Mini Kit (QIAGEN,
Hilden, Germany). After quality control, the amplification of
the 16S rDNA variable region, library construction, sequencing,
and subsequent data analyses were performed. Then QIIME2
software1 was used to filter out the low-quality reads and obtain
the remaining high-quality clean data. FLASH (37) (Fast Length

1 https://qiime2.org/
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FIGURE 1

The study flow chart is depicted. CI, chronic insomnia; HC, healthy controls; rs-fMRI, resting-state functional magnetic resonance imaging; FCS,
functional connectivity strength.

Adjustment of Short, FLASH, v1.2.11) software was used to
assemble paired-end reads for obtaining high-quality sequences.
After that, chimeras were removed using the UCHIME (38)
algorithm based on VSEARCH.

Operational taxonomic units (OTUs) were clustered by
UPARSE software at 97% similarity in the next step. The
OTU representative sequence was compared with the template
sequence from the Ribosomal Database Project (RDP) (39) for
species annotation using a confidence threshold of 0.8. After
OTU classifications, stacked bar figures were generated from

the phylum- and genus -level RA, to visually display the GM
composition of CI patients.

fMRI data acquisition, preprocessing,
and functional connectivity strength
calculation

fMRI data acquisition
All participants were scanned on a Philips 3.0 T MRI

scanner. Image acquisition was performed by two trained
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radiographers. Participants laid supine with their head fixed
by foam pads and body fixed by straps. Noise-canceling
earplugs were provided to minimize scanning noise. During
scanning, participants were asked to remain quiet and to
avoid thinking about anything particular. The radiographers
communicated with the participants through a microphone
to be sensitive to any discomfort that the subjects might
have during the examination. Communication only takes
place when necessary. Finally, self-reports were collected
after scanning to assess patient cooperation. In the presence
of a poor degree of patient cooperation, we rescanned
the participant again to obtain new rs-fMRI datasets for
further analysis.

Imaging parameters for high-resolution anatomical
imaging were as follows: TR/TE: 7.6/3.6 ms; 256 × 256
matrix; FOV: 256 × 256 mm2; flip angle: 8◦; and 185
axial slices with no gap. Rs-fMRI data were obtained via
gradient-recalled echo-planar imaging (EPI) with the following
parameters: TR/TE: 2,000/30 ms; 64 × 61 matrix; FOV:
224 × 224 mm2; flip angle: 90◦; and 33 slices obtained
using an interleaved slice acquisition sequence with a
1.0 mm gap. The scanning time for each participant was
approximately 8 min with 240 time points. T1-WI and T2-
FLAIR images were used to detect organic brain disease or a
history of head trauma.

Data preprocessing and functional connectivity
strength calculation

Data preprocessing was performed in MATLAB by
DPABI_V4.3 software.2 First, initial functional images
were excluded to allow magnetic field stabilization and
the participants’ acclimation to the scanner environment.
Then, time layer correction and motion correction were
conducted. Data with head movement displacement > 1.5 mm
or rotation angle > 1.5◦ were excluded. The remaining
functional images were spatially normalized into a standard
EPI template from the Montreal Neurological Institute
(MNI) and resampled to 3 mm isotropic voxels. Next, the
resampled images were smoothed by a 4 mm full-width
half-maximum Gaussian kernel and detrended to remove
the linear signal drift. After this, nuisance covariates were
removed by regression. All image data were filtered with a
bandpass filter on a frequency range of 0.01–0.08 to remove the
effects of noise.

For preprocessed rs-fMRI data, FCS values were computed
by the DPARSF.3 First, for each participant, the Pearson
correlation of time series between each pair of voxels was
calculated to construct the brain functional connectivity
matrix. Then, Pearson correlation coefficients were corrected

2 http://rfmri.org/dpabi

3 http://rfmri.org/dparsf

by Fisher’s r-to-z transformation to make the data meet the
normal distribution.

For each voxel, FCS was computed as the summed weights
of its connections with the remaining voxels of the brain (40).
The correlation threshold for the FCS calculation was set at 0.25
(41, 42) to eliminate the influence of noise.

Statistical analysis

Statistical analyses for demographic data of the participants
were processed with R software (R Studio software, version
4.1.2) and SPSS 25.0 (SPSS Inc., Chicago, IL, United States). The
Shapiro–Wilk test was applied to test whether the data satisfied
a normal distribution. Continuous variables are presented as
the mean value ± standard deviation (if normally distributed),
and comparisons of the two groups were carried out with
independent sample t-test. The Mann–Whitney U test was used
to compare groups when the data for continuous variables
were not normally distributed. The comparison of sex between
groups was performed with a χ2 test.

To explore the voxel-based FCS differences between CI
patients and HCs, two independent sample t-tests with age,
gender, education, and head movement as covariates were
performed in DPABI software. Two-tailed Gaussian random
field theory (GRF) was used to correct for multiple comparisons
(voxel level p < 0.005, cluster level p < 0.05). At last, the
mean FCS value of brain regions with significant differences was
extracted for subsequent analysis. Then, we used Spearman rank
correlation for the correlation analysis between FCS alterations
and neuropsychological performances in CI patients. The
clinical indicators of neuropsychological performance included
in the correlation analysis were those with significant group
differences and sleep parameters related to the altered brain FCS
in the CI group.

To further demonstrate whether neuropsychological
performance indicators related to CI could explain the GM
composition, in addition to creating stacked bar charts of
the microbiota composition, we performed RDA or CCA
for the RAs in patients with CI. The clinical indicators for
neuropsychological performance included in the RDA and
CCA analysis were as described above. Constrained ordination
technique and detrended correspondence analysis (DCA)
were used to determine the chosen method. The results of
DCA and the specific selection principles of RDA or CCA are
provided in the Supplementary Table 1. Then, the correlation
between the RAs of GM and, neuropsychological performance
indicators, and the RAs of GM and abnormal FCS were
analyzed by Spearman’s rank correlation, respectively. P-values
were corrected for multiple inferences using the Benjamini-
Hochberg false discovery rate (FDR) procedure (43). Finally,
the heatmaps (the absolute value of r > 0.3, significance level
p < 0.05) were plotted by R software to visualize the results.
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Results

Demographic and clinical
characteristics

The analysis of the general data of participants showed
no significant differences (all p > 0.05) in age, gender, or
years of education between groups. Sleep assessments (PSQI
and ISI), mood assessments (SAS, SDS, and HAMA), and total
MoCA scores representing cognition were significantly different
between the CI and HC groups (p < 0.05). Table 1 shows the
general characteristics of the participants.

Relationships between brain functional
connectivity strength alteration and
neuropsychological performance
indicators

The FCS value of the left superior parietal gyrus (SPG)
was significantly reduced in the CI group compared with the
HC group (Figure 2 and Table 2). The correlation analysis
showed that the FCS value of the left SPG was negatively
correlated with sleep efficiency (r = −0.430, p = 0.018), while
no significant correlations were found between the FCS value of
the left SPG and other clinical indicators for neuropsychological
performance (Figure 3).

Gut microbiota composition of chronic
insomnia patients

The RAs of intestinal bacteria at the phylum and genus
levels are shown in Figure 4. Firmicutes and Bacteroidetes
were the dominant bacterial phyla in the CI group, accounting
for 46.50 and 40.78%, respectively. At the genus level, the
predominant genera in CI patients were Bacteroides, Prevotella
9, Faecalibacterium, and Blautia. RAs at other levels in CI
patients are shown in the Supplementary Figure 1.

Gut microbiota composition was
highly correlated with
neuropsychological performance
indicators in the chronic insomnia
group

We found 38.21% (RDA) and 24.62% (CCA) of the variance
could be interpreted by seven environmental factors, in other
words, neuropsychological performance indicators, including
sleep efficiency, PSQI, ISI, SAS, SDS, HAMA, and MoCA scores
(Figure 5).

Associations between gut microbiota,
regional functional connectivity
strength alteration, and
neuropsychological performance
indicators

As shown in Figure 5, we found that the GM composition
at phylum level and genus level were both partially
microbially significantly correlated with the neuropsychological
performance indicators. The RA of GM in CI patients at
the phylum level showed no significant correlation with
reduced FCS in the left SPG (Figure 6A); however, significant
correlations were found at the genus level (Figure 6B).
At the genus level, Alloprevotella (r = −0.366, p = 0.047),
Intestinibacter (r = −0.486, p = 0.007), Lachnospiraceae_UCG-
003 (r = −0.416, p = 0.022), Gordonibacter (r = 0.362,
p = 0.049), Faecalicoccus (r = −0.371, p = 0.043), and
Selenomonas_3 (r = −0.363, p = 0.049) were significantly
correlated with the reduced FCS value of the left SPG.
After FDR adjustment (q-value < 0.05), Intestinibacter (q-
value = 0.048), Lachnospiraceae_UCG-003 (q-value = 0.048),
and Faecalicoccus (q-value = 0.049) were still significantly
correlated. At the same time, Alloprevotella, Gordonibacter,
and Selenomonas_3 showed a trend for a significant correlation
(q-value = 0.050) with the reduced FCS value of the left
SPG. In the dominant florae, we found a negative correlation
between Blautia and MoCa score (see Supplementary Table 2).
In addition, we also found significant correlations between
other specific non-dominant genera and some indicators of
neuropsychological performance as well as altered FCS value.

Among the aforementioned taxa, three taxa, namely,
Alloprevotella, specific members of family Lachnospiraceae,
and Faecalicoccus, were also significantly associated with
neuropsychological performance indicators: Alloprevotella
(r = 0.445, p = 0.014), Faecalicoccus (r = 0.361, p = 0.050),
and Lachnospiraceae_UCG-010 (r = 0.3795, p = 0.039)
were positively correlated with sleep efficiency, and
Lachnospiraceae_FCS020_group (r = −0.4078, p = 0.025)
and Lachnospiraceae_ ND3007_group (r = −0.4038, p = 0.027)
were negatively correlated with the SAS score. The correlation
coefficients and FDR-corrected p-values for the significant
results of the correlation analysis between each bacterium at the
phylum and genus levels and neuropsychological performance
indicators are shown in Supplementary Table 2.

Discussion

In the present study, we used the FSC method based on
rs-fMRI to measure abnormal brain functional connectivity
at the voxel level. The CI group showed lower FCS in
the left SPG than the HC group. The decreased FCS
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TABLE 1 Demographics and clinical characteristics of CI patients and HCs.

Characteristic CIs (N = 30) HCs (N = 34) Statistics P-value

Age (y) 39.50 (26.50∼49.75) 35.00 (29.00∼48.50) 527.00c 0.82

Gender (F/M) 7/23 5/29 1.00b 0.57

Education (y) 15.50 (12.00∼16.00) 16.00 (15.25∼16.00) 412.50c 0.13

PSQI (score) 12.40 ± 2.98 4.35 ± 1.89 12.71a <0.01*

ISI (score) 16.50 ± 5.35 4.14 ± 1.28 12.34a <0.01*

SAS (score) 50.47 ± 9.31 40.32 ± 8.31 4.57.00a <0.01*

SDS (score) 54.00 (48.00∼61.00) 41.00 (38.00∼43.00) 877.00c <0.01*

HAMA (score) 18.50 ± 7.91 2.53 ± 1.05 10.98 <0.01*

MoCA (score) 25.00 (23.00∼27.00) 28.00 (26.25∼29.00) 274.50c 0.01*

DSST (n) 45.50 (37.00∼63.75) 57.00 (48.00∼64) 392.50c 0.12

DST (n) 13.83 ± 2.61 13.65 ± 1.82 0.33a 0.75

Sleep efficiency (%) 72.57 ± 15.75 / / /

Total sleep time (h) 6.00 (5.00∼6.00) / / /

aIndependent two sample t-test; bχ2 test; cMann–Whitney U test; *p < 0.05.
CIs, chronic insomnia patients; HCs, healthy controls; PSQI, Pittsburgh Sleep Quality Index; ISI, Insomnia Severity Index; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression
Scale; HAMA, Hamilton Anxiety Scale; MoCA, Montreal Cognitive Assessment; DSST, Digit Symbol Substitution Test; DST, Digit Span Test; y, year; h, hour; min, minute; s, second.

