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Introduction: In recent years, people have gained a profound understanding of chronic insomnia disorder (CID), but the pathophy-
siological mechanism of CID is still unclear. There is some evidence that the locus coeruleus (LC) is involved in the regulation of
wakefulness in CID, but there have been few studies using brain functional imaging. The purpose of this study was to evaluate the
resting-state functional connectivity (FC) between the LC and other brain voxels in CID and whether these abnormal FC are involved
in the regulation of wakefulness.

Methods: A total of 49 patients with chronic insomnia disorder and 47 healthy controls (HC) matched for gender, age, and education
were examined with rs-fMRI in this study. The LC was selected as the region of interest, and then seed-based analysis was conducted
on the LC and other voxels to obtain the brain regions with abnormal FC. The correlation between the FC value of the abnormal
connection area and the clinical scale score was analyzed.

Results: Compared with the HC, the FC between the LC and right precuneus, right posterior cingulate cortex, left middle temporal
gyrus, left calcarine, and right superior orbitofrontal cortex was significantly enhanced (p < 0.05, FDR correction), and the functional
connectivity signal value between the locus coeruleus and left middle temporal gyrus was positively correlated with the Self-Rating
Depression Scale (p = 0.021).

Conclusion: The abnormal FC between the LC and multiple brain regions may contribute to a better understanding of the
neurobiological mechanism of CID.
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Introduction

Chronic insomnia disorder (CID) is an independent psychiatric syndrome that involves difficulties in falling or staying
asleep that last for at least three months.'* CID affects an estimated 5.8 — 20.0% of the population.® Persistent insomnia
symptoms not only reduce the quality of daily life and affect work efficiency but also lead to depression, anxiety, and
even death.* Despite the high prevalence and the negative socio-economic impacts of CID, its neurobiological causes and
consequences are still elusive.

The locus coeruleus (LC), a small cluster of Norepinephrine-synthesizing neurons located in the pontine brainstem
adjacent to the fourth ventricle, is considered to play a key regulatory role during the transition between sleep and waking.’
Berridge et al believe that the hyperactivity of LC is incompatible with sleep and may lead to insomnia.® In a recent review on
the brain mechanism of insomnia, Van Someren and EJW proposed that the vulnerability to insomnia may exist in the brain
circuits regulating emotion and arousal, and speculated that in people with insomnia, the LC is more sensitive to-or receives
more inputs the salience network and related circuits.” The development of neuroimaging techniques has provided a new
avenue of research on detecting neurobiological alterations of the LC in CID.® A recent study based on task-state functional

MRI in insomnia found that, from no insomnia complaints to major insomnia symptoms, LC activity (assessed by cortical
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arousal as a proxy variable) increased gradually.” One study in a chronically implanted stimulating electrode placed in the
region of the LC found that electrical stimulation of the LC produced a profound disruption of sleep patterns in contrast to the
normal sleep patterns.' Therefore, the LC, as an indispensable nucleus in arousal regulation, may be a breakthrough point to
supplement and explain the neurobiological mechanism underlying insomnia.

Resting-state functional magnetic resonance imaging (rs-fMRI) is superior to other fMRI techniques because of its
advantages of simple signal acquisition, small workload of patients, and effective identification of functional areas of
different patients.'' Resting-state functional connectivity (FC) analysis is one of the most effective methods for studying
the pathophysiological mechanism of neurologic and psychiatric diseases. FC can use seed-based analysis to select ROIs
and correlate the average blood oxygenation level-dependent (BOLD) time process of voxels in these ROIs with the time
process of all other voxels in the brain.'* A study comparing the functional connectivity of the LC and ventral tegmental
area/substantia nigra pars compacta (VTA/SNc) in a healthy population using seed analysis found that LC and VTA/SNc¢
shared negative connectivity to the precuneus, which was consistent with the function of the default mode network
(DMN) inactivated under environmental stimulation.'®> Furthermore, performing FC seed analyses by correlating the
average LC time course against the time courses of all voxels in the brain, a study of site-specific pharmacological
manipulations in healthy volunteers revealed that the posterior cingulate cortex (PCC, the hub region of the DMN) was
disconnected from the LC during the altered arousal state and regained connectivity to the LC during the recovery state.'*
This study showed that the functional connectivity of the LC to the PCC, thalamus, and caudate nucleus is related to the
level of arousal. However, it is unclear whether the FC between the LC and DMN is involved in arousal regulation in
CID patients.

