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Background: The amygdala is one of the core areas of the emotional circuits. Previous

neuroimaging studies have revealed that patients with obstructive sleep apnea (OSA) have

aberrant structure and function in several brain areas (including the amygdala). However, the

resting-state functional connectivity (rs-FC) of amgydala subregions remains uncertain.

Objective: To determine whether aberrant rs-FC exists between the amygdala subregions

and other brain areas and whether such abnormalities are related to emotional disorders and

cognitive impairment in OSA.

Methods: The resting-state functional magnetic resonance imaging (rs-fMRI) data of

40 male severe OSA patients and 40 matched healthy controls (HCs) were collected. The rs-

FC between the amygdala subregions and other brain areas was compared between the two

groups. The correlations between aberrant rs-FC and clinical variables and neuropsycholo-

gical assessments were evaluated.

Results: Compared with the HCs, the OSA patients showed significantly increased rs-FC

between the left dorsal amygdala (DA) and the anterior lobe of the cerebellum, among the

left ventrolateral amygdala (VA), the left inferior frontal gyrus (IFG) and the left superior

temporal gyrus (STG), and between the right VA and the left IFG. However, significantly

decreased rs-FC was observed between the right DA and the right prefrontal cortex (PFC) in

OSA patients. No regional differences in rs-FC were found between the OSA patients and

HCs in the bilateral medial amygdala (MA).

Conclusion: In this study, male severe OSA patients showed complex rs-FC patterns in the

amygdala subregions, which may be the result of OSA-related selective damage to the

amygdala, and abnormal rs-FC between the amygdala subregions and brain regions asso-

ciated with emotional, cognitive and executive functions may partly explain the affective

deficits and cognitive impairment observed in male severe OSA patients.

Keywords: obstructive sleep apnea, amygdala subregion, resting-state functional

connectivity, functional magnetic resonance imaging, blood oxygen-level-dependent

Introduction
Obstructive sleep apnea (OSA) is a common sleep disorder characterized by recurrent

breathing cessation and/or reduced airflow resulting from collapse of the upper airway,

which is due to relaxation of the throat muscles and tongue and results in partial or

complete obstruction of the upper respiratory tract.1,2 OSA is associated with intermittent

hypoxemia,3 sleep fragmentation,4 repetitive arousals, oxygen desaturation and hyper-

capnia. An epidemiological investigation found that the prevalence of moderate to severe

Correspondence: Dechang Peng
Department of Radiology, the First
Affiliated Hospital of Nanchang
University, No.17, Yongwai Zheng Street,
Donghu District, Nanchang, Jiangxi
Province 330006, People’s Republic of
China
Tel +867 918 869 4457
Email pengdcdoctor@163.com

Neuropsychiatric Disease and Treatment Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Neuropsychiatric Disease and Treatment 2019:15 977–987 977
DovePress © 2019 Yu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://doi.org/10.2147/NDT.S191441

N
eu

ro
ps

yc
hi

at
ric

 D
is

ea
se

 a
nd

 T
re

at
m

en
t d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


OSAwas as high as 12% (females) and 30% (males) among

individuals 30–70 years old, and the prevalence increased as

the population aged and obesity increased.5 Additionally, OSA

is a multisystem chronic disease that is often associated with

a variety of other diseases, such as cardiovascular disease,6

hypertension, stroke, chronic kidney disease,7 depression,8

anxiety, insomnia, and even Alzheimer’s disease (AD).9

Furthermore, cognitive dysfunction has been observed in

patients with OSA, including deficits in attention, memory,

executive functions, emotion, visuospatial function,10 psycho-

motor speed, fine coordination, and language ability.11,12 The

cognitive impairment observed in OSA patients is generally

believed to be caused by adverse effects of long-term exposure

to chronic intermittent hypoxia13 and sleep fragmentation.

Nonetheless, the neural basis of cognitive dysfunction in

OSA is still unclear.