FIGURE 2

Patients with CI showed decreased FCS value in the left SPG compared to HCs. GRF was used for multiple comparisons, setting the height
threshold at p < 0.005 and the clustering threshold at p < 0.05. CI, chronic insomnia; FCS, functional connectivity strength; SPG, superior
parietal gyrus; HCs, healthy controls; GRF, Gaussian random fields.

TABLE 2 Brain regions with abnormal FCS in CI group compared with HCs.

Brain area Cluster size Peak MNI coordinate Peak t-value P-value

x y z

Parietal_Sup_L 109 −30 −66 51 −4.1618 <0.05

FCS, functional connectivity strength; CI, chronic insomnia; HCs, healthy controls; Sup, superior; L, left; MNI, Montreal Neurological Institute.
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FIGURE 3

Relationships between brain FCS alteration and neuropsychological performances in patients with CI. The FCS value of the left SPG was
negatively correlated with sleep efficiency. FCS, functional connectivity strength; CI, chronic insomnia; SPG, superior parietal gyrus.

in the left SPG was significantly correlated with sleep
efficiency and specific intestinal microbiota. Specifically,
the composition of Intestinibacter, Lachnospiraceae_UCG-
003, and Faecalicoccus were significantly correlated with
the FCS alteration in the left SPG. It is worth noting that
after FDR adjustment, there were still complex relationships
between Alloprevotella and specific members of the family
Lachnospiraceae, Faecalicoccus and the FCS alteration and
neuropsychological performance indicators. These findings
together suggested a complex association among three
aspects: altered regional FCS, neuropsychological performance
indicators, and specific intestinal microbiota. This research is
the first, as far as we are aware, to evaluate the relationship
between the SPG and the GM profile. Our findings may
provide new neuroimaging evidence for MGBA interaction
mechanisms in CI.

Functional connectivity strength
alteration in the left superior parietal
gyrus in chronic insomnia patients

In our study, the FCS value of the left SPG was significantly
reduced in the CI group. In patients with primary insomnia,
the presence of weakened connectivity between the right
SPG and the superior frontal gyrus and other brain regions
(44) and between the bilateral superior parietal lobule and
superior frontal gyrus (45) was confirmed, supporting our
finding of reduced FCS value in the SPG. Previous studies
have shown that altered SPG function is complexly correlated
with sleep quality and cognitive changes, including mood,

memory, and attention (46–50). After sleep restriction, the
functional connectivity variability of the SPG and thalamus
was reduced and was significantly correlated with insomnia
severity (51). This finding is consistent with the significant
negative correlation between the reduced FCS values in the
left SPG and sleep efficiency in our study. In a recent
study, Li et al. (32) found increased DC values in the
right post-central gyrus, rolandic operculum, insula, and
SPG in CI patients using real-time fMRI neurofeedback.
An interventional study by Huang et al. (52) also found
that applying 1 Hz low-frequency repetitive transcranial
magnetic stimulation of the parietal cortex was practical
for the improvement of anxiety and insomnia symptoms
in patients with generalized anxiety disorder and insomnia.
The findings of the studies mentioned above longitudinally
corroborated the relationship between the parietal cortex
and insomnia, suggesting that the potential mechanism of
the involvement of the SPG in insomnia may be due to
the impaired ability of CI patients to regulate top-down
attention and several memory processes. While significant
differences in DSST or DST assessments between insomnia
patients and HCs were not always found in previous studies
(53, 54), it is not surprising that our study did not show
differences in memory and attention assessments between
groups. The differences in sample sizes could contribute to
the discordant results. However, taken together, the FCS
changes in the CI group and their correlation with sleep
efficiency in our study were supported, suggesting that the
SPG is somehow involved in sleep regulation and that its
functional alteration may be an important neurobiological
change in CI patients.
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FIGURE 4

Microbial composition in CI. (A) Relative abundance bar charts of GM in the CI group at the phylum level. (B) Relative abundance bar charts of
GM in the CI group at the genus level. GM, gut microbiota; CI, chronic insomnia.

Associations among the gut
microbiota, altered functional
connectivity strength, and
neuropsychological performance
indicators

In the present study, Firmicutes and Bacteroidetes were the
dominant phyla in the CI group, as supported in other literature
(12). The predominant genera in CI patients were Bacteroides,
Prevotella 9, Faecalibacterium, and Blautia. The genera above
have also been shown to be significantly different between HCs
and CI patients (11–13). Therefore, although GM data from
the HC group were not collected to assess differences between
baseline in our study, the CI group may have dominant bacteria
that differ from those of the HC group.

The results of the subsequent CCA and RDA implied
that the GM profile was highly correlated with the
neuropsychological performance indicators of CI patients,

suggesting that neuropsychological performance indicators
could explain the GM composition (10). Our study showed
results that were similar to those of a previous study (10),
and the results of the genus-level CCA provided additional
support for the correlation of flora with neuropsychological
performance indicators. Follow-up Spearman correlation
analysis results showed complicated relationships between the
reduced value FCS value of the left SPG and genus-level bacteria.
Although the exact mechanism is unknown, to the best of our
knowledge, significant correlations between Intestinibacter,
Lachnospiraceae_UCG-003, and Faecalicoccus bacteria and
left SPG function in CI patients have never been reported
before. Interestingly, among the bacteria associated with FCS
changes in the SPG, Alloprevotella, specific members of the
Lachnospiraceae family, and Faecalicoccus were also correlated
with mood assessment or sleep assessment scores after strict
FDR correction. This finding indicates that mood and sleep
alterations in CI patients may be related to supraparietal gyrus
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FIGURE 5

Gut microbiota composition strongly associated with neuropsychological performances in CI patients. RDA (at the phylum level) and CCA (at
the genus level) demonstrated that 38.21% (A) and 24.62% (B) of the variance could be interpreted by seven environmental factors (in other
words: neuropsychological performances). CI, chronic insomnia; RDA, redundancy analysis; CCA, canonical correspondence analysis.

FIGURE 6

Heatmap of the associations between GM and altered brain FCS and neuropsychological performances in CI patients. Heat maps at the phylum
level (A) and genus level (B) demonstrate the correlation coefficients between these variables. Blue, negative correlation; red, positive
correlation. *p < 0.05, **p < 0.01. GM, gut microbiota; FCS, functional connectivity strength; CI, chronic insomnia.

function, and GM composition also might be involved in sleep
regulation in some way.

Intestinibacter was found to be correlated with the reduced
FCS of the left SPG in CI patients. The latest study found
that Intestinibacter was significantly correlated with sleep
phenotypes, including chronotype and sleep duration, in
different brain aging patterns (55), and another study also
found that Intestinibacter was directly related to sleep quality
independent of depression severity (14). However, no previous
studies have explored the relationship between Intestinibacter
and changes in brain function in patients with CI, while our

study found an association between Intestinibacter and left
SPG function in CI patients. In summary, the present study
found that the RA of Intestinibacter was strongly associated
with the FCS in the left SPG and that this association was
independent of neuropsychological performance, suggesting
that Intestinibacter might somehow be involved in the neural
mechanisms of altered brain function in insomnia.

Alloprevotella and Lachnospiraceae were also found to
be associated with functional alterations of the left SPG in
CI patients. Alloprevotella and Lachnospiraceae are closely
associated with the production of SCFAs (e.g., significant
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positive correlation with metabolic changes in butyrate)
(56, 57) and amino acid metabolism (56). SCFAs can
penetrate the blood-brain barrier, increase neurogenesis,
and improve neuronal homeostasis and function (58).
SCFAs are thought to have a wide range of effects on
neural and behavioral processes (58) and may mediate the
relationship between gut bacteria and the neural mechanisms
of sleep (59, 60). For example, butyrate, according to the
neurochemical basis of the hypersomnia-hyperarousal theory
(61), is a source of sleep- and wakefulness-related signals.
Increasing butyrate by using GABA-rich fermented milk or
other means can increase non-rapid eye movement sleep
and affect sleep duration and sleep onset latency in mice
(62). Therefore, we hypothesized that Alloprevotella and
Lachnospiraceae bacteria could affect brain function in CI
patients by modulating SCFA production. In addition, our
study found that some members of the Lachnospiraceae
family were significantly associated with both mood
assessment and sleep assessment scores in the CI group.
Several previous studies have also implied the interaction
of specific Lachnospiraceae family members with sleep
deprivation, sleep fragmentation, and insomnia severity
(11, 63–65). The abovementioned findings suggest that
Alloprevotella and Lachnospiraceae may be involved in
the MGBA through SCFA metabolism, affecting insomnia
performance and mood changes.

The results of the correlation analysis also showed a
correlation between FCS changes in the SPG and the genera
Faecalicoccus/Faecalitalea, which are all members of the
family Erysipelotrichaceae. Several studies have shown that
Erysipelotrichaceae is associated with not only sleep (15, 66)
but also organismal metabolism, such as lipid metabolism,
in humans and rodents (67–69). Sleep loss (including sleep
restriction, sleep deprivation, and sleep disruption) triggers
GM-related abnormalities in organismal metabolism (64,
70), for example, sleep deprivation may be an important
step in oxidative stress and adenosine triphosphate depletion
(71), which Erysipelotrichaceae is associated with (72). There
have also been studies showing that Erysipelotrichaceae
can influence neurological inflammation. Autoimmune
encephalomyelitis enhances the response of T helper 17 cells
in the gut (73, 74). In addition, the RA of Erysipelotrichaceae
has been associated with impaired cognitive function due to
other diseases (75) like spatial memory performance before
and after treatment in patients with phenylketonuria (73).
The aforementioned studies provided support for those of
our study, in which the genus Faecalicoccus of the family
Erysipelotrichaceae was positively correlated with sleep
efficiency and the genus Faecalitalea was negatively correlated
with SDS. On the basis of these results combined with the
results of our study, we speculate that Erysipelotrichaceae
family members communicate with the parietal gyrus
through the endocrine metabolic and inflammatory stress

pathways of the MGBA, which may be the underlying
neurobiological basis for altered cognitive functions such as
mood changes in CI patients.

Thus, the complex relationships that exist among GM,
including Alloprevotella, Lachnospiraceae, and Faecalicoccus;
FCS changes in the left SPG; and neuropsychological
performance indicators in CI patients may represent a
way in which the GM communicates with local brain regions
through SCFA metabolism and inflammatory stress pathways
and further affects patients’ neuropsychological performance.

