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Background: The hyperarousal process model plays a centralrole in the physiology
of chronic insomnia disorder (CID). Recent evidence has demonstrated that the
habenula is involved in the arousal and sleep—wake cycle. However, whether the
intrinsic habenular functional network contributes to the underlying mechanism
of CID and its relationship to the arousal state in CID remains unclear.

Methods: This single-centered study included 34 patients with subjective
CID and 22 matched good sleep control (GSC), and underwent a series of
neuropsychological tests and resting-state functional magnetic resonance
imaging scans. The habenular functional network was assessed using seed-based
functional connectivity (FC) analysis. The subjective arousal state was evaluated
with the hyperarousal scale (HAS). Alterations in the habenular FC network and
their clinical significance in patients with CID were explored.

Results: Compared with the GSC group, the CID group showed decreased
habenular FC in the left caudate nucleus and right inferior parietal lobule and
increased FC in the right habenula, bilateral calcarine cortex, and posterior
cingulate cortex. The decreased FC between the left habenula and caudate
nucleus was associated with an increased arousal state in the CID group.

Conclusion: The present results provide evidence for a dysfunctional habenular
network in patients with CID. These findings extend our understanding of the
neuropathological mechanisms underlying the hyperarousal model in chronic
insomnia.

insomnia disorder, habenula, hyperarousal, functional connectivity, caudate nucleus

1. Introduction

Insomnia is a frequent clinical disorder characterized by difficulty falling or staying asleep
and is accompanied by symptoms, including irritability or exhaustion during the day. Insomnia
affects approximately 10-20% of people, with approximately half of those suffering from a
chronic course (1), such as chronic insomnia disorder (CID). CID is highly comorbid with and
linked to mental health disorders, such as anxiety and depression (2). Despite the high morbidity
rate and widespread socioeconomic impact of CID, its underlying neuropathological
mechanisms remain unclear. Currently, the hyperarousal process model is considered to have a
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circuital role in the physiological and pathological aspects of insomnia
(3). However, the detailed neurobiological basis of hyperarousal
remains unclear (4).

Neuroimaging data recognizes the abnormal brain function and
structure in patients with insomnia (5, 6), especially using functional
connectivity (FC) approaches (7). Patients with insomnia present
functional and structural alterations in multiple brain regions,
including the hippocampus, amygdala, insula, prefrontal cortex,
anterior cingulate cortex, pineal gland, arousal system (hypothalamus),
salience network, reward network, and default mode network (8, 9).
In addition, the habenula has been considered to play an important
role in sleep and circadian rhythms (10). However, whether the
functional alterations to the habenula play a role in insomnia
remains unelucidated.

The habenular nuclei along with the pineal gland constitute the
epithalamus and are evolutionarily conserved structures that show
phylogenetic conservation from fish to humans (11). Melatonin
mediates physiological effects by activating two G protein-coupled
receptors and is secreted from the pineal gland. These receptors are
expressed in several brain areas and information is transmitted from
the forebrain to the midbrain, including the habenular complex, and
modulate a plethora of behaviors including mood, sleep, and pain. The
excitability of medial-lateral habenula neurons is enhanced by
melatonin receptor activation (12). However, the habenula has been
shown to regulate the monoaminergic systems in the central nervous
system and is activated by negatively valued events (13). Previous
studies have found that the habenula is involved in regulating negative
emotion and motivation, reward processing, mediating stress
responses, and sleep-wake cycles (10, 14). Dopamine (DA) is a key
neurotransmitter involved in multiple physiological functions,
including modulation of affective and emotional states, motor control,
and reward mechanisms (15). Previous evidence has shown that the
lateral habenula is linked to mood and reward regulation through
modulation of the DA system (16). For example, the ventral pallidum
DRD3+ neuronal populations projecting to the lateral habenula (LHb)
display activity during drug-seeking behavior, and selective
suppression of elevated activity or DRD3 signaling in the
LHb-projecting population reduces drug-seeking behavior (17).
Animal studies have also shown that damage to the habenular nucleus
leads to hyperkinetic and impulsive behavior and biochemical
mechanisms are thought to affect DA level in the mesolimbic system
(18). However, the habenula’s function is disrupted in patients with
major depression (19), and hyperactivation of the habenula might
contribute to both depression and sleep disturbance (20).