Over the last few decades, neuroimaging techniques

have developed into indispensable tools that are widely

used in the study of various diseases, and different MRI

techniques have been used to explore alterations in struc-

ture, function, and metabolism and the potential causes of

cognitive impairment in OSA patients. In previous studies,

OSA patients showed alterations in gray matter volume

(GMV)14,15 and the gray matter concentration (GMC)16 in

different brain regions, and the white matter integrity of the

fibers was also impaired.17 In addition, some experiments

found aberrant metabolism and regional cerebral blood flow

(rCBF) in OSA patients.18–20 Furthermore, aberrant spon-

taneous brain activity in the whole brain or regional areas

has been confirmed through resting-state functional mag-

netic resonance imaging (rs-fMRI) methods in patients with

OSA.21–26 Published studies have identified that OSA

patients have impaired attention, memory, emotion, and

executive functions, which are correlated with multiple

brain regions including the amygdala, insular cortex, cingu-

late cortex, frontal regions, thalamus, temporal region, hip-

pocampus, cerebellum, and precuneus.10,27

Joo found that a reduced GMC in the limbic areas

(including the amygdala) may explain the memory and affec-

tive impairments associatedwith severe OSA.16 A meta-

analysis found structural atrophy and functional disturbances

in the right basolateral amygdala/hippocampus,28 and these

changes were associated with the dysfunction of emotional,

sensory, and limbic processes in OSA patients. Altered func-

tional connectivity (FC) has also been shown in the insular

cortex, cingulate gyrus, frontal lobe, hippocampus, and

amygdala, and in areas involved in affective symptoms,

such as depression and anxiety, in OSA patients.29

Studies have confirmed that the amygdala is one of the core

areas involved in emotional circuits and plays an important role

in emotion processing and mediating fear responses.30–32

Interestingly, for several decades, the amygdala was thought

to function as a whole, which may mask the contributions of

a single subdivision of the amygdala. Currently, the amygdala

is generally believed to be composed of structurally and func-

tionally heterogeneous nuclei, which have been examined in

animals and humans.32–35 Cytoarchitectonic mapping of 10

human postmortem brain specimens yielded probabilistic

maps of three amygdala subregions: the laterobasal (LB),

centromedial (CM), and superficial (SF) subregions.36 This

was the first study to demonstrate functionally distinct amyg-

dala subdivisions in the human brain. Several neuroimaging

studies have also revealed structural37 and functional38–40 dis-

tinctions in the human amygdala similar to those observed in

animals. Bickart et al41 also divided the amygdala into three

subregions and located the corresponding Montreal

Neurological Institute (MNI) coordinates using rs-fMRI: the

dorsal amygdala (±22, −4, −12), medial amygdala (±14, −4,
−20), and ventrolateral amygdala (±28, −4, −22), which are

defined as the DA, MA and VA in this paper, respectively.

OSA patients typically show worse depressive symptoms

and higher levels of anxiety compare to individuals without

OSA,42 and OSA patients with depression and anxiety show

greater brain damage in certain brain regions compare to

patients without the same symptoms.43,44 Some studies have

found that depression and anxiety symptoms in OSA patients

are associated with injury in brain areas involved in affective

disorders, such as the amygdala, frontal regions, hippocampus,

and insular and cingulate cortices.17,43–45 Therefore, based on

the above research and literature review, we believe that the

amygdala has altered rs-FC in OSA patients. In our study, we

used an rs-FC approach to explore the altered connectivity of

the amygdala subregions with all other brain areas and to

analyse the role of the amygdala in affective deficits in OSA

patients. We also evaluated the relationships of aberrant rs-FC

with clinical variables and neuropsychologic assessments to

explore the neuroimaging mechanism of potential cognitive

impairment in OSA patients.