Limitations

Nevertheless, there are several limitations of our work. First,
this was a cross-sectional study. Therefore, a longitudinal study
is needed to determine whether therapeutic interventions affect
stool microbiota structure in CI patients or, conversely, whether
specific interventions such as microbiota transplantation or
probiotic therapies can improve the brain function and
symptoms of insomnia patients. Second, we were unable to
control for all possible confounders that may affect GM
composition. The participants included in this study were all
local residents with relatively consistent dietary habits who were
advised by the researchers to eat lightly and avoid a stimulating
diet before the experiment. The inclusion and exclusion criteria
were closely followed to minimize the effects on the composition
of the GM. In addition, 16SrDNA amplicon sequencing was
used in this study. Although the results of metagenomic
sequencing may be more comprehensive, 16SrDNA amplicon
sequencing can ensure the credibility of the results at a lower
cost and is widely used in similar types of research. Moreover,
we did not evaluate the baseline difference in GM composition
between the groups, as performed in other studies (10, 13).
However, to avoid important omissions, we performed RDA
and CCA to analyze the correlation between environmental
factors (neuropsychological performance indicators) and the
microbial community (GM composition), as reported in the
previous literature. We also performed a correlation analysis
of FCS value in the abnormal brain region and the GM
profile in CI patients to explore in detail the potential
relationship among brain function changes, GM composition,
and neuropsychological performance in CI. Finally, the FCS
method calculated by degree centrality was used to explore
the abnormal brain areas in CI patients without combining
this method with brain structural methods based on 3D-
T1WI, DTI, etc. However, our team has explored brain
structural alterations and the mechanism of CI in the past
(53, 76, 77). In the future, we will further explore the
complex mechanism of the interaction between brain functional
and structural alterations and the GM in CI patients to
screen for more accurate imaging biomarkers for MGBA
interaction mechanisms.
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Conclusion

In conclusion, we found a complex association between
specific GM composition, FCS abnormalities (left SPG), and
neuropsychological performance indicators in patients with
CI. Notably, to the best of our knowledge, this research
showed a link between left SPG functional alterations and
specific GM profile in patients with CI, which has not
previously been reported. Alloprevotella, several members of
the Lachnospiraceae family, and Faecalicoccus were significantly
correlated or trended toward correlating with altered SPG
function and neuropsychological performance indicators. These
findings have substantial implications for screening new GM-
neuroimaging markers for the study of neural mechanisms
of CI and exploring potential future intervention targets
for its treatment.
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Ho Hospital, New Taipei, Taiwan

Sleep inertia (SI) is a time period during the transition from sleep to wakefulness 
wherein individuals perceive low vigilance with cognitive impairments; SI is 
generally identified by longer reaction times (RTs) in attention tasks immediately 
after awakening followed by a gradual RT reduction along with waking time. The 
sluggish recovery of vigilance in SI involves a dynamic process of brain functions, 
as evidenced in recent functional magnetic resonance imaging (fMRI) studies in 
within-network and between-network connectivity. However, these fMRI findings 
were generally based on the presumption of unchanged neurovascular coupling 
(NVC) before and after sleep, which remains an uncertain factor to be investigated. 
Therefore, we recruited 12 young participants to perform a psychomotor vigilance 
task (PVT) and a breath-hold task of cerebrovascular reactivity (CVR) before sleep 
and thrice after awakening (A1, A2, and A3, with 20 min intervals in between) using 
simultaneous electroencephalography (EEG)-fMRI recordings. If the NVC were 
to hold in SI, we hypothesized that time-varying consistencies could be  found 
between the fMRI response and EEG beta power, but not in neuron-irrelevant 
CVR. Results showed that the reduced accuracy and increased RT in the PVT 
upon awakening was consistent with the temporal patterns of the PVT-induced 
fMRI responses (thalamus, insula, and primary motor cortex) and the EEG beta 
power (Pz and CP1). The neuron-irrelevant CVR did not show the same time-
varying pattern among the brain regions associated with PVT. Our findings imply 
that the temporal dynamics of fMRI indices upon awakening are dominated by 
neural activities. This is the first study to explore the temporal consistencies 
of neurovascular components on awakening, and the discovery provides a 
neurophysiological basis for further neuroimaging studies regarding SI.
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Introduction

Every morning, upon opening our eyes in bed, we experience a 
certain period of time perceiving hypovigilance, cognitive 
impairments, and disoriented behavior; this phenomenon is termed 
as “sleep inertia” (SI). The difficulty of returning to vigilance may 
occur every day because the transition from sleep to wakefulness is 
never an on/off quick switch but is rather a sluggish dynamic process. 
A typical demonstration of hypovigilance in SI is through repeated 
observations of the slow, as compared to their presleep conditions, 
reaction time (RT) soon after awakening [usually using a psychomotor 
vigilance task (PVT) or auditory RT task] (1, 2). In general, the 
postsleep cognitive deficit recovers gradually as time passes until 
we feel rejuvenated with full control following a long sleep. SI can last 
roughly a few to thirty minutes (2–4), and such short-term 
hypovigilance period can be  further lengthened among the 
participants with prior sleep deprivation, patients with obstructive 
sleep apnea, or those with narcolepsy (5, 6). In other words, the SI 
period involves a time-varying transition that alters an individual’s 
mental status from a sleeping unconscious state to an alert conscious 
state, depending on their neurophysiological conditions. The 
underlying brain-rebooting procedure of regaining cognitive 
performances, or even the consciousness, has attracted a series of 
neuroscience studies on SI. Previous studies have shown that 
immediately upon awakening, the sleep-like electroencephalography 
(EEG) features are prominent in SI, such as the persistent theta power 
(associated with deep sleep) and decreased beta (β) power (associated 
with wakefulness) (7, 8). EEG analyses have also presented an 
anterior-to-posterior spatial mismatch with prominent delta/theta 
power in the parieto-occipital lobe, indicating the carryover effect of 
sleep neurophysiology during SI. Nevertheless, the EEG studies are 
limited to delineating the spatial information of brain reorganizations 
in the post-awakening period.

For spatially localizing brain functionality in SI, Balkin et  al., 
using H2

15O positron emission tomography, studied the rapid recovery 
of cerebral blood flow (CBF) in the thalamus and a gradual CBF 
recovery in the anterior cortical regions (9), indicating post-awakening 
hemodynamic re-establishment. Based on similar hemodynamic 
perspectives, recent studies using functional magnetic resonance 
imaging (fMRI), in conjunction with EEG or polysomnography, have 
presented asynchronous brain-network reorganizations during 
SI. Our group first demonstrated that the functional connectivity 
pattern of the sensorimotor network (SMN) in the SI period after 
nocturnal sleep seemed disconnected, as if it remained disrupted in 
non-rapid eye movement (NREM) sleep, whereas the default-mode 
network (DMN) showed an intact connectivity pattern with quick 
recovery (10, 11). Probing the nap inertia after partial sleep 
deprivation, Vallat et  al. demonstrated a distinction in between-
network recovery between the participants awakened from deep sleep 
(NREM sleep stage 3, N3) and those awakened from light sleep 
(NREM sleep stage 2, N2) (12). On the basis of simultaneous 

EEG-fMRI recordings, Chen et al. showed that the strong correlation 
between the EEG vigilance index and fMRI frontoparietal network 
activity before sleep disappeared within the 5 min SI period after a 2 h 
nocturnal sleep (13). These neuroimaging studies indeed paved the 
way for new strategies to probe brain functional reorganization upon 
awakening from various neurophysiological angles (CBF, within-
network connectivity, between-network connectivity, and 
EEG-fMRI associations).

After reading the slow recovery of brain functionality in the SI 
period, we found two obstacles impeded linking of these novel SI 
neuroimaging findings to the transient cognitive impairments. First, 
all the fMRI findings were based on the functional hyperemia or blood 
oxygenation level dependent (BOLD) principle (14, 15), which is an 
indirect measure of neural activities, and the spontaneous activities in 
the resting-state fMRI are also observed under the same BOLD 
assumptions. Considering the fMRI findings as the evidence of 
underlying neural activity can only be  trusted when confirmed 
through neurovascular coupling (NVC) (16). However, our previous 
investigations revealed inconsistent dynamic changes between EEG 
(surrogate of neuron-related local field potential, LFP) and fMRI 
(neuron-related hemodynamic outcome based on BOLD principle) 
across NREM sleep stages, implying the neurovascular coupling 
during sleep may not be as static as that during the wakefulness (17). 
Thus, whether the assumption of static NVC holds in SI remains an 
open question. Second, the neuroimaging findings to date regarding 
SI have all been based on the brain connectivity in a “resting state” 
instead of involving cognitive engagements, which means that these 
findings cannot intuitively reflect cognitive performances in the SI 
period. Therefore, we aimed to solve these two difficulties regarding 
further SI investigations on brain reorganizations in this study.

Theoretically, NVC was affected by many microscopic factors 
such as adenosine, nitric oxide, lactate, etc. (18, 19); however, the 
quantification of these microscopic factors in the human brain is an 
arduous task. To evaluate the NVC assumption in SI from the 
neuroimaging perspective, we turned to evaluate the macroscopic 
brain signals from multi-modal neuroimaging methods through 
independent measures of EEG and BOLD-fMRI response. 
Meanwhile, we attempted to use the breath-hold task for inducing 
hypercapnia, termed as cerebrovascular reactivity (CVR, surrogate 
of pure hemodynamic response irrelevant to neural activity), 
immediately upon awakening from sleep (20, 21). Here the breath-
hold CVR is regarded as an approach to probe the hemodynamic 
response function (HRF) irrelevant to the neural activities along the 
SI period. We hypothesize that the CVR pattern would remain the 
same across multiple measures between presleep and SI periods, 
indicating an unchanged NVC. Regarding cognitive associations, 
we had participants perform a modified PVT in order to measure 
vigilance in the SI period after nocturnal sleep, leveraging the 
technical advances of simultaneous EEG-fMRI recordings. Figure 1 
delineates the concept of neurophysiology and experimental design 
in this study.
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Materials and methods

Study participants

Fifteen adults aged between 20 and 40 years participated in this 
study and maintained consistent sleep–wake patterns for at least 
3 days preceding the MRI scan. Their wake-sleep rhythms were 
monitored through wrist actigraphy (SOMNOwatchTM plus, 
SOMNOmedics GmbH, Randersacker, Germany). All participants 
self-reported to have ability to undergo EEG-fMRI scanning without 
history of neurological, or psychiatric diseases. Neither alcohol nor 
caffeinated products were allowed on the scanning day. The 
Pittsburgh Sleep Quality Index (PSQI) was administered to all 
participants to assess their sleep quality and disturbances over a 
1-month period. All study procedures were approved by the 
Research Ethics Committee of National Taiwan University (Approval 
No. 201512ES054). Informed consent was obtained from all 
participants included in the study.

Experimental design

The participants were instructed to lie supine in the MRI scanner. 
Following a 5 min anatomical scan, participants were required to 
perform four 20 min experimental sessions during SI. Considering 
that the duration of SI has been reported to be 15 to 30 min upon 
awakening (4, 5), the four sessions were designed to include one 
presleep (Pre) session as the baseline, and three post-awake (A1, A2, 
and A3) sessions. Specifically, the presleep session was set to 20 min 
before the averaged bedtime over the past week, and the first post-
awake session was conducted after the maximum duration of 180 min 
of sleep. Each 20 min experimental session consisted of a 5 min resting 
state (RS), 6 min PVT, and 4 min CVR scan. The RS fMRI data were 

designed for other purposes beyond the scope of this work; thus, they 
are not reported here.

We designed a PVT task with a total of 72 trials in the current 
study to assess alertness during SI (22, 23). Participants were asked to 
passively view the visual stimuli and respond with a mouse click as 
soon as they saw a target. Each target was presented as a red solid 
circle with a 1 s duration, followed by a white cross fixation with a 
random time interval of 1 s to 7 s. Regarding the CVR scan at the end 
of each session, participants were asked to perform breath-hold (BH) 
tasks based on the instruction presented by visual stimuli to assess 
their CVR (24). The BH paradigm comprises an initial 6 s natural 
breathing period, followed by three blocks of alternations between 15 s 
BH and 45 s natural breathing, ending with a block of 15 s BH and 39 s 
natural breathing (25). A respiration monitoring device was utilized 
to confirm the participant’s compliance during the CVR scan. 
Cushions were provided to minimize head motion.

Simultaneous EEG-fMRI recording

The simultaneous EEG-fMRI recordings were conducted for the 
four 20 min sessions. According to the international 10–20 system, the 
EEG data were recorded by a 32-channel MRI-compatible system, 
including two electrooculography (EOG) channels, two 
electromyography (EMG) channels, and one electrocardiogram (ECG) 
channel (Brain Products GmbH, Gilching, Germany). For the details 
setting of EEG recording, please refer to a previous study by Tsai et al. 
(11). Briefly, the impedances of the reference (FCz) and ground (AFz) 
channels were kept below 5 kΩ, yet those of other channels were kept 
below 15 kΩ. The EEG signals were synchronized with the MR trigger 
and recorded using BrainVision Recorder software (Brain Products) 
with settings of 5k Hz sampling rate and 0.1 μV voltage resolution. In 
addition, online filtering was applied with an analog band-pass filter 

FIGURE 1

Diagram illustration of the neurophysiological concept underlying neuroimaging indices in this study.
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(0.0159–250 Hz) and a 60 Hz notch filter. In addition, we carried out a 
three-end synchronization among MRI, EEG recording and task 
stimulation computers using the Brain Products Trigger Box and the 
software of E-Prime Extensions for Brain Products. The MR images 
were acquired by a 3T Tim Trio scanner (Siemens, Erlangen, Germany) 
with a 12-channel head coil, including a high-resolution T1-weighted 
anatomical images obtained using a 3D-MPRAGE sequence (TR/TE/
TI = 1900 msec/2.28 msec/900 msec; flip angle = 9°; 176 slices with voxel 
size of 1 × 1 × 1 mm3), and functional scans using a T2*-weighted 
gradient-echo echo-planar imaging sequence (TR/TE = 2000  
msec/30 msec; flip angle = 77°; 32 slices with 4 mm thickness and no 
gap; in-plane resolution = 3.44× 3.44 mm2). A total of 150, 180, 120 
volumes were acquired for RS, PVT, and CVR scans, respectively.