Along with the advancement of neuroimaging, researchers have
attempted to evaluate habenular function using resting-state
functional magnetic resonance imaging (rs-fMRI)-based FC analysis
(21). Patients with chronic pain have been found to have altered
habenular FC (22) and subclinical depression (23). Previous research
has focused on the role of habenula function, with particular attention
to its resting-state connectivity and potential as an early biomarker for
neuropsychiatric disorders. Currently, no study has explored whether
the habenular function is abnormal in patients with CID, although the
habenula plays an important role in sleep-wake cycles.

Therefore, this novel study aimed to investigate the potential
functional alterations of the habenula in patients with CID and their
relationship with the clinical and neuropsychological features of
insomnia. Given the role of the habenula in regulating reward,
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sleep-wake cycles, and emotions, we hypothesized that abnormal
habenular FC could be found in reward- and emotion-related
networks. Furthermore, we speculated that altered habenular function
would be associated with mental symptoms and features of insomnia
in patients with CID.

2. Materials and methods
2.1. Participants

This study was approved by the ethical committee of the
Institutional Review Board of the Third Affiliated Hospital of Anhui
Medical University (approval number 2019-010-01), and was
conducted in accordance with the Declaration of Helsinki.
We obtained written informed consent from all patients.

We enrolled all patients in the outpatient department of the Third
Affiliated Hospital of Anhui Medical University. In total, 34 patients
with subjective CID and 22 age-, education-, and sex-matched GSC
participants were included in this study and underwent a series of
neuropsychological tests and resting-state fMRI scans. All participants
were of Han Chinese descent and right-handed. Four participants
(two CID and two GSC) were excluded due to excessive head motion
artifacts (>2 mm or 2°; see the preprocessing of fMRI data for details);
thus, 32 CID and 20 GSC participants were included in the
final analysis.

In the CID group, patients were required to meet the diagnostic
criteria for CID outlined in the International Classification of Sleep
Disorders, third version (24). Additional inclusion criteria for the CID
group were as follows: (1) no intake of any hypnotic or antidepressant
medication 2 weeks before the neuropsychological test and MRI scan;
and (2) age between 18 and 55 years with age at onset <50years. The
exclusion criteria were as follows: (1) a history of other
neuropsychiatric disorders; (2) a history of substance abuse (caffeine,
nicotine, alcohol); and (3) contraindications to MRI. Subjects with
GSC were required to meet the following criteria: (1) good sleep,
mood, and normal cognitive function; (2) no history of neurological
or psychiatric disease, seizures, head injury, stroke, or transient
ischemic attack; (3) no caffeine, drug, or alcohol abuse; and (4) no
brain lesions found on a regular T2-weighted MRI scan.

2.2. Neuropsychological test

The Pittsburgh Sleep Quality Index (PSQI) and insomnia severity
index (ISI) scale were used to assess subjective sleep quality and
insomnia severity, respectively (25, 26). The hyperarousal scale (HAS)
was employed to assess the subjective arousal state (27). Epworth
sleepiness scale (ESS) was used to measure daytime sleepiness (28).
Zung’s self-rating depression scale (SDS) and Zung’s self-rating
anxiety scale (SAS) were used for depression and anxiety evaluation,
respectively. The mini-mental state examination (MMSE) was used to
evaluate general cognition (29); the verbal fluency test (VFT) was used
to evaluate executive function. Digit span-forward (DS-F) and
-backward (DS-B) tests were used to estimate working memory. The
digit symbol substitution test (DSST) was used to evaluate the
(30). Al
parameters were estimated before the image scan.

information-processing  speed neuropsychological
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2.3. Imaging data