Materials and methods
Subjects
In our study, we recruited 44 newly diagnosed, untreated male

patients with OSA and 42 age- and education-matched male

healthy controls (HCs) from the SleepMonitoring Room at the

Respiratory Department of the First Affiliated Hospital of
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Nanchang University. Education-level matching was per-

formed to establish a neurocognitive baseline to eliminate

deviations in cognitive function between the OSA group and

the HC group. All participants were right-handed, drug-naive,

native Chinese speakers. We selected patients with severe

OSAwith an apnea-hypopnea index (AHI) >30 in this study.

The inclusion criteria for OSA patients were as follows: (1)

male sex, (2) AHI >30, and (3) age between 30 and 55 years.

The inclusion criteria for HCs were as follows: (1) male sex,

(2) AHI <5, and (3) age between 30 and 55 years. In addition,

subjects with the following characteristics were excluded: (1)

illicit drug or alcohol abuse, (2) a structural lesion on brain

MRI (such as a cyst or tumor), (3) contraindications for MRI

(such as claustrophobia or plate implantation), (4) a history of

neurological or psychiatric diseases (such as neurodegenera-

tive disease, epilepsy, brain trauma, depression, encephalatro-

phy, or brain infarction) or other sleep disorders (such as

insomnia), or (5) hypertension, heart disease or diabetes. All

subjects underwent clinical and neuropsychological assess-

ments after undergoing overnight polysomnography (PSG).

All participants provided written informed consent before

MRI scanning and acquisition of other data, and the study

protocol was approved by the Human Research Ethics

Committee at The First Affiliated Hospital of Nanchang

University and followed the Declaration of Helsinki.

Overnight polysomnography
All of the subjects were required to undergo overnight

polysomnography (PSG) to rule out the effects of other

potential sleep disorders, except for OSA. The day before

PSG, the participants were required not to drink alcohol or

caffeinated beverages and to avoid sedatives. Standard

electroencephalogram, electrooculogram, chin electromyo-

gram, electrocardiogram, thoracic and abdominal move-

ments, and snoring were recorded using the Respironics

LE-series physiological monitoring system (Alice 5 LE;

Respironics, Orlando, FL, USA). A thermistor (to monitor

nasal air flow), a nasal air pressure monitor, an oximeter

(to measure oxygen saturation), piezo-electric belts (to

monitor abdominal and chest movements), and a body

position sensor were attached to the patients. The subjects’

performances were recorded using an infrared video cam-

era and were consecutively observed by an experienced

sleep medicine physician. The subjects went to bed at

22:00 and were awakened at 06:00 next day.

In accordance with the American Academy of Sleep

Medicine guidelines (AASM), obstructive apnea was

defined as a continuous absence of airflow or a reduction

in airflow ≥90% for at least ≥10 s associated with evident

respiratory effort. Hypopnea was defined as a reduction in

airflow ≥30% with a 4% or higher oxygen desaturation or

with electroencephalographic (EEG) arousal. The AHI

was obtained from the mean durations of apnea and

hypopnea per hour during sleep. OSA was diagnosed

when the AHI was ≥5, and severe OSA was diagnosed

when the AHI was >30.

Clinical and neuropsychological measures
All participants with OSA and the HCs were asked to

complete a self-reported sleep questionnaire using the

Montreal Cognitive Assessment (MoCA, Chinese ver-

sion), and the Epworth Sleepiness Scale (ESS) was admi-

nistered by an experienced psychologist. The MoCA is

a rapid screening evaluation tool that can assess various

cognitive domains, including executive function, attention,

naming, visuoconstructional skills, memory, calculation,

language, abstraction and orientation. The maximum

score for the MoCA is 30, and a total score less than or

equal to 26 implies the existence of a mild recognitive

insult. Interestingly, one point is added for participants

with less than 12 years of education compared with those

who are well-educated to correct for educational devia-

tions. The ESS, a sleep questionnaire, was used to evaluate

daytime somnolence in subjects according to different

categories. ESS scores range from 0 to 24 (eight different

categories from 0 to 3). A score higher than 6 was defined

as sleepiness, a score higher than 11 was defined as exces-

sive sleepiness, and a score higher than 16 was defined as

risky sleep.