EEG analysis and sleep staging

Recorded EEG data was preprocessed offline using Brain Vision 
Analyzer 2.1 (Brain Products) and EEGLAB v13.6.5b (26). Analyzer 
with the average artifact subtraction method was used to remove 
artifacts induced by MR gradient and ballistocardiogram. In gradient-
induced artifact removal, EEG data was up-sampled to 50k Hz. EEG 
data was then down-sample to 250 Hz to remove ballistocardiogram 
artifact. Subsequently, EEGLAB was used for the further four 
preprocess steps, including (1) bandpass filtering the EEG frequencies 
between 0.1 and 50 Hz, (2) rejecting noisy epochs (single TR per 
epoch) with the criterion 5 times of standard deviation above the 
mean of each channel (27), (3) re-referencing each EEG channel to the 
average over all EEG channels, and (4) utilizing temporal independent 
component analysis (ICA) to eliminate ICs with the characteristics 
similar to ECG, EMG, EOG channels. For the sleep staging, 
technicians scored EEG preprocessed data based on the American 
Academy of Sleep Medicine criteria (28), which used six EEG channels 
(F3, F4, C3, C4, O1, O2), two EOG channels, and two EMG channels 
for every time window with 30 s. After preprocessing, EEG data were 
epoched 250 milliseconds prior to PVT stimuli onset and 1750 
milliseconds after. Power spectral density (PSD) was calculated using 
the psd_multitaper function in MNE-python (29), and then averaged 
across all epochs for each participant. The averaged PSD was further 
decomposed into four canonical frequency bands (delta: 0.5–4.5 Hz, 
theta: 4.5–7.5 Hz, alpha: 7.5–11.5 Hz, beta: 11.5–30 Hz) to assess the 
relative power across sessions.

fMRI analysis and behavior indices

The PVT fMRI data were preprocessed using an in-house script 
based on AFNI (version number: 18.0.25) (30) through motion 
correction, slice-timing, alignment to the T1-weighted anatomical 
image, spatial smoothing with a 6 mm full width at half maximum 
(FWHM) Gaussian kernel, and spatial normalization into the standard 
Montreal Neurologic Institute (MNI) space. The first-level analysis 
was performed using the general linear model with 9 regressors, 
including one for onset timing of the corresponding 1 s stimuli 
convolved with the canonical hemodynamic response function, six for 
motion parameters, the other two for baseline intensity and linear 
trend. Next, only beta estimates in the presleep session were analyzed 
with second-level analysis using 3dttest++ to identify the brain regions 

that were significantly activated across participants. Regarding 
correction for multiple comparisons, the significant activations were 
corrected using the AFNI 3dClustSim method with autocorrelation 
function (corrected p < 0.05), wherein the parameter setting was a 
combination of an uncorrected threshold of p < 0.0005 and an 
individual cluster size of 46 contiguous voxels. Among significant 
clusters activated in the presleep session, the three regions of interest 
(ROIs) that most related to the PVT task were further selected for the 
ROI analysis. Along with PVT experiments, behavioral indices were 
measured in terms of accuracy and mean response time (RT). Only 
hit trials, in which participants responded within 0.95 s, were used to 
calculate the latter two indices.

The CVR data were preprocessed using IClinfMRI (31) with the 
default setting and normalized into the MNI space using SPM12 
(6685) (The Wellcome Centre for Human Neuroimaging, UCL, 
London, United Kingdom). Magnitudes of each preprocessed data 
were then normalized to their voxel-wise baseline signal to yield 
percent signal change. To estimate the temporal characteristics of 
CVR upon awakening, the CVR response function was averaged 
across four blocks from the BH onset (0 s) to the 54th seconds within 
ROIs selected based on presleep PVT activations. Subsequently, each 
averaged CVR response function was nonlinearly fitted with a 
canonical dual-gamma function using Matlab’s lsqcurvefit function 
(The MathWorks, Inc., Natick, MA, United States). Accordingly, the 
fitted curves were used to estimate temporal characteristics, including 
time-to-half width half maximum of the peak, ascending time, time 
to peak, FWHM of the peak, and descending time (see 
Supplementary Figure S1).

Statistical analysis

A nonparametric repeated-measure Friedman test and false 
discovery rate (FDR)-corrected post hoc test were performed using 
Python (SciPy version 1.9.1) to determine significant differences 
across four sessions in behavior, EEG, PVT, and CVR indices. The 
significance level was set as p < 0.05.

Results

A total of 15 participants aged between 20 and 31 years (eight 
females; mean age = 24.9 ± 4.0 years; all obtaining at least a high school 
degree) completed the EEG-fMRI recording, and three participants 
had incomplete PVT data. Accordingly, all participants were used in 
the neuron-irrelevant CVR analysis, but only 12 participants were 
used  for the PVT-induced fMRI and behavior analysis. 
Supplementary Table S1 shows the demographic and sleep 
characteristics of each participant. All participants reported at least 
20% sleepiness, with their average being 64.3 ± 19.53%. The average 
PSQI was 4.40 ± 2.77, and total sleep time was 24.97 ± 43.96 min. 
However, three participants out of twelve, who self-reported being able 
to sleep inside the scanner with zero total sleep time according to sleep 
scoring, were further excluded in the EEG analysis.

Compared to an accuracy of 0.97 ± 0.08 in the PVT task before 
sleep, nonsignificant reduced postsleep accuracies of 0.95 ± 0.16, 
0.94 ± 0.14, and 0.95 ± 0.11 were found for A1, A2, and A3, respectively 
(Supplementary Figure S2). By contrast, nonsignificant increased RTs 
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in the postsleep sessions (358 ± 66, 363 ± 70, and 356 ± 57 milliseconds 
for A1, A2, and A3, respectively) were observed; for comparison, the 
presleep RT was 338 ± 49 milliseconds.

Figure 2A depicts the significant recruitment of brain regions 
engaged in PVT tasks during the presleep session (corrected p < 0.05). 
The brain regions included the supplementary motor area, anterior/
middle cingulate cortex, left primary motor cortex, right superior 
frontal gyrus, right insula, right superior parietal gyrus, bilateral 
supramarginal, gyrus and bilateral thalamus. For the ROI analysis, 
Figure 2B demonstrates that the regional BOLD response (average β 
values) significantly decreased in the postsleep sessions 
(FDR-corrected post hoc *p < 0.05 and **p < 0.01) compared to the 
presleep session for the bilateral thalamus, left primary motor cortex, 
and right insula. In addition to the PVT-induced fMRI results, a 
significant difference was evident in the relative β power measured by 
the EEG at electrodes of Pz and CP1 (Figure 3). The group means of 
relative β power in Pz were 0.26 ± 0.12, 0.23 ± 0.06, 0.23 ± 0.10, and 
0.18 ± 0.05 for the Pre, A1, A2, and A3 sessions, respectively; those in 
CP1 were 0.28 ± 0.18, 0.24 ± 0.14, 0.27 ± 0.20, and 0.17 ± 0.04 for the 
four sessions, respectively. Specifically, in comparing with the presleep 

session at Pz, the relative β power in A3 was significantly decreased. 
At both Pz and CP1, the relative β power in A3 was significantly 
smaller than that in A1.

Regarding the neuron-irrelevant CVR, Table  1 lists the CVR 
temporal indices across sessions for the three selected ROIs. The 
Friedman test found that the FWHM within the bilateral thalamus 
was significant across sessions. The post hoc test with FDR correction 
showed that the FWHM was significantly narrower in A3 than in the 
presleep session (p = 0.03). However, there were nonsignificant post 
hoc differences in the CVR indices within both the left primary motor 
cortex and right insula across sessions.

Discussion

This is the first attempt using the EEG-fMRI fusion technique 
to study the neuro-vascular variations during sleep inertia. Because 
of the difficulty of NVC quantification, we bypassed the complex 
neurophysiological mechanisms within NVC and targeted on 
observing the time-varying consistency of separate NVC 

FIGURE 2

Brain activation map and regional BOLD response (average β values) in PVT (n = 12). (A) Significant activation map in the presleep session (corrected 
p < 0.05). (B) BOLD responses for bilateral thalamus, left primary motor cortex, and right insula. Compared with the presleep session, BOLD responses 
significantly decreased after sleep (FDR-corrected post hoc *p < 0.05 and **p < 0.01).
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components during the sleep inertia period. The separate NVC 
components include EEG signals (neuron-related local field 
potential, LFP), CVR (neuron-irrelevant hemodynamic response 
function) and BOLD response (neuron-related HRF) along the 
awakening time. We hypothesize that if the NVC stays intact during 
sleep inertia, EEG β power and BOLD response would show a 
consistency among temporal dynamics, but the neuron-irrelevant 
CVR would remain time-invariant across different time points on 
awakening. Our results confirmed this hypothesis because both 
EEG β power and BOLD response showed significant reductions 
upon awakening, as compared with the presleep condition. For the 
CVR, we  fitted multiple temporal characteristics to the 
hemodynamic responses irrelevant to the neural activity under the 

BH task and found that the induced HRF did not show prominent 
changes before and after sleep, even though the baseline CBF varied 
during the SI period (9). In fact, although the thalamus exhibited a 
shorter FWHM upon awakening in the post hoc test, the overall 
CVR temporal patterns remained untouched without presleep/
postsleep differences in the BOLD fMRI response and EEG β power. 
Thereby, the temporal patterns of EEG, CVR and fMRI preliminarily 
indicated that the BOLD responses upon awakening were 
contributed from neural activities, implying that the static NVC 
presumption still holds upon awakening after sleep.

In lack of task engagements, prior SI-based neuroimaging studies 
could not approach NVC on awakening. Here we conducted PVT 
experiments in the SI period using simultaneous EEG-fMRI 
recordings, which was carried out through a three-end synchronization 
among MRI, EEG recording and task stimulation computers. This is 
the first attempt to conduct the task-based fMRI upon awakening, 
linking cognitive performance with the fMRI brain mapping in the SI 
period. Furthermore, we measured multiple neuroimaging indices 
(EEG, CVR, and fMRI) to approach NVC through observing their 
temporal consistency (as shown in Figure  1). Unlike calibrated 
methods using mathematical modeling (18), this act of observing 
temporal consistency is imperative in this study because during SI, 
both neural activity and BOLD response were all varying along with 
time without a fixed reference for calibration (12, 13). Thus, 
we bypassed the neurophysiological modeling and turned to measure 
the macroscopic neuroimaging indices with task engagements 
repeatedly for estimating the both ends of neurovascular components, 
according to previous literature (17, 32). However, using this strategy 
we only provided preliminary evidence of static NVC on awakening 
with limited sample size. Further investigations with microscopic 

FIGURE 3

Relative β power of EEG electrodes of Pz and CP1 in PVT (n = 9). 
There is a significant difference between presleep and the third 20-
min sessions after sleep (A3) in Pz. Compared with the first session 
after sleep (A1), the power at the A3 session significantly decreased in 
both Pz and CP1. Significance was determined by FDR-corrected 
post hoc *p < 0.05.

TABLE 1 Temporal characteristics of breath-hold CVR estimated from fitted HRF within region of interests.