The aim of this study is to reveal the relationship between arousal regulation and insomnia by investigating LC-based
FC patterns in CID patients and exploring the relationships between the abnormal FC and clinical symptoms. Based on a
previous functional neuroimaging study on LC, we hypothesize that the brain regions showing alterations of LC-based
FC in CID are located in DMN regions. The specific alterations of FC in patients with CID will deepen our understanding
of the neurobiological mechanism of CID.

Methods

Subjects

This prospective study was approved by the ethics committee of Guangdong Second Provincial General Hospital and in
accordance with the Declaration of Helsinki. And all of the participants provided written informed consent after they
were provided a complete description of the study. Forty-nine participants with chronic insomnia (21 men; mean +
standard deviation age, 39.27 years + 11.00) were recruited from Guangdong Second Provincial General Hospital.

The inclusion criteria for CID participants were as follows: (a) all of the patients had to meet the Diagnostic and
Statistical Manual 5 criteria for diagnosis of CID; (b) participants complained of difficulty falling asleep, staying sleep, or
waking up prematurely for at least 3 months; (c) participants had no other sleep disorders, such as hypersomnia,
parasomnia, or sleep-related movement disorders, or other psychiatric disorders; (d) participants were under 60 years
old; (e) participants did not take any psychotropic substances for at least 2 weeks before or during the study; and (f)
participants were right-hand dominant as assessed using the Edinburgh Handedness Inventory. The exclusion criteria
were as follows: (a) participants had an abnormal signal in any region of the brain, which was verified by conventional
T1-weighted or T2-fluid-attenuated inversion recovery MR imaging; (b) the insomnia disorder was caused by organic
disease or severe mental disease that was secondary to depression or generalized anxiety; (c) other sleep disorders; and
(d) women who were pregnant, nursing, or menstruating. Forty-seven healthy controls (HC, 15 males and 32 females;
age 39.85 £ 8.97) matched for age, gender, and education were recruited from the local community through advertise-
ments. Healthy controls met the following criteria: (a) Insomnia Severity Index score less than 7; (b) no history of swing
shifts, shift work, or sleep complaints; (c) no medication or use of substances such as caffeine, nicotine, or alcohol for at
least 2 weeks prior to and during the study; (d) no brain injury or previous severe head trauma, which was verified by
conventional T1-weighted or T2-fluid-attenuated inversion recovery MR imaging; (e) no history of psychiatric or
neurological diseases; and (f) right-hand dominant.
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Several questionnaires were completed by all of the study participants to evaluate the sleep quality and mood status.
These questionnaires included the Insomnia Severity Index (ISI), the Pittsburgh Sleep Quality Index (PSQI), the Self-
Rating Anxiety Scale (SAS), and the Self-Rating Depression Scale (SDS).

MRI Acquisition

Functional MR imaging was acquired using a 1.5 Tesla MR scanner (Achieva Nova Dual; Philips, Best, Netherlands) at the
Department of Medical Imaging of Guangdong Second Provincial General Hospital. Participants were instructed to rest with
their eyes closed and remain still without falling asleep. And stabilizers were used to immobilize the head. Functional MR
images were acquired in about 10 minutes using a gradient-echo planar imaging (EPI) sequence as follows: interleaved
scanning, repetition time/echo time = 2500 ms/50 ms, section thickness = 4 mm, intersection gap = 0.8 mm, matrix = 64 x 64,
field of view = 224 mm x 224 mm, flip angle = 90°, 27 axial slices, and 240 volumes. After scanning, all of the subjects were
asked if they were asleep during the scan. Those subjects who had fallen asleep were excluded.

MRI Preprocessing and Data Analysis

Preprocessing of the resting-state fMRI data was carried out using the Data Processing Assistant for Resting-State fMRI
(DPARSF; Chao-Gan and Yu-Feng, 2010; http://www.restfmri.net), which is based on Statistical Parametric Mapping
(SPM12, Wellcome Centre for Human Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm). The first of 10 images points for

each participant were removed to eliminate the effects of an uneven magnetic field at the beginning or the discomfort of
the test on image quality and results. Subsequently, the resting-state fMRI data was regulated for the existence of
temporal differences between slice timing and realignment. All of the participants had no more than 2.0 mm of maximal
displacement and 2.0 of maximal rotation in any direction. There was no significant difference in mean framewise
displace between groups (CID group: 0.143 £ 0.009, HC group: 0.128 + 0.008; p = 0.20). Then, the fMRI data were
spatially normalized to a standard template (Montreal Neurological Institute, MNI) and resampled to 3 mm®. Spatial
smoothing was performed with a 4 mm full width at half-maximum Gaussian kernel. Removal of linear trends and
filtering with a bandwidth of 0.01-0.1 Hz were adopted. Finally, nuisance variables, including Friston 24 head motion
model, white matter, CSF signals, and global signals, were regressed out.