MRI data acquisition
All participants collected both of functional and structural

MRI images in a 3.0 T MRI scanner (Siemens, Erlangen,

Germany) equipped with an 8-channel phased-array head

coil in our hospital. Scan ranges from the skull base to the

top of the head. All participants were asked to abstain

from drinking wine, coffee, and sedatives the day before

MRI scanning. During the scanning, subjects were lying

on the scanning bed with their eyes closed, and required to

stay awake, to be quiet, to be relax, and to think of nothing

in particular. Foam pads were used to minimize head

motion of factitious factors and ear plugs were used to

minimize noise of MRI scanning machine. Rs-fMRI data

were acquired with a gradient-recalled echo planar ima-

ging (EPI) sequence in the axial plane: repetition time

(TR)=2,000 ms, echo time (TE)=30 ms, flip angle=90°,
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thickness=4.0 mm, gap=1.2 mm, feld-of-view (FOV)

=230×230 mm2, matrix size=64×64, slices=30; 240 rs-

fMRI images totally were recorded. High-resolution T1-

weighted brain structural MRI images were obtained from

each subject using a magnetization-prepared rapid gradient

echo pulse sequence in the sagittal plane: TR=1,900 ms,

TE=2.26 ms, flip angle=90°, thickness=1.0 mm,

gap=0.5 mm, FOV=250×250 mm2, resolution matrix

size=256×256, slices=176. Otherwise, regular T1-

weighted (TR=250 ms, TE=2.46 ms, thickness=5 mm,

gap=1.5 mm, FOV=220×220 mm2, slices=19) and T2-

weighted (TR=4,000 ms, TE=113 ms, thickness=5 mm,

gap=1.5 mm, FOV=220×220 mm2, slices=19) images

were collected to exclude obvious brain lesions performed

by two senior radiologists. No participants were excluded

because of brain lesions.

Data preprocessing
fMRI data preprocessing was carried out using the

Data Processing & Analysis Assistant for Resting-

State Brain Imaging (DPABI, Chinese Academy of

Sciences, Beijing, China, http://www.restfmri.net)46

based on the MATLAB2012a (Math Works, Natick,

MA, USA) and statistical parametric mapping package

(SPM8, Wellcome Department of Cognitive Neurology,

London, UK) platform.

1. File format converted from DICOM to NIFTI;

2. Removal of the first ten time points of each partici-

pant due to the instability of the premier MRI signal

and the participants adapting to the noise of MRI

scanning machine;

3. Slice timing correction was performed in the

remaining 230 volumes;

4. Head motion parameters were computed by estimat-

ing translation (mm) in each direction and the angu-

lar rotation (degree) on each axis for each voxel. The

head motion criteria was maximum translation less

than 2.0 mm and maximum rotation less than 2.0° in

our study, all the subjects well-cooperated and no

one was rejected by the standard. Additionally, sub-

jects were excluded if they had a frame-wise displa-

cement (FD) with more than 2.5 standard deviations,

and four patients with OSA and two HCs were

excluded according to the standard of head motion;

5. To ensure a correct normalization process, we used

the Diffeomorphic Anatomical Registration Through

Exponentiated Lie Algebra (DARTEL)47 toolbox to

create customized templates by T1 structural images

of all subjects, and consequently used the optimized

templates to segment all subjects’ structural images

into white matter, and cerebrospinal fluid (CSF);

6. Functional data were spatially normalized to the

MNI template, and all images were then sub-

sampled to 3×3×3 mm3 voxels and the resulting

data was spatially smoothed with a 6 mm full-

width at half-maximum (FWHM) Gaussian

kernel;

7. Temporal band-pass filtering (0.01–0.08 Hz) was

performed to minimize the effect of low-frequency

drift and high-frequency noise;

8. A multiple regression method was performed to

further reduce possible sources of artifacts, includ-

ing the nuisance signal (white matter, CSF, and

global signal) and the Friston 24-parameter,48 and

linear drift were regressed from the time series of all

voxels.