Pre A1 A2 A3 Friedman test

Left primary motor cortex

Time to HWHM 29.39 ± 6.27 26.31 ± 1.94 25.71 ± 1.86 25.83 ± 1.84 χ2 = 3.96, p = 0.27

Ascending time 3.46 ± 1.46 4.89 ± 2.14 6.15 ± 6.00 4.45 ± 1.94 χ2 = 9.00, p = 0.03*

Time to peak 32.84 ± 5.50 31.19 ± 3.27 31.86 ± 5.72 30.28 ± 1.98 χ2 = 0.04, p = 1.00

Descending time 4.82 ± 2.96 6.31 ± 4.50 7.11 ± 6.07 4.97 ± 1.92 χ2 = 1.64, p = 0.65

FWHM 8.28 ± 3.97 11.2 ± 5.52 13.26 ± 7.75 9.42 ± 2.51 χ2 = 5.64, p = 0.13

Bilateral thalamus

Time to HWHM 25.42 ± 1.83 25.77 ± 1.81 25.83 ± 1.37 26.05 ± 1.51 χ2 = 2.60, p = 0.46

Ascending time 5.09 ± 1.27 4.69 ± 1.76 4.34 ± 0.85 4.17 ± 1.36 χ2 = 8.68, p = 0.03*

Time to peak 30.51 ± 1.99 30.46 ± 2.00 30.17 ± 1.91 30.22 ± 1.95 χ2 = 0.26, p = 0.97

Descending time 6.53 ± 1.99 6.03 ± 3.12 6.86 ± 5.03 4.85 ± 1.80 χ2 = 7.51, p = 0.06

FWHM 11.62 ± 2.58 10.72 ± 3.94 11.21 ± 5.74 9.02 ± 2.72* χ2 = 9.00, p = 0.03*

Right insula

Time to HWHM 22.3 ± 1.47 23.05 ± 1.23 22.47 ± 2.26 23.31 ± 1.67 χ2 = 2.25, p = 0.52

Ascending time 6.38 ± 2.04 5.32 ± 1.38 5.51 ± 2.56 4.9 ± 1.10 χ2 = 3.56, p = 0.31

Time to peak 28.68 ± 1.75 28.37 ± 1.14 27.97 ± 1.4 28.21 ± 1.45 χ2 = 8.84, p = 0.03*

Descending time 8.09 ± 2.05 6.98 ± 1.78 8.1 ± 3.89 6.85 ± 2.72 χ2 = 5.48, p = 0.14

FWHM 14.47 ± 3.64 12.3 ± 2.39 13.61 ± 6.34 11.75 ± 3.37 χ2 = 5.56, p = 0.14

Time unit is second. Data is summarized as mean ± standard deviation. Pre, presleep session; A1/A2/A3, the first/second/third 20-min session after sleep; FWHM, full width half maximum of 
the peak; HWHM, half width half maximum of the peak. The statistical significance between Pre and A3 of p < 0.05 with FDR post hoc tests is marked as *.
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NVC-related factors are warranted to validate the static NVC 
assumption in the period of sleep inertia.

Neurovascular coupling before sleep and 
after awakening

Previous fMRI investigations have all been based on the 
presumption of NVC and the BOLD principle (33). However, recent 
studies have suggested that the presumption might not be as valid 
as our prior expectation, even in the normal human participants 
without neuropathology. For example, Czisch et  al. observed 
different patterns of fMRI activity between wakefulness (positive 
activity) and sleep stages (negative response) in response to the 
same acoustic stimuli (task) (34), and our recent studies 
demonstrated the temporal inconsistency between EEG and fMRI 
indices (power and connectivity) across sleep-wake conditions 
(resting) (17). Both studies highlighted the possibility of an altered 
neurovascular relationship in nocturnal sleep. The neurovascular 
relationship on awakening has not yet been explored. To understand 
how the brain recovers its functionality and consciousness after 
sleep, a critical next step is to determine whether the NVC 
assumption holds true during the SI period. To examine NVC 
through the resting-state analysis is not an easy task due to the lack 
of prominent targets in terms of both neural activity and the 
followed BOLD responses. Therefore, we utilized the PVT to probe 
vigilance upon awakening, which is a commonly adopted approach 
in the SI literature. At the current stage, the neuroimaging field lacks 
a quantitative index for NVC; thus, we  adopted a qualitative 
examination method for NVC, observing the between-session 
consistency in the combined neurovascular responses (fMRI BOLD 
responses), vascular components (CVR temporal characteristics), 
and neural components (EEG β power). For the vascular component, 
we regarded the BH-induced CVR time curves as a surrogate for 
BOLD response without neural activity, and we carefully checked 
the CVR temporal characteristics through data fitting. The results 
indicated that the thalamus might be the only brain region with 
prominent changes in CVR temporal characteristics, especially for 
FWHM in thalamus. However, the cross-sessional patterns of 
FWHM were unlike those of the EEG β power or fMRI brain 
activity; the postsleep variation in FWHM was not prominent in 
other brain regions. Therefore, we could approximately conclude 
that the CVR function did not vary before and after sleep during the 
SI period. For the neural component of PVT, we found that the 
relative β power presented differently between the presleep session 
and A3 (Pz), as well as between A1 and A3 (Pz and CP1). As the 
EEG β power is generally regarded as an index of vigilance (8, 12, 
35), we  can infer that immediately after awakening, the 
nonsignificantly enhanced β power reflected the slight elevation in 
vigilance of the participants, but it decreased along the waking time, 
reaching a trough at A3. By contrast, upon awakening, the relative 
delta power increased with marginal significance in O2 (χ2 = 9.1, 
with post hoc FDR-corrected p = 0.078 for Pre–A3, A1–A2 and A2–
A3), and FC5 (χ2 = 8.3, with post hoc tests of p > 0.195, 
FDR-corrected), indicating the extended sleepiness even after 
awakening. The findings of presleep/postsleep differences resembled 
the cross-session results of fMRI BOLD responses, which supports 
the idea of static NVC upon awakening.

Sleep inertia under insufficient sleep

The multiple repeated-measure design after awakening is a 
common setting in previous SI-based studies (7, 9, 12). 
We originally expected that the RTs and brain activities would 
gradually recover close to the presleep condition along with time; 
however, our findings only identified the difference between 
presleep and postsleep, without differences between A1 and A3, 
for all indices of RT, fMRI activity, and EEG power. The unusual 
cross-session pattern after awakening might be an indication of 
extended sleepiness in the 1 h awakening period from a maximum 
3 h sleep inside the MRI scanner (reflected by low β power and 
high delta power). One reason for this outcome may be  the 
irregular waking time (approximate 3–4 a.m.) relative to the 
participants’ normal sleep-wake  rhythm; the induced partial sleep 
deprivation might have led to an enhancement of the SI severity 
(5). The constrained body position inside the MRI scanner might 
be another influential factor for participants, as they cannot move 
during the 1 h scan after awakening, which may have induced 
sleepiness after a certain period of time. Third, the current results 
included the average EEG/fMRI/RT scores in sleep (n = 12), yet 
three of them did not show objective sleep signatures in sleep 
scoring. If we  present the datasets only with objective sleep 
scoring (n = 9, see Supplementary Figure S3), the cross-session SI 
pattern is slightly evident in the fMRI effect size, which confirms 
the necessity of collecting the datasets with objective sleep 
scorings for SI investigations.

Limitation

The major limitation of this study was the insufficient sample size 
to apply the parametric statistical tests. Originally, we collected 32 
participants in the protocol; however, due to certain technical 
obstacles (e.g., loss of synchronization markers, unable to record 
PVT-RTs, and disruptive motion in sleep), the number of participants 
completing the CVR with simultaneous EEG-fMRI recordings was 
only 15, and that completing both the PVT and CVR was 12. After 
excluding those who did not present objective sleep signatures, the 
number decreased to nine. Due to the limited sample size, we only 
provided a preliminary glimpse on the NVC upon awakening for 
future neuroimaging investigations, and we could not classify the data 
into groups of different sleep stages that participants were awakened 
from, which is a necessary step for future studies. Finally, neurons at 
different brain locations may recover at different speeds in SI (11), or 
with different NVC (36). However, we only focused on the PVT-related 
brain regions (thalamus, insula, and motor cortex) in this study based 
on the task engagements. Future studies are warranted to continue 
surveying functional reorganization at different brain regions 
immediately after sleep.

Conclusion

Sleep inertia is the period that involves cognitive impairments 
immediately after awakening from sleep. Previous papers have discussed 
hypovigilance in task engagement, but recent neuroimaging studies 
regarding SI have focused on the brain connectivity in the resting state. 
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This mismatch as well as the presumption of static NVC before and after 
sleep are two major concerns in this field. Therefore, we firstly addressed 
brain activity in response to task performances within 1 h of awakening. 
Furthermore, we preliminarily probed the appropriateness of assuming 
the static NVC in presleep and postsleep conditions, which may facilitate 
the neuroimaging studies of SI in the future.
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Zurich, Zurich, Switzerland, 19Department of Pediatric Neurology, Children’s Hospital of Eastern
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Background: Sleep disturbances are intertwined with the progression and
pathophysiology of psychotic symptoms in schizophrenia. Reductions in sleep
spindles, a major electrophysiological oscillation during non-rapid eye movement
sleep, have been identified in patients with schizophrenia as a potential biomarker
representing the impaired integrity of the thalamocortical network. Altered
glutamatergic neurotransmission within this network via a hypofunction of the
N-methyl-D-aspartate receptor (NMDAR) is one of the hypotheses at the heart
of schizophrenia. This pathomechanism and the symptomatology are shared by
anti-NMDAR encephalitis (NMDARE), where antibodies specific to the NMDAR
induce a reduction of functional NMDAR. However, sleep spindle parameters
have yet to be investigated in NMDARE and a comparison of these rare patients
with young individuals with schizophrenia and healthy controls (HC) is lacking.
This study aims to assess and compare sleep spindles across young patients
a�ected by Childhood-Onset Schizophrenia (COS), Early-Onset Schizophrenia,
(EOS), or NMDARE and HC. Further, the potential relationship between sleep
spindle parameters in COS and EOS and the duration of the disease is examined.

Methods: Sleep EEG data of patients with COS (N = 17), EOS (N = 11), NMDARE
(N = 8) aged 7–21 years old, and age- and sex-matched HC (N = 36) were
assessed in 17 (COS, EOS) or 5 (NMDARE) electrodes. Sleep spindle parameters
(sleep spindle density, maximum amplitude, and sigma power) were analyzed.
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Results: Central sleep spindle density, maximum amplitude, and sigma power
were reduced when comparing all patients with psychosis to all HC. Between
patient group comparisons showed no di�erences in central spindle density
but lower central maximum amplitude and sigma power in patients with COS
compared to patients with EOS or NMDARE. Assessing the topography of spindle
density, it was significantly reduced over 15/17 electrodes in COS, 3/17 in EOS,
and 0/5 in NMDARE compared to HC. In the pooled sample of COS and EOS, a
longer duration of illness was associated with lower central sigma power.

Conclusions: Patients with COS demonstrated more pronounced impairments of
sleep spindles compared to patients with EOS andNMDARE. In this sample, there is
no strong evidence that changes in NMDAR activity are related to spindle deficits.

KEYWORDS

psychosis, schizophrenia, anti-NMDAR encephalitis, sleep EEG, sleep spindles,

thalamocortical network

1. Introduction

Once thought to be merely a phenotype of psychosis, sleep

dysfunction is now considered to be intricately intertwined in the

pathophysiology of disorders along the psychosis spectrum (1–4).

Schizophrenia (SZ) is one of several conditions that falls within the

psychosis spectrum and is characterized by psychotic symptoms,

marking a disconnection from reality, and considerable changes

in affective state, perception, and cognition. Disturbed sleep often

precedes the onset of SZ and predicts relapses in remitted patients

(5–7). Thus, increased research efforts are made to study sleep

quality, structure, and electroencephalographic characteristics in

order to identify specific parameters potentially contributing to

or resulting from the emergence of the disorder. Specifically sleep

spindles, a sleep electroencephalogram (EEG) characteristic, caught

much attention as a potential endophenotype as well as a target

for novel therapeutic approaches (8). Sleep spindles are major

oscillations occurring in the sigma frequency range (12–15 Hz) and

are most prominent during stage 2 of Non-Rapid Eye Movement

(NREM) sleep (3). The reduction of sleep spindle density (SSD;

number per minute) in patients affected by SZ when compared

to healthy controls (HC) has been the most consistent finding

across studies and diverse patient populations with varying age,

medication status, or chronicity of the disorder (3, 8–10). This

finding is most pronounced in central regions of the cortex in the

fast frequency range of spindles (13–15 Hz) (3, 9, 11). Reductions

in sleep spindle maximum amplitude (SSMA) and sigma power

(SP) are also frequently reported, but tend to be less consistently

reduced across studies. This may be in part due to differences in

electrode density montages, detection methods, and chronicity of

the disorder (1, 3, 9–11).