The LC is located adjacent to the floor of the fourth ventricle in the rostral pons and extends into the midbrain to the
level of the inferior colliculi."® The seed region of LC location was defined as a sphere with a radius of 3 mm to ascertain
spatial specificity to very small anatomical structures centered on MNI coordinate (x = —14; y = —34; z = —28). The MNI
coordinate of LC was determined according to a paper about the impact of comparison between the habenula (Hb) and
the LC'® with Duvernoy’s brainstem atlas.'” A voxel-wise FC map of the LC was calculated using the correlations
between the mean time series of the seed region and remaining voxels within the brain.

Statistical Analysis

The demographics and questionnaire scores of all of the participants were analyzed using SPSS (version 20; SPSS,
Chicago, III). The Wilcoxon rank sum test was used to compare differences in education level, ISI, PSQI, SAS, and SDS,
and a two-sample ¢ test was used to compare differences in age, between CID and HC. Differences associated with
gender, however, were assessed using chi-squared tests.A voxel-wise, two independent ¢ test was used to obtain the group
difference of LC after removal of the effects of covariates including gender and age using the Statistical Analysis
program in DPARSF. The threshold of the correction cluster level was set at p < 0.05, which was considered to be a
significant difference. Multiple comparison correction was performed using a Gaussian random field (GRF) (p-voxel <
0.001, p-cluster < 0.05).Then, the value of the functional connectivity of each brain region with a significant group effect
was extracted from the functional connectivity map and correlated with the PSQI, SAS, SDS, and ISI scores using
Spearman correlation analysis.

Results
The demographic and clinical characteristics of the participants in this study are presented in Table 1. There was no
statistically significant difference in gender (p = 0.27), age (p = 0.11), or education (p = 0.24) between the CID and the
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Table 1 Demographic and Clinical Characteristics of CID and HC

CID HC P value
(n=49) (n=47)

Gender (M/F) 21/28 15/32 0.27
Age (y) 39.27+11.11 39.85+9.07 0.11
Duration (mo) 31.67+52.00 N/A N/A
Education (y) 9.33+5.88 8.34+4.43 0.24
ISI 19.674£3.23 7.17+2.61 < 0.001
PSQI 12.80+3.31 5.21+2.8l < 0.001
SAS 51.78+10.16 42.02+6.20 < 0.001
SDS 55.10+8.67 39.89+9.31 < 0.001

Note: Unless otherwise noted, data are mean % standard deviation.
Abbreviations: N/A, Not Available; CID, chronic insomnia disorder; HC, healthy control; ISI, Insomnia Severity Index;
PSQI, Pittsburgh Sleep Quality Index; SAS, Self-rating Anxiety Scale; SDS, Self-rating Depression Scale.

healthy control groups. The PSQI, SAS, SDS, and ISI scores of the CID group were significantly higher than those of the
HC group (all p < 0.001). The mean score of ISI and PSQI in CID group was 19.67 (range: 13 to 26) and 12.8 (range: 6
to 18); the mean duration of insomnia was 31.67 months (range: 20.50 to 40.20). The mean SAS and SDS were 51.78
(range: 37-76) and 55.10 (range: 32-76).

The comparisons of voxel-wise LC FC between CID and HC are shown in Table 2, Figures 1 and 2. Compared with
the HC group, the CID group had enhanced FC with LC in the following brain regions: right precuneus, right posterior
cingulate cortex (PCC), left middle temporal gyrus (MTGQG), left calcarine cortex, and right superior orbitofrontal cortex
(OFC) (Table 2; Figure 1).

Correlation analysis showed that the FC value between the LC and the left middle temporal gyrus (MTG) in CID was
negatively correlated with the ISI score in the CID group (+* = 0.028; p = 0.022) but positively correlated with SDS (* = 0.090;
p = 0.021) (Figure 3). In addition, the FC value between the LC and the right precuneus was negatively correlated with ISI
(* =0.138; p = 0.012) and PSQI (+* = 0.087; p = 0.022), respectively (Figure 4).

Discussion

The current study employed resting-state fMRI to evaluate the alterations of LC-based FC in patients with CID.
Compared to the HC group, we found that patients with CID showed increased LC-based FC mainly in the hub regions
of the DMN (including the left MTG, right PCC, and right precuneus), left calcarine cortex, and right superior OFC.
Furthermore, we found that the FC values of the LC and DMN (including left MTG and right precuneus) were
significantly correlated with sleep parameters (including PSQI, SDS, and ISI). The findings of this study may contribute
to a better understanding of the neurobiological mechanisms of CID in arousal regulation abnormalities and behavioral or
cognitive impairments.