Functional connectivity analysis
First, we defined six subregions of the bilateral amyg-

dala as seed regions of interest (ROIs) according to

Bickart,41 and each subregion had aradius of 3 mm:

the DA (MNI coordinates ±22, −4, −12), MA (±14,

−4, −20), and VA (±28, −4, −22). Next, the average

time series of the ROIs were extracted from each parti-

cipant, and Pearson’s correlation coefficient was com-

puted between each ROI to obtain the rs-FC map for

each subject. Finally, the Fisher r-to-z transformation

was executed in the resultant correlation maps to gen-

erate a more normal distribution.

Statistical analysis
Demographic, biophysical and sleep data and neuropsy-

chological scores were compared between the two

groups using the two-samples t-test with Statistical

Package for the Social Sciences version 24.0 (SPSS,

Chicago, IL, USA). Then, we used two independent-

sample t-tests to analyze differences in the rs-FC maps

among the groups by using the body mass index (BMI),

age and education as covariables. Multilevel compari-

sons were corrected using Gaussian random field theory

(GRF, two-tailed, voxel-level P<0.01 and cluster-level

p<0.05). Finally, the relationships between the average

z-values of each brain region with significant intergroup
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differences and clinical indices in OSA patients were

evaluated using Pearson correlation analysis. P<0.05

was considered statistically significant.

Results
Demographic and clinical data
The demographic data and neuropsychological scores of the

subjects are shown in Table 1. We found no significant

differences in age, total sleep time (TST), stage 2 sleep,

stage 3+4 sleep, education, and naming and orientation func-

tions between the OSA patients and HCs (P>0.05). However,

significant intergroup differences were observed in the BMI,

AHI, nadir SaO2, average SaO2, sleep efficiency, stage 1

sleep, rapid eye movement (REM), SaO2 <90%, arousal

index, oxygen desaturation index (ODI), ESS score, MoCA

score, and visuospatial/executive, delayed recall, attention,

language, and abstraction functions.

Intergroup differences in the rs-FC of the

amygdala subregions
Compared with the HCs, we found that the rs-FC of the

amygdala subregions showed significant differences in

some areas in OSA patients. We found that OSA patients

showed significantly increased rs-FC between the left DA

and anterior lobe of the cerebellum (including vermis 4/5),

among the left VA, the left inferior frontal gyrus (IFG), and

the left superior temporal gyrus (STG), and between the

right VA and the left IFG, while significantly decreased rs-

FC was noted between the right DA and the right prefrontal

cortex (PFC). However, no regional differences in rs-FC

were found between the OSA patients and HCs in the

bilateral MA. Detailed information is shown in Figure 1

and Table 2.

Correlation analysis
In OSA patients, the rs-FC between the left DA and anterior

lobe of the cerebellum (including the vermis 4/5) showed

a positive correlation with the ODI (r=0.359, P=0.023).

Otherwise, the rs-FC between the left VA and the left IFG

showed a negative correlation with visuospatial/executive

scores and the maximum pause time (r=−0.389, P=0.013;
r=−0.322, P=0.043, respectively) (Figure 2).

Discussion
In the 1930s and 1940s, several studies suggested that

a system of brain structures was responsible for emotion

and emotional expression, which can be summarized as

the concept of the “limbic system” proposed by MacLean

and Papez.49,50 They considered the “limbic system” to

include the hippocampal formation (containing the amyg-

dala), cingulate gyrus, and anterior thalamus, and the

limbic system has been further defined in subsequent stu-

dies. This definition was very influential at that time, and

neuroscientists once thought that the problem of how the

brain generates emotions was solved by the limbic system

concept. In recent decades, neuroscientists have realized

that significant work was still required after decades of

neglect of the study of emotions. The limbic system plays

different roles in emotion, memory, behavior, cognition,

learning, attention and social processing, and its most

famous role is in emotion.51 As an indispensable part of

the emotional circuit, the function of the amygdala was

further studied.