Sleep spindles are generated by inhibitory GABAergic (gamma-

aminobutyric acid) neurons in the thalamic reticular nucleus

(12). Thalamic reticular nucleus neurons inhibit excitatory,

glutamatergic neurons that propagate signals from the thalamus

to the cortex. Cortical projection neurons further communicate

with thalamic reticular nucleus neurons via the activation of

specific receptors, including the glutamate-specific ionotrophic

receptor, the N-methyl-D-aspartate receptor (NMDAR) (13, 14).

This NMDAR-mediated glutamatergic feedback loop is necessary

to modulate and maintain sleep spindles (15, 16). The NMDAR

is also highly implicated in the emergence of SZ. According to

the glutamate hypothesis, glutamatergic activity is disrupted in

patients with SZ due to a hypofunction of the NMDAR (17, 18).

This provokes a cascade of altered neurotransmission that affects

brain development and results in the diverse symptomatology

of SZ, including cognitive deficits. Sleep spindles play a role in

sleep-dependent memory consolidation, and the decrease in sleep

spindles in schizophrenia has been hypothesized to contribute to

the cognitive deficits that are integral to the disorder (8, 19). It is

currently unclear if the hypofunction of the NMDAR is also a key

element contributing to the detected sleep spindle reduction in SZ.

A rare form of autoimmune encephalitis, anti-NMDAR

encephalitis (NMDARE), is induced by autoantibodies that

target the NMDAR leading to a functional deficit (20). The

symptomatology of NMDARE and SZ also greatly overlap, often

presenting with sleep and cognitive disturbances and culminating

with a range of psychotic symptoms (21, 22). This has encouraged

research in the context of the glutamate hypothesis of SZ (23–

28). Although a previous study found that SSD and SP were

only reduced in patients with SZ when comparing them to

other patients with mental health disorders who presented with

psychosis, sleep spindles have yet to be compared to patient

populations with somatic illnesses who present with psychosis (29).

The shared phenotype and key pathomechanistic element make SZ

and NMDARE very promising to study in concert. Further insight

may be gained into the role of the NMDAR within the thalamo-

cortical network and the detectable sleep spindle phenotype of both

disorders.

Highly dynamic phases of brain development could potentially

influence the relationship between sleep and psychosis spectrum

disorders. During childhood and adolescence, individuals

undergo drastic brain maturation that affects sleep structure

and characteristics (25). Additionally, these periods introduce

vulnerabilities in the developing cortex which may coincide

with the onset of mental health disorders (30, 31). SZ rarely
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emerges during these young, malleable periods, being classified as

Childhood-Onset (COS) if the onset age precedes the age of 13 and

Early-Onset Schizophrenia (EOS) if the onset age occurs between

age 13 and 18. Previous studies indicate that these populations

have reductions in SSD (32, 33), although the two have never

been directly compared. In COS, a longer duration of illness was

associated with lower SSMA and SP and a recent meta-analysis

in adults with SZ points to an association of a longer duration

of illness with SSD deficits (33, 34). Combining data from young

patients with SZ will allow to further assess the relationship

between the duration of illness and sleep spindle parameters.

Pooling sleep data from young patients affected by COS, EOS,

and NMDARE, this study aims to assess sleep spindle parameters

(SSD, SSMA, SP) between the patient groups and to compare

them to age- and sex-matched HC. Due to evidence demonstrating

reduced sleep spindles in SZ and the overlapping phenotype and

pathomechanism of SZ and NMDARE, it is hypothesized that the

pooled patient group will have reduced sleep spindle parameters

when compared to HC. Between-patient group comparisons will be

performed to elucidate the contribution of each patient population

to this presumed finding. Further, to analyze potential regional

differences across the cortex, topographical distribution of spindle

parameters will be compared between each patient group and

matched HC. Lastly, the impact of the duration of illness on spindle

alterations will be assessed in an exploratory correlation analysis in

young patients with SZ.

2. Materials and methods

2.1. Participants

Sleep data from three patient groups were gathered for the

purpose of this study. Screening procedures and characteristics of

patient groups have previously been published (22, 32, 33). All-

night EEG, demographic, and clinical data from individuals with

COS (N = 17, 16.0 ± 3.6 years, 70.6% female), EOS (N = 11, 16.4

± 1.4 years, 36.4% female), NMDARE (N = 8, 13.3 ± 4.5 years,

75.0% female), and 36 age- and sex-matched HC were pooled in

this project. Patients with SZ (COS, EOS) were either recruited

at the National Institute of Mental Health in the United States

(COS) or at the Department of Child and Adolescent Psychiatry

of the Psychiatric University Hospital Zurich in Switzerland (EOS).

The diagnosis for patients with COS was assessed by DSM-III-R

or DSM-IV criteria and confirmed by two child psychiatrists after

an in-patient stay where medication was discontinued (35, 36).

For patients with EOS, mental disorders were assessed by the

Mini International Neuropsychiatric Interview for Children and

Adolescents (MINI-Kid), and criteria for EOS were further verified

according to the DSM-IV (37). Age of onset, duration of illness, and

antipsychotic medication measured as chlorpromazine equivalent

were provided for each patient with SZ. IQ scores were available

from 12 patients with COS and eight with EOS. One individual with

EOS declined further use of non-genetic personal health data and

was excluded in this study.

In the NMDARE group, three individuals had two EEG

recordings available. Sleep structure and spindle parameters were

calculated individually for each of these EEG and averaged

to have one value for each participant. Patient data for

this group was provided by three clinics, specifically the

Department of Neuropediatrics, University Children’s Hospital

Zurich (Switzerland) (N = 4; EEG = 6); the Pediatric Neurology

and Neurophysiology Unit in Padua (Italy) (N = 2; EEG = 3);

the Department of Pediatric Neurology, Children’s Hospital in

Datteln, University Witten/Herdecke (Germany) (N = 2; EEG =

2). Clinically suspected diagnosis of NMDARE was confirmed by

detection of ANMDAR antibodies in serum and/or cerebrospinal

fluid.

The three patient groups had different age and sex

characteristics (Table 1). Thirty-six HC were used in total; 17

were age- and sex-matched to the COS group (HC-C), accordingly

11 were matched to the EOS group (HC-E), and eight to the

NMDARE group (HC-N). HC were recruited at the University

Children’s Hospital Zurich and underwent a screening process,

excluding individuals with a history of mental health disorders and

who took psychotropic medication. Written informed consent was

obtained from all participants and/or their legal guardian. This

research project was approved by swissethics (BASEC 2021-00215).

All study procedures were performed according to the Declaration

of Helsinki.

2.2. EEG recordings

All-night polysomnography recordings from patients with COS

were measured using a 21-channel 10-20 system [TWin or Nihon

Kohden; sampling rate (SR): 200 Hz]. EEG data from patients with

EOS and HC were recorded using a 128-channel system (Electrical

Geodesic Sensory Net; SR: 500 Hz). Nineteen electrodes were

shared between patients with SZ and associated HC: two prefrontal

(Fp1, Fp2), three frontal (F3, Fz, F4), three central (C3, C4, Cz;

Cz available as a recording electrode following re-referencing), six

temporal (F7, F8, T3, T4, T5, T6), three parietal (P3, Pz, P4),

and two occipital (O1, O2). The patients with NMDARE had

heterogeneous EEG recording protocols: (a) Zurich, 21-channel 10-

20 system (NeurofileXP EE; SR: 256 Hz), (b) Padua, 8-10 channels

(Galileo NT Software; SR: 256 Hz), and (c) Datteln, 11 channels

(Neurofax EEG-9210 System; SR: 200 Hz). Seven electrodes were

shared across the EEG montages for all three groups (COS, EOS

and NMDARE): two prefrontal (Fp1, Fp2), two temporal (T3, T4),

two occipital (O1, O2), and one central (Cz).

Epoch-specific sleep staging and artifact rejection were available

from previous analyses (22, 32, 33). Sleep stages were scored based

on standard criteria by a sleep expert and either validated by a

second sleep expert (COS, EOS, HC) or by one rater only to reduce

inter-rater variability (NMDARE) (38). Standard sleep stages were

assigned to each epoch, composed of 20-s (EOS, HC, NMDARE)

or 30-s (COS) time windows. Specific epochs were excluded on

a channel to channel basis from the analyses if high levels of

artifacts were found. A semi-automatic procedure was used to

detect artifacts based on power thresholds in the muscle frequency

band (20–40 Hz) and slow-wave frequency band (0.8–4.6 Hz, COS;

0.75–4.5 Hz, EOS, NMDARE) (39, 40). Channels with artifacts in

<97% (COS, EOS, HC) or 95% (NMDARE) of their epochs were

considered for subsequent analyses.
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TABLE 1 Demographic and clinical characteristics.

Parameter Patient group(s) (N) Mean (SD) HC: Mean (SD) p-value Direction (adjusted
p-value)

Age (years) COS (17) 16.00 (3.64) 16.41 (4.01) 0.89

EOS (11) 16.38 (1.43) 16.48 (1.71) 0.95

NMDARE (8) 13.29 (4.52) 13.65 (4.48) 0.80

COS, EOS, NMDARE 0.19

Sex, female (n) COS (17) 12 (70.59) 12 (70.59) 1.00

EOS (11) 4 (36.36) 4 (36.36) 1.00

NMDARE (8) 6 (75.00) 6 (75.00) 1.00

COS, EOS, NMDARE 0.14

Age of onset (years) COS (17) 9.27 (1.79) NaN (NaN) NaN

EOS (11) 15.33 (1.45) NaN (NaN) NaN

NMDARE (8) 12.03 (3.46) NaN (NaN) NaN

COS, EOS, NMDARE <0.0001 COS < EOS (<0.0001)

Duration of illness (months) COS (17) 80.75 (43.51) NaN (NaN) NaN

EOS (11) 12.56 (11.01) NaN (NaN) NaN

NMDARE NaN (NaN) NaN (NaN) NaN

COS, EOS <0.0001

Chlorpromazine equivalent (mg) COS (17) 667.65 (372.05) NaN (NaN) NaN

EOS (11) 172.50 (158.43) NaN (NaN) NaN

NMDARE NaN (NaN) NaN (NaN) NaN

COS, EOS <0.001

IQ COS (12) 78.00 (19.21) NaN (NaN) NaN

EOS (8) 95.13 (26.44) NaN (NaN) NaN

NMDARE NaN (NaN) NaN (NaN) NaN

COS, EOS 0.13

COS, childhood-onset schizophrenia; EOS, early-onset schizophrenia; NMDARE, anti-N-methyl-D-aspartate receptor encephalitis; SD, standard deviation; NaN, not a number, data missing.

HCwere 1:1 matched to each patient.When comparing the three patient groups with KruskalWallis Tests, any significant difference is reported represented by the adjusted p-value and direction

of the difference. When comparing only the COS and EOS groups, Mann-Whitney U-tests were used. The bold values imply statistical significance.

2.3. EEG data analyses

EEG data were analyzed in MATLAB 2017b. Data were low-

pass filtered (−6 dB cut-off = 40.5 Hz; Finite Impulse Response

(FIR) filter), down-sampled to 125 Hz, and high-pass filtered (−6

dB cut-off = 0.38 Hz, Kaiser Window FIR filter). Electrodes were

re-referenced to the mean of the occipital channels (O1, O2).

The occipital channels were chosen as they are shared by all

participants. Further, all other possible channel locations shared

by all EEG montages (frontal, central, temporal) have previously

shown disturbances in spindles in SZ (8, 32, 41–46).