Table 2 Between-Group Differences (CID-HC) for Functional Connectivity Strength

Brain Regions MNI Coordinates (Peak) Cluster Size t Values (Peak) P values
X Y z (Voxels)

Left MTG =51 —54 3 20 4.88 <0.05

Left calcarine cortex —6 —87 -9 24 4.83 <0.05

Right PCC 9 —60 9 18 4.86 <0.05

Right precuneus 8 —54 65 22 428 <0.05

Right superior OFC 25 —69 39 16 4.28 <0.05

Note: The abbreviations of the brain regions are based on the Anatomical Automatic Labeling (ALL).
Abbreviations: PCC, right posterior cingulate cortex; MTG, left middle temporal gyrus; superior OFC, superior orbitofrontal cortex.
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Figure | Functional connectivity differences of the LC between CID patients and healthy controls. The threshold of the color bar means the T value. The warm color (right
precuneus, right posterior cingulate cortex, left middle temporal gyrus, left calcarine, right superior orbitofrontal cortex) represent increased connectivity.
Abbreviations: L, left; R, right.

In the present study, the CID group exhibited stronger FC between the LC and left MTG, right PCC, and right
precuneus. These brain regions belong to the DMN or overlap with the DMN.The DMN, which is considered to play an
important role in the maintenance of consciousness, is one of the most important networks involved in insomnia.'® The

DMN has been found to have an abnormal functional status in both sleep deprivation and insomnia patients, and it is
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Figure 2 Visualization of brain regions with increased functional connectivity with the locus coeruleus in CID. The figure is marked as an abbreviation in the ALL. The result
of the brain regions that the research obtained is Visualized with the BrainNetViewer (Xia et al, 2013, http://www.nitrc.org/projects/bnv/).
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obviously related to sleep quality.'”?' Previous studies have used some brain regions (eg amygdala, thalamus, and
hippocampus) as seed regions to explore the brain functional connectivity in patients with CID.?>* These studies mainly
found alterative FC between the seed regions and hub regions of DMN (eg MTG, PCC, and precuneus). According to the
results, the authors speculated that the functional changes of DMN may be related to insomnia symptoms.The difference
between our experiment and previous studies is that this study used LC as the seed region, it also found that the FC
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Figure 4 Correlation analysis between FC of LC-Temporal_Mid_L and ISI,PSQI score in CID. (A) Significant negative correlations between FC of LC-Precuneus_R and ISI
(** = 0.138; p = 0.012). (B) Significant negative correlations between FC of LC-Precuneus_R and PSQI (r* = 0.087; p = 0.022). Precuneus_R, right precuneus.

between the LC and DMN was increased, which is consistent with previous research findings of FC using seed point
analysis. The results of this experiment may further support the hyperarousal hypothesis of insomnia. The regulatory role
of the LC in sleep is increasingly recognized. The LC is the main source of norepinephrine. The LC-norepinephrine (LC-
NE) system can play an important role in the regulation of arousal/behavioral state, and it is considered to be very
important in the regulation of arousal level. Importantly, the overactivity of this system will increase the level of arousal
and amplify the emotional response to stress, which will lead to a series of symptoms of hyperexcitability.>~° Insomnia
is one such symptom. Recently, a pharmacological study also showed that the abnormal FC between the LC and PCC (an
important node of DMN) is considered to be related to the level of arousal. The study used a potent sedative to induce
low-arousal states in healthy subjects and found decreased FC between the LC and the default network key node PCC in
the low-wake state, while the connection between the two was restored during the recovery state.'* We speculate that the
enhanced FC between the LC and DMN in CID patients may be related to the level of arousal.

In addition, correlation analysis showed that the functional connection signal value between the LC and the left
middle temporal gyrus was negatively correlated with the ISI score, and the FC value between the LC and right
precuneus was negatively correlated with ISI and PSQI scores; in other words, the LC-DMN FC signal value is
negatively correlated with PSQI and ISI scores. This may indicate that the higher the synchronization between these
areas and the LC, and the lower the degree of insomnia in patients with insomnia, the better the quality of sleep. This
relationship may adopt a compensation mechanism and may further indicate that the arousal promotion mechanism of
these patients is complete. At the same time, this study also found that the FC value between the LC and MTG was
positively correlated with SDS, indicating that in the CID, the more significant such abnormal FC was, the more serious
the degree of depression was. Studies have shown that the severity of insomnia is positively correlated with the degree of
depression.?” Our results suggest that the FC signal value of the LC and MTG may be used as a neurobiological indicator
of the severity of insomnia, which needs further verification in future studies.