First, we found that both the bilateral DA and VA in

OSA patients had abnormal rs-FC with other areas com-

pared to HCs; however, the rs-FC of the bilateral MA

showed no significant abnormal connectivity to any area.

Bickart et al41 found that the dorsal, medial and ventro-

lateral amygdala were linked to networks supporting social

aversion, social affiliation and social perception, which are

implicated in motivating avoidant behaviors, motivating

prosocial behaviors, and decoding social signals in the

context of past experiences and current goals, respectively.

Studies have found that the laterobasal subregion of the

amygdala promotes the associative learning process of fear

conditioning,31,32 the centromedial nuclei play an impor-

tant role in behavioral responses,32,52 and the superficial

subdivision of the amygdala is involved in olfactory and

affective processes.53–55 Because the amygdala has

a complex structure and functions, the amygdala regions

tend to be functionally specialized; thus, we speculated

that the bilateral MA would not have aberrant rs-FC with

any brain area, possibly because OSA causes selective

damage to different amygdala subregions.

Previous anatomical studies have found structural con-

nections between the amygdala and multiple brain

regions.56 For example, the amygdala and the PFC have

extensive structural connections in addition to functional

connections, especially the medial PFC (mPFC).57,58 On

the other hand, several studies have demonstrated that

emotional regulation is caused by top-down inhibition of

the PFC on the amygdala.59,60 The FC between the PFC

and the amygdala is called the amygdala-frontal loop,59,61

which plays an important role in the production and reg-

ulation of emotion. Furthermore, sleep-deprived patients
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have decreased FC between the amygdala and mPFC,

which suggesting that sleep deprivation may lead to an

enhanced response in the amygdala to negative emotional

stimuli and a reduction in top-down control.62 Liu found

that patients with OSA had decreased FC between the

posterior cingulate cortex (PCC) and the mPFC; thus, the

decreased FC with the mPFC may be related to an affec-

tive deficit.63 Consistent with these findings, our study

revealed that OSA patients showed decreased rs-FC

between the right DA and the right PFC, suggesting that

the inhibitory effect of the PFC on the amygdala was

weakened, which may have led to an increase in negative

emotions and may be the potential cause of emotional

dysfunction in OSA patients. Furthermore, we also found

that OSA patients showed increased rs-FC between the

bilateral VA and the left IFG, reflecting a potential adap-

tive compensatory mechanism for the decline in emotion-

related function and mobilization of additional cognitive

resources to suppress the influence of negative emotion in

OSA patients. In addition, the frontal lobe is an important

brain region involved in multiple cognitive functions.

Abnormal rs-FC between the amygdala and the frontal

lobe may be related to cognitive impairment in OSA

patients, such as impairments in working memory, atten-

tion, learning and executive functions,10 which may partly

explain why the rs-FC between the left VA and left IFG

showed a significant negative correlation with visuospa-

tial/executive scores in this study.