Sleep spindles were analyzed during the first hour of artifact-

free NREM Stage 2 and 3 for each participant. This is considered

the most robust part of sleep, with little or no fragmentation.

Sleep spindles were automatically detected based on an established

amplitude-threshold algorithm (10). EEG signal was band-pass

filtered (−6 dB cut-offs: 12.01 and 16.97 Hz, Chebyshev Type II

filter) and the average signal amplitude was calculated for each

channel. As signal amplitude varies for each electrode, a threshold

was set relative to the average signal amplitude for each channel.

Therefore, sleep spindles were detected if fluctuations in amplitude

for a given channel surpassed an upper threshold of five times

the average signal amplitude. The upper threshold value was

determined based on previous studies examining young adults and

was confirmed as the best representation of spindle detection after

visual inspection (47, 48). The beginning and end of each spindle

were defined as the instances where the signal surrounding the peak

amplitude dipped below a lower threshold of two times the average

signal. The lower duration threshold of a spindle was determined to

be 0.3 s (49).

Sleep spindle density (SSD), maximum amplitude (SSMA), and

sigma power (SP) were investigated in this project. SSD refers to

the number of spindles per minute (13.75–14.75 Hz). SSMA refers

to the largest amplitude value (positive or negative; µV) of a given

spindle and was calculated for every spindle within the frequency

range of interest and averaged together. Spectral analysis of EEG

signals were performed for each epoch (Fast Fourier transform,

4-s Hanning window, overlapping by 2-s), resulting in a 0.25 Hz

frequency resolution. Sigma power (13.75–14.75 Hz; µV2) was

calculated for each epoch.
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FIGURE 1

Sleep spindle density di�erences between PSY and HC for all channels and frequency bins. Sleep spindle density (SSD) is presented for each
recording channel for all relevant frequency bins of interest for the collective patient group [PSY; (A)] and collective healthy control group [HC; (B)]. In
(C), the percent change in SSD is directly compared between the two groups; an increase in graph (C) represents an increase in SSD in PSY compared
to HC. Frequency bin-channel combinations that were significantly di�erent from unpaired t-tests between the two groups are outlined in black.

2.4. Statistical analyses

Sleep structure parameters and demographic and clinical

characteristics were compared between patient groups and their

associated HC (HC-C, HC-E, HC-N) using non-parametric Mann-

Whitney U-tests. The same variables were compared between

patient groups using non-parametric Kruskal Wallis tests. Multiple

comparisons and determining the direction of interaction terms

was carried out with Tukey-Kramer post-hoc tests for pairwise

comparisons. Significant differences were considered with a p-value

< 0.05. Sleep structure parameter values were calculated for either

(1) the first hour of artifact-free NREM Stage 2 and 3 for each

participant (the same time frame used in the sleep spindle analysis),

or (2) the longest sleep recording period for each participant.

The comparison of sleep structure considers the five recording

electrodes shared by all groups. It was not possible to calculate sleep

latency or efficiency for theNMDARE group as the timewhen lights

were turned off was not documented.

In order to isolate the frequency band and area of interest, the a

priori hypothesis regarding SSD in psychosis was investigated. This

hypothesis claims that central SSD in the fast spindle frequency

range is reduced in patients with psychosis compared to HC.

Unpaired t-tests assessed SSD differences between the collective

patient group (PSY; N = 36) and the entire HC sample (N =

36). A test was conducted for each recording electrode shared by

all participants (Fp1, Fp2, T3, T4, Cz) at each frequency bin of

interest (12–15 Hz, discretized into 0.25 steps). Values from the 12–

12.5 and 15 Hz frequency bins were excluded from this analysis

as the filter attenuated <20% of the signal amplitude or there

were low levels of spindles, respectively. Multiple comparisons were

corrected for with Benjamini and Hochberg False Discovery Rate

statistical approach. Furthermore, the subsequent spindle analyses

focused on values pertaining to the 13.75–14.75 Hz frequency band

in the central electrode (Figure 1).

In addition to SSD, SSMA and SP were compared between

the PSY and HC groups with unpaired t-tests. Differences in

spindle parameters between the three patient groups were analyzed

with one-way analysis of the variance (ANOVA); Tukey-Kramer

post-hoc tests were applied subsequently. These two analyses were

performed using spindle values specific to the central electrode

(Cz). Due to large amounts of artifacts in the central electrode of

two patients with NMDARE, they and their age- and sex-matched

HC were not included in two above mentioned analyses.

Topographical analyses of sleep spindles between each patient

group and associated HC were performed with electrode-wise

Student’s unpaired t-tests; multiple comparisons were corrected

for with Benjamini and Hochberg False Discovery Rate statistical

approach. The comparison considers 17 electrodes for the COS and
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TABLE 2 Sleep structure parameters for the longest sleep recording period.

Parameter Patient group(s) (N) Mean (SD) HC: Mean (SD) p-value Direction (adjusted p-value)

Sleep latency (min) COS (17) 36.91 (26.13) 15.47 (7.53) 0.018

EOS (11) 25.24 (17.24) 17.79 (9.22) 0.38

NMDARE NaN 16.04 (7.95) NaN

COS, EOS, NMDARE NaN

Total sleep time (min) COS (17) 536.38 (168.66) 438.94 (50.74) <0.001

EOS (11) 437.85 (123.67) 405.91 (80.39) 0.17

NMDARE (8) 557.10 (102.90) 450.58 (43.03) 0.021

COS, EOS, NMDARE 0.026 EOS < COS (0.04)

Sleep efficiency (%) COS (17) 88.23 (17.46) 90.65 (7.51) 1.00

EOS (11) 87.91 (11.58) 89.39 (7.702) 1.00

NMDARE NaN 89.68 (5.47) NaN

COS, EOS, NMDARE NaN

WASO (min) COS (17) 28.56 (79.74) 29.51 (33.75) 0.0079

EOS (11) 27.58 (21.89) 32.58 (31.71) 0.72

NMDARE (8) 84.79 (71.31) 38.25 (29.64) 0.20

COS, EOS, NMDARE 0.0024 COS < NMDARE (0.0019)

Sleep stage N1 (%) COS (17) 3.63 (2.74) 6.54 (5.083) 0.021

EOS (11) 6.71 (3.93) 6.88 (5.51) 0.84

NMDARE (8) 19.04 (25.16) 4.13 (3.02) 0.11

COS, EOS, NMDARE 0.028 Inconclusive

Sleep stage N2 (%) COS (17) 49.48 (21.61) 51.50 (6.65) 0.86

EOS (11) 48.06 (10.24) 53.04 (3.80) 0.36

NMDARE (8) 40.78 (14.88) 47.38 (8.00) 0.51

COS, EOS, NMDARE 0.45

Sleep stage N3 (%) COS (17) 29.70 (24.46) 23.77 (7.51) 0.95

EOS (11) 26.07 (13.01) 22.29 (6.26) 0.89

NMDARE (8) 21.8 (9.25) 30.82 (8.32) 0.083

COS, EOS, NMDARE 0.91

REM sleep (%) COS (17) 17.19 (10.73) 18.19 (5.19) 0.78

EOS (11) 19.16 (7.69) 17.78 (3.46) 0.29

NMDARE (8) 18.38 (9.50) 17.67 (3.27) 0.33

COS, EOS, NMDARE 0.66

COS, childhood-onset schizophrenia; EOS, early-onset schizophrenia; NMDARE, anti-N-methyl-D-aspartate receptor encephalitis; WASO, wake after sleep onset; SD, standard deviation; NaN,

not a number, data missing. HC were 1:1 matched to each patient. When comparing the three patient groups with Kruskal Wallis Tests, any significant difference is reported represented by the

adjusted p-value and direction of the difference. The bold values imply statistical significance.

EOS groups and five electrodes for the NMDARE group. Normal

distribution of the data was visualized with quantile-quantile plots

and objectively confirmed with Shapiro-Wilk tests.

Furthermore, to assess potential relationships between sleep

spindle parameters and illness duration, partial Pearson correlation

analysis were performed controlling for age and chlorpromazine

equivalent. This analysis was conducted in patients with SZ (COS,

EOS). As only patients with SZ were included in this analysis, the

value of sleep spindle parameters were taken from the mean of all

available central electrodes (C3, Cz, C4).

3. Results

3.1. Demographic and clinical
characteristics and sleep parameters

3.1.1. Demographic and clinical characteristics
No significant difference was found for age and sex between

patient groups and associated HC and inter-patient groups (see

Table 1). The COS group had a significantly longer duration of

illness and a lower age of disease onset when compared to the EOS
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TABLE 3 Sleep structure parameters for the first hour of artifact-free NREM stage 2 and 3 sleep.

Parameter Patient group(s) (N) Mean (SD) HC: Mean (SD) p-value Direction (adjusted
p-value)

Absolute length of first hour (min) COS (17) 70.68 (26.35) 81.12 (38.98) 0.0071

EOS (11) 74.91 (17.80) 67.49 (2.96) 0.77

NMDARE (8) 123 (62.76) 68.25 (5.97) 0.027

COS, EOS, NMDARE 0.0028 COS < NMDARE (0.0031)

WASO (%) COS (17) 0.14 (0.30) 5.01 (11.85) 0.0019

EOS (11) 5.90 (11.33) 1.43 (2.42) 0.50

NMDARE (8) 16.81 (15.73) 2.04 (3.77) 0.015

COS, EOS, NMDARE <0.001 COS < EOS (0.045)

COS < NMDARE (<0.001)

Sleep stage N1 (%) COS (17) 0.35 (0.70) 4.39 (6.61) <0.001

EOS (11) 4.20 (4.78) 2.23 (2.53) 0.45

NMDARE (8) 10.62 (15.82) 2.06 (4.21) 0.063

COS, EOS, NMDARE <0.001 COS < EOS (0.013)

COS < NMDARE (<0.001)

Sleep stage N2 (%) COS (17) 39.04 (27.78) 29.67 (7.05) 0.84

EOS (11) 27.13 (8.78) 39.58 (14.74) 0.057

NMDARE (8) 27.02 (17.80) 24.97 (24.60) 0.51

COS, EOS, NMDARE 0.65

Sleep stage N3 (%) COS (17) 57.47 (31.60) 58.49 (21.91) 0.65

EOS (11) 62.26 (20.51) 56.45 (15.38) 0.43

NMDARE (8) 39.11 (22.01) 70.92 (29.80) 0.051

COS, EOS, NMDARE 0.18

REM sleep (%) COS (17) 2.95 (8.83) 2.44 (4.64) 0.49

EOS (11) 0.50 (1.24) 0.31 (0.78) 0.96

NMDARE (8) 6.43 (4.15) 0 (0) 0.007

COS, EOS, NMDARE 0.0062 COS < NMDARE (0.012)

EOS < NMDARE (0.011)

COS, childhood-onset schizophrenia; EOS, early-onset schizophrenia; NMDARE, anti-N-methyl-D-aspartate receptor encephalitis; WASO, wake after sleep onset; SD, standard deviation. HC

were 1:1 matched to each patient. When comparing the three patient groups with Kruskal Wallis Tests, any significant difference is reported represented by the adjusted p-value and direction

of the difference. The bold values imply statistical significance.

group. Additionally, the COS group had significantly higher levels

of medication, measured in chlorpromazine equivalent, than the

EOS group. No significant differences were found in IQ between

the COS and EOS groups.

3.1.2. Sleep parameters
Differences in sleep structure and quality for the entire night

are reported in Table 2. Patients with COS took longer to fall asleep

and spent more time asleep compared to HC-C. After initial sleep

onset, they spent less time awake during the entire night. Sleep

characteristics were comparable between the patients with EOS and

HC-E. Patients with NMDARE slept for significantly longer than

HC-N. Differences in sleep parameters were also detected when

comparing patient groups. Patients with EOS slept for a shorter

amount of time than those with COS. Patients with COS spent

less time awake during the entire night following initial sleep onset

than those with NMDARE. A statistical difference in percent of all-

night time spent in NREM sleep stage 1 was found in the omnibus

test, yet no significant differences between the means of each group

(COS, EOS, NMDARE) were detected when assessing with post-hoc

multiple comparisons.