Increased FC between the LC and left calcarine cortex was found in our study on patients with CID. The calcarine
cortex is the concentrated area of the primary visual cortex, which may be related to the greater perceptual advantage of
emotional stimulation.”® In terms of structural and functional magnetic resonance studies, the calcarine cortex (visual
cortex) is increasingly considered to be related to the mechanism of insomnia. A research found that cortical thickness
changes between sensory areas (mainly visual, primary auditory, and olfactory cortex) and motor areas are often related
to sleep quality.”’ Recently, a study using the sensory regions-based FC found that difficulty in falling asleep was
associated with increased FC between the primary visual cortex and other sensory regions such as the primary auditory
cortex, olfactory cortex, and the supplementary motor cortex.>” Such findings are consistent with the hyperarousal model

of insomnia, which may maintain arousal and increase unnecessary sensory consciousness, leading to difficulty in falling
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asleep or easy wakeup from sleep. Animal experiments have confirmed that the LC projects bilaterally to the visual
cortex on the anatomical level.>' The plasticity of the visual cortex and the change of LC-NE may be related to insomnia,
especially to the hyperarousal hypothesis.*>** Based on previous studies, our findings confirm abnormal FC in LC and
the calcarine cortex (visual cortex), which may provides evidence for the hyperarousal hypothesis of insomnia.

In this study, we also found that, compared with HC, CID patients had stronger FC between the LC and right superior
OFC. The OFC, a part of the prefrontal cortex, is the main ascending projections in LC-NE system involved in
attentional and cognitive control.>**> The prefrontal cortex is considered to be involved in the regulation of sleep and
wakefulness.’® Yeon et al found significantly smaller volumes of gray matter in the left orbitofrontal gyrus compared
with healthy controls, which may be related to the initiation or maintenance of sleep.’” A study using the resting-state FC
method of voxel-mirrored homotopic connectivity (VMHC) analysis and seed analysis found increased FC between
between the right ACC and left orbitofrontal cortex, indicating that insomnia involves disturbance of sleep—wake
regulation.”* Similarly, our study also showed increased FC between the LC and OFC in patients with insomnia
compared to healthy controls, we believe that OFC dysfunction may to some extent support the imbalance of arousal
regulation in chronic insomnia, which needs to be confirmed by further studies. More importantly, a recent animal study
found that the noradrenaline level in the prefrontal cortex, one important region that receives targeted projections from
LC neurons, declined after extended prolonged wakefulness, suggesting that the LC cannot preserve noradrenaline
release for long periods of time.*® Based on the above study, we also speculate that the excessive maintenance of
wakefulness in patients with insomnia leads to the hyperactivity of the LC, which in turn affects the NE level of the OFC
and leads to the disruption of functional connectivity between the LC and OFC.** However, at present, this is only a
conjecture, and longitudinal research is needed to understand the process more comprehensively.

There are several limitations to be solved in this study. First, the sample size is relatively small, which may weaken
the statistical power of detecting differences between groups in some of our measures.Second, an important limitation of
this study is that these results are limited to subjective measures of insomnia rather than objective measures.We did not
use polysomnography (PSG) to diagnose insomnia, so we can not objectively rule out sleep wake disorders such as
obstructive sleep apnea (OSA) and restless legs syndrome. Therefore, the contribution of OSA to brain changes may be
underestimated. However, we screened these sleep wake disorders by PSQI questionnaire. Although such an exclusion
method is not as accurate as PSG, it may be able to objectively exclude most non-potential OSA. We need to further use
objective diagnostic methods to exclude the existence of other sleep wake disorders.Third, considering the small size of
the LC, we used a very small radius (3 mm) for the selected sphere, rather than a larger radius, to be as accurate as
possible. In addition, considering that the deeper structure of the brainstem is less accurate when choosing the normal-
ization criteria provided by our software, and there is no specific brainstem standardization,*® the small ROI of the LC
with a small radius was chosen to make sure that the most normalized parts were captured. Fourth, the LC, as part of the
ascending arousal system, is influenced by internal arousal and encoded significantly by noradrenaline,*' and the arousal
system has also recently been shown to be affected by individual heart rate variability (HRV).** However, we did not
record the heart rate and respiration during fMRI scanning, and the heart rate effect in this study was not regressed out
during the preprocessing steps. This effect of heart rate variability needs to be considered in future research.

Conclusions

Our study showed that increased FC in the LC-DMN, LC-visual cortex as well as LC-OFC in patients with CID.In
addition, the LC-DMN FC signal value was associated with the degree of depression in patients with CID.Our findings
suggest that enhanced FC in the LC is involved in the pathology mechanism of CID.

Data Sharing Statement
The data that support the findings of this study are available on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.
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