The temporal lobe is closely connected to the limbic

cortex and is mainly responsible for the processing of

auditory information, language understanding, and mem-

ory and emotion. In particular, the STG plays an important

role in emotional processing and social cognition.64,65

Furthermore, Lim found that temporal activities are pro-

cessed by the orbitofrontal-temporal lobe-limbic system.66

In a previous study, reductions in GMV and GMC in the

temporal lobe14 and increased rs-FC between the left tem-

poral gyrus and the PCC were found in OSA patients,

Table 1 Demographic and clinical characteristics of OSA and HCs

Characteristic OSA(n=40) HCs(n=40) t-value P-value

Age, year 37.03±8.74 38.58±12.16 －0.655 0.515

BMI 27.40±3.47 23.08±1.96 6.859 <0.001*

AHI 60.15±20.45 2.51±1.21 17.795 <0.001*

Nadir SaO2, % 66.00±12.68 90.25±3.05 －11.762 <0.001*

Average SaO2, % 90.83±4.49 95.58±2.56 －5.813 <0.001*

TST, min 373.80±76.33 398.28±19.98 －1.962 0.053

Sleep efficiency, % 84.58±16.54 92.18±5.40 －2.763 0.007*

Stage 1, % 29.68±15.65 10.43±3.78 7.563 <0.001*

Stage 2, % 39.81±13.55 39.75±6.11 0.024 0.981

Stage 3+4, % 22.83±17.74 21.42±4.56 0.483 0.630

REM, % 7.53±8.36 22.13±7.91 －8.024 <0.001*

SaO2<90% 32.68±21.00 0.28±0.17 9.759 <0.001*

Arousal index 41.33±24.73 11.95±2.84 7.465 <0.001*

ODI 55.65±25.84 2.74±1.42 12.930 <0.001*

Education, years 12.40±2.74 12.18±2.73 0.368 0.714

ESS score 11.98±3.77 3.45±2.05 12.576 <0.001*

Global MoCA score 25.08±2.17 27.73±1.40 －6.057 <0.001*

MoCA: Visuospatial/

Executive

4.03±0.83 4.65±0.66 －3.718 <0.001*

MoCA: Naming 2.95±0.22 3.00±0 －1.433 0.156

MoCA: Delay recall 3.15±1.19 4.83±0.39 －8.479 <0.001*

MoCA: Attention 5.28±1.04 5.83±0.39 －3.144 0.002*

MoCA: Language 2.03±0.53 2.80±0.41 －7.343 <0.001*

MoCA: Abstraction 1.48±0.51 1.83±0.39 －3.483 0.001*

MoCA: Orientation 5.70±0.69 5.93±0.27 －1.931 0.057

Note: *P<0.05, which was considered statistically signifcant.

Abbreviations: OSA, obstructive sleep apnea; HCs, healthy controls; BMI, body mass index; AHI, apnea hypopnea index; TST, total sleep time; REM, rapid eye movement;

ODI, oxygen desaturation index; SaO2 <90%, percentage of total sleep time spent at an oxygen saturation less than 90%; ESS, epworth sleepiness scale; MoCA, montreal

cognitive assessment; n, numbers.
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indicating an adaptive compensatory response to cognitive

impairment.63 Additionally, Nie et al67 revealed reduced

rCBF in the parahippocampus and temporal lobe in

patients with OSA, which may partly explain the impair-

ment in memory and emotional processing in these

patients. Furthermore, Chen et al68 found significantly

decreased rs-FC in default mode network (DMN) brain

regions involving the prefrontal, parietal and temporal

lobes, which may be associated with abnormal emotional

symptoms in patients with OSA, such as depression and

anxiety. Thus, we speculated that the abnormal rs-FC

between the left VA and the left STG that we found may

provide a new perspective to understand the causes of

memory and affective disorders in OSA patients, and the

increased rs-FC may reflect a compensatory mechanism to

offset the deficits in memory and affection.