Sleep parameters were also calculated for the time frame used

in the sleep spindle analysis (Table 3). This refers to the amount

of time it took to isolate 60 minu of artifact-free NREM stage

2 and 3 sleep from each participant. This amount of time was

shorter for patients with COS compared to HC-C. Patients with

COS also spent less time awake following initial descent into

sleep and time in NREM sleep stage 1 during the first hour. The

amount of time needed to isolate 60 min of artifact-free sleep in

the NMDARE group was significantly longer as when compared to

HC-N. Additionally, they spent more time awake and in REM sleep
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FIGURE 2

Sleep spindle parameter di�erences between PSY and HC & patient groups. Di�erences in sleep spindle parameters between the collective patient
groups (PSY) and collective healthy control group (HC) are show in the left panel and between individual patient groups composing the PSY group
[Childhood-Onset Schizophrenia (COS), Early-Onset Schizophrenia (EOS), anti-N-methyl-D-aspartate receptor encephalitis (NMDARE)] in the right
panel. Note that significant di�erences between individual patient groups and associated HC are not presented here. All spindle values here are taken
from the central electrode from the frequency band of 13.75–14.75 Hz. The * denotes a significant di�erence between the groups according to
p-values (<0.05 implies significance). ∗∗ = p ≤ 0.01; ∗∗∗∗ = p ≤ 0.0001.

during the first hour compared to HC-N. When comparing patient

groups, it was found that the absolute length of the first hour was

less in COS when compared to NMDARE. Additionally, the COS

group spent less time awake and in NREM sleep stage 1 compared

to the EOS and NMDARE group. Finally, both the COS and EOS

groups spent less time than the NMDARE group in REM sleep.

3.2. Sleep spindle parameters

3.2.1. Sleep spindle di�erences between PSY and
HC and patient groups

Based on results from the unpaired t-test, sleep spindle

parameter values from the frequency range of 13.75–14.5 Hz

pertaining to the Cz electrode were used to compare the PSY and

HC groups and the three patient groups. Results assessing SSD,

SSMA, and SP differences between the PSY and HC groups are

presented in the left column of Figure 2. For all parameters, the

PSY group showed significant reductions in spindle characteristics

when compared to the HC group [SSD: t(66) =−5.24, p < 0.00001;

SSMA: t(66) =−3.43, p = 0.0011; SP: t(66) =−4.20, p < 0.0001].

ANOVA conducted comparing the three groups and SSD,

SSMA, and SP are presented in the right column of Figure 2. No

differences in SSD were found between the three groups [F(2, 31) =

2.59, p = 0.091]. For SSMA and SP, the COS group was significantly

reduced compared to the EOS [SSMA: p < 0.0001, 95% C.I. =

(−10.58,−3.49); SP: p < 0.001, 95% C.I. = (−4.03,−1.06)] and the

NMDARE groups [SSMA: p < 0.0001, 95% C.I. = (−13.49,−4.79);

SP: p< 0.001, 95%C.I. = (−4.94,−1.29)]. No significant differences

in SSMA [F(2, 31) = 19.19, p = 0.51] and SP [F(2, 31) = 13.4, p =

0.75] were found between the EOS and NMDARE groups.

3.2.2. Topographical distribution of sleep spindles
between patient groups and associated HC

Topographical comparisons of sleep spindle parameters

between patient groups and associated HC are presented in

Figure 3. As previously reported (33), the COS group shows global

significant decreases in all sleep spindle parameters compared to
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FIGURE 3

Topographical distribution of sleep spindle parameters in patient groups compared to associated HC. Two-tailed Student’s unpaired t-tests with
standard alpha-values at 0.05 were used; significant di�erences between the groups in individual electrodes are designated by white dots. The colors
represent the percent change of the given sleep spindle parameter when comparing the patient group [Childhood-Onset Schizophrenia (COS),
Early-Onset Schizophrenia (EOS), and anti-N-methyl-D-aspartate receptor encephalitis (NMDARE)] to the associated healthy control groups (HC-C,
HC-E, and HC-N, associated with COS, EOS and NMDARE, respectively) group; e.g., a percent increase represents values that are higher in the patient
group compared to HC and a percent decrease represents values that are lower in the patient group compared to HC.

HC-C. As expected, the EOS group shows significant reductions

in SSD in the central region and left, posterior temporal region

compared to HC-E (32). Sleep spindles for the NMDARE group

were statistically comparable to the HC-N group.

3.3. Association between sleep spindles and
duration of the disorder

For all patients with SZ, SP derived from the mean of central

electrodes (C3, Cz, C4) was found to be significantly negatively

correlated with the duration of illness (r = −0.41, p = 0.035).

Duration of illness was not significantly associated with SSD (r =

−0.11, p = 0.603). There was a trend for a negative correlation

between duration of illness and SSMA (r = −0.37, p = 0.061). All

sleep spindle parameters and duration of illness are presented in

Figure 4.

4. Discussion

The main finding of this study is that all sleep spindle

parameters (SSD, SSMA, SP) were reduced in the pooled sample

of patients affected by SZ or NMDARE compared to matched

HC. SSD was statistically comparable between the three patient

groups, however patients with NMDARE showed no significant

alterations in sleep spindle parameters when compared to HC-N.

Young patients affected by SZ showed reductions in SSD compared

to HC; the COS group also exhibited reductions in SSMA and

SP. Further, in patients with SZ, reduced SP was associated with

a longer duration of illness.

4.1. Sleep spindle parameters in patients
with SZ

Consistent with previous literature, reduced SSD was found in

patients with SZ compared to HC (9, 29, 32, 33). Topographical

analysis of SSD indicated widespread reductions in patients with

COS, whereas deficits in patients with EOS were restricted to

primarily central electrodes. No significant differences were found

in SSD measured from the central electrode between the COS and

EOS groups. Patients with COS also showed global reductions in

SSMA and SP, whereas no changes in these spindle parameters

were found in the EOS group when comparing to HC. The COS

and EOS groups differ by definition in the age of disease onset,

and in this study the COS group also had a longer duration of
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FIGURE 4

The relationship between sleep spindle parameters in patients with SZ and duration of illness. Rho and p-values are presented for each sleep spindle
parameter when compared to duration of illness in months. All values come from the mean of the central electrodes (C3, C4, Cz) and pertain to
either the Childhood-Onset Schizophrenia (COS) group (light blue) or the Early-Onset Schizophrenia (EOS) group (dark blue).

illness and higher chlorpromazine equivalent than the EOS group.

The longer duration of illness is explained by the fact that sleep

data from patients with EOS were recorded promptly following

disease onset, whereas data from patients with COS were recorded

during follow-up assessments years after the initial emergence of

the disorder. This is further illustrated by the fact that the mean

age at the time of the sleep assessment did not differ between

the groups. Thus, in terms of duration of illness, patients with

EOS rather resemble adult samples with early course psychosis or

first episode SZ whereas young patients with COS may rather be

compared to patients with a chronic course of SZ. Considered in

this light, the findings are in line with previous literature, namely

the vast reduction of SSD in COS corresponds to global reduced

SSD in adults with chronic SZ (10, 50). Likewise, the local reduction

of SSD in patients with EOS compared to HC-E is consistent

with findings in adult patients experiencing their first episode of

psychosis (51). Additionally, SSMA and SP reductions in patients

with COS are similar to findings from adult samples with chronic

SZ (11). When comparing adult patients with chronic SZ to HC,

the effect size of the reduction was highest for SSD, followed by

SP, and then SSMA. In contrast, in adult first episode psychosis

or early course SZ patients there was no significant reduction in

SSMA, similar to the results regarding the EOS group (29, 51).

Many factors influence spindle characteristics, including genes

(52), illness duration (34, 43), and severity of symptomatology

(42). Given the current sample size and heterogeneity in our

population, we were unable to individually examine the impact of

these parameters on spindle characteristics, however, this may be a

fruitful future avenue.

The potential impact of the duration of illness in the COS

and EOS groups was further explored, resulting in a significant

relationship between reduced SP and longer duration of illness.

Although individual studies have reported no association between

sleep spindle activity and duration of illness or chlorpromazine

equivalent in their samples (10, 53), a recent meta-analysis

including eight studies demonstrated that across all individuals, the

longer the illness lasted, the lower the SSD (34). Specifically for

every year of illness, SSD decreased by 0.2 spindles per minute. In

conclusion, it is assumed that in this sample, as in previous single

studies with similar numbers of patients, the correlation analysis

of SSD with duration of illness may have been underpowered.

Additionally, while age-specific aspects of sleep spindles may be

accounted for by age- and sex-matching when comparing patients

and HC, directly comparing the patient sample may be confounded

by developmental aspects of sleep spindles across the whole age-

range (14, 54).

4.2. Sleep spindle parameters in young
patients with NMDARE

Central SSD was reduced in the collective patient group

compared to HC and no significant differences were found between

the patient groups. This suggests that all patient groups contribute

to the low, central SSD. However, no significant differences in

any of the sleep spindle parameters were found when comparing

NMDARE to HC-N. This finding may at least in part be due to
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the sample size and inter-individual variability making any definite

conclusions challenging. Nonetheless, strong and global deficits

in sleep spindles as found in patients with COS might have been

detected irrespective of these limitations.

The exact molecular mechanism and pathways of

neurotransmission underlying spindle deficits in patients

with SZ is unclear. It has been suggested that a reduced binding

or expression of the glutamatergic NMDAR within the thalamo-

cortical system may be the key element contributing to early

reductions in SSD (51). Further, postmortem studies found

reductions of the NMDAR in the thalamus and in the cortex of

patients with SZ (55). On the other hand, based on the premise

that the spindle-pacemaker relies on GABAergic neurons, it has

been hypothesized that GABA deficits may trigger the reduction in

SSD whereas a hypofunction of the NMDAR within the thalamo-

cortical feedback loop may rather impact the maintenance and

modulation of sleep spindles and their coordination with other

oscillations (53). Accordingly, the administration of eszopiclone, a

GABA agonist targeting the thalamic reticular nucleus, in patients

affected by SZ results in increased SSD (56). Additionally, an in

vitro model showed that a blockade of the NMDAR shortened

the spindle-like oscillation, but only the combined blockade

of the NMDAR and GABA receptor repressed the spindle-like

oscillation (13). Thus, the findings suggesting that patients with

NMDARE do not have large spindle deficits rather support

previous literature and the hypothesis that NMDAR-mediated

hypofunction alone does not account for pronounced deficits

in SSD. Specifically, the explicit antibody-mediated reduction

of functional NMDAR in NMDARE may not entirely mimic

the far less clear beginning and timing of abnormalities on the

NMDAR during development and its impact on GABAergic

activity and thalamocortical integrity in SZ (57, 58). Although

speculative, it is possible that further research in NMDARE

with increased sample size, age range, and density of electrodes

may uncover more subtle reductions of SSD, perhaps making

it similar to early stages of SZ such as the patient group with

EOS.

4.3. Limitations and outlook

The results of the present study should be interpreted within

the confines of several limitations. The rarity of NMDARE and

Childhood- and Early-Onset SZ make the data of the included

individuals very valuable, but the low sample size renders the

statistical analyses less robust and age- and sex-matching between

the patient groups challenging. Additionally, sleep disorders in

the NMDARE group of patients were not assessed systematically.

Thus, it remains difficult to discern and weigh the impact of the

sleep spindle parameter findings, as well as the relationship with

duration of illness. Further, analysis of the sleep structure showed

group-specific differences that may be due to different medication

and recording settings. However, sleep spindles predominantly

appear in sleep stage N2, which was comparable between all

groups.

Assessing sleep spindles and their coordination with other

oscillations, specifically slow waves, in longitudinal studies may

be essential to further discern the pathomechanism of SZ and to

identify targets for novel interventions to treat this debilitating

disorder. Likewise, sleep studies in larger samples of patients

with NMDARE or with pharmacological models mimicking

the NMDAR hypofunction may further elucidate similarities

and dissimilarities of underlying signaling and thalamo-cortical

impairments.
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