Using the rs-FC method, a previous study evaluated

the rs-FC between the amygdala subregions and anterior

regions of the cerebellum in healthy people with no

history of psychiatric or neurological illness.35 Basic

research supports anatomical connectivity between the

amygdala and cerebellar vermis,69,70 and the vermis has

been implicated in fear responses.70–72 Generalized anxi-

ety disorder (GAD) patients have disruptions in the FC

between the amygdala and cerebellum, which may reflect

a disruption in fear learning among adolescents with

GAD.73 Strong differential connectivity was also

observed between the CM subregion of the amygdala

and the cerebellum (especially the vermis) in patients

with GAD, which supports the evidence that the cerebel-

lum, in particular the vermis, plays a role in emotional

processes through connectivity with the CM subregion of

the amygdala.74 Therefore, the increased rs-FC between

the left DA and the anterior lobe of the cerebellum

(including the vermis 4/5) may be associated with emo-

tional dysfunction in OSA patients, such as fear condi-

tions; however, this findings remains to be confirmed by

further research. We found that OSA patients showed

a markedly higher ODI than HCs that was positively

correlated with the rs-FC between the left DA and the

anterior lobe of the cerebellum (including the vermis4/5),

L T
55

0

-4-4

0

Left. DA Right. DA

Left. VA Right. VA

R

Figure 1 The differences map in rs-FC between OSA patients and HCs (two-tailed GRF correction, voxel-level P<0.01, and cluster-level P<0.05). The blue region represents
decreased rs-FC, and red region represents increased rs-FC.

Table 2 Intergroup differences in the rs-FC of the amygdala

subregions

Brain regions MNI
coordinates

Cluster
size

T-value

x y z

Seed:Left DA

cerebellum anterior

lobe (including vermis

4/5)

0 −51 −12 111 4.21

Seed:Right DA

right PFC 24 33 −15 111 −3.99

Seed:Left VA

left IFG −51 24 12 109 3.67

left STG −54 −15 0 420 4.88

Seed:Right VA

left IFG −48 27 12 314 5.10

Abbreviations: rs-FC, resting-state functional connectivity; MNI, montreal neuro-

logical institute; DA, dorsal amygdala; VA, ventrolateral amygdala; PFC, prefrontal

cortex; IFG, inferior frontal gyrus; STG, superior temporal gyrus.
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suggesting that hypoxemia, the most important damaging

factor, may be the reason for the abnormal rs-FC of the

amygdala in OSA patients. The cerebellum is involved in

respiratory regulation, and the enhanced rs-FC between

the left DA and the anterior lobe of the cerebellum

(including the vermis 4/5) may be an adaptive compen-

satory mechanism for hypoxemia in OSA.

Unfortunately, we found that some brain regions with

abnormal rs-FC were associated with some clinical or cogni-

tive-related indicators, including the ODI (r=0.359, p=0.023),

visuospatial/executive scores (r=−0.389, p=0.013) and the

maximum pause time (r=−0.322, p=0.043). However, all of
these results have small correlation coefficients, thus rendering

them unreliable and difficult to explain, but we speculate that

some uncontrollable factors in the data acquisition process

may have led to these results. Nevertheless, the results also

provided some reference value for understanding the occur-

rence and development of OSA.

Several limitations existed in our study. First, we

recruited only male patients with severe OSA; female

patients and those with mild-to-moderate OSA should be

included in future studies. Second, cognitive function was

assessed using only the MoCA scale, which does not

include an emotional assessment. Our team initially did

not intend to conduct this research, but as the study con-

tinued, we found that affective disorders in patients with
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Figure 2 In OSA patients, the rs-FC between the left DA and anterior lobe of the cerebellum (including vermis 4/5) showed a positive correlation with theODI (Fig. A), and the rs-

FC between the left VA and the left IFG showed a negative correlation with visuospatial/executive scores and maximum pause time (Fig. B and C).

Abbreviations: OSA, obstructive sleep apnea; rs-FC, resting-state functional connectivity; ODI, oxygen desaturation index; DA, dorsal amygdala; VA, ventrolateral amygdala; IFG,

inferior frontal gyrus.
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OSA must be studied. Finally, we selected only the amyg-

dala, one of the most important brain regions involved in

the emotional loop, as the seed ROI in this study, even

though this region does not represent the full picture of

emotional disorders in OSA patients. Therefore, emotional

assessments and other important structures of the emo-

tional circuits should be included in future studies.

Conclusion
In this study, using a seed-based rs-fMRI method, we found

aberrant rs-FC between amygdala subregions and several

other brain regions, including the anterior lobe of the cerebel-

lum (including the vermis 4/5), right PFC, left IFG and left

STG, which may be the potential cause of affective deficits

and cognitive impairment in male severe OSA patients.
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