Imaging was performed at the Third Affiliated Hospital of Anhui
Medical University using a Siemens Verio 3.0-Tesla scanner (Siemens,
Erlangen, Germany). MRI data acquisition was performed between
17:00 and 19:00 for all participants. Structural images were acquired
using a high-resolution spoiled gradient-recalled echo sequence with
the following parameters: repetition time/echo time (TR/
TE) =1,900/2.48 ms; flip angle (FA) = 9°, acquisition matrix =256 x 256,
field-of-view =240 x 240 mm, thickness = 1.0 mm; gap =0 mm, number
of slices =176, and number of excitations = 1.0. The rs-fMRI datasets
were obtained using an 8-min gradient-recalled echo-planar imaging
pulse sequence with the following parameters: TR/TE, 2,000/35 ms;
FA, 90°; acquisition matrix, 64 x 64; thickness =3.5 mm; number of
slices=36, number of time points, 240. During scanning, all
participants were instructed to relax and keep their eyes closed for the
whole sequence, and stabilizers were used to immobilize their heads.
Wakefulness was assessed following the scanning, and all participants
were awake during the study.

The rs-fMRI data were preprocessed using SPM12' and DPABI 4.3
(Data Processing & Analysis of Brain Imaging®) implemented in
MATLAB 8.0 (The MathWorks, Inc., Natick, MA, USA) (31).
We removed the first five initial volumes to account for the
magnetization equilibrium and adaptation to the experimental
environment. The remaining 235 images were then slice-time
corrected, reoriented, realigned, and co-registered to the T1-weighted
structural images, which were segmented using DARTEL (32). Images
from all participants were normalized into standard stereotactic
Montreal Neurological Institute space and smoothed using a Gaussian
kernel (full width at half-maximum =6 mm). The voxel time series was
further detrended and (0.01-0.1Hz).
We normalized the variance of each time series to control for

temporally filtered

fluctuations in the signal intensity. Noise associated with white matter/
cerebrospinal fluid signals and 24 head motion-related covariates were
regressed. The mean framewise displacement was not significant
between the two groups (p>0.05). The global signal was not regressed,
given the controversy regarding its application to rs-fMRI data
(33, 34).

2.4. Habenula-based FC network
construction

The habenula shows structural and functional asymmetry (11).
Therefore, the bilateral habenular nucleus was selected according to
the myelin content-based human habenula segmentation and
separately centered for the left habenula (—2.7, —24.3, 2.2) and right
habenula (4.0, —23.6, 2.2) (35). Seed-based voxel-wise FC analysis was
employed to construct the habenular FC network using the DPABI 4.3
toolbox. First, the average time course in each habenula region was
extracted and defined as the seed time series. Second, the correlation
between the seed region and all voxels in the other brain regions was
calculated using Pearson’s correlation analyses. Third, Fisher’s

1 http://www filion.ucl.ac.uk/spm
2 http://rfmri.org/dpabi
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Z-transformation was applied to improve the correlation coefficients
so that they approached normal distribution [Z=0.5 In (1+CC)/
(1—CQ)]. Finally, each participant’s habenular FC network was
obtained for the next analyses.

2.5. Statistical analyses

First, two-sample ¢-tests and chi-square tests were conducted
for the demographic and neuropsychological test comparisons
between the CID and GSC groups (SPSS 24.0; SPSS Inc., Chicago,
IL, USA). The relationships between clinical features and
neuropsychological tests were calculated using Pearson’s correlation
analyses, and the effects of age, sex, and education were controlled.
The significance threshold was set at a p <0.05, and the multiple
comparison correction was conducted using False Discovery Rate
(FDR) approach.

Second, a voxel-wise, one-sample -test was used to obtain the
bilateral habenular FC network pattern in each group, and the voxel-
level significance threshold was set at an uncorrected value of p <0.001.

Third, two independent t-tests were used to obtain group
differences in habenular FC networks, controlling for the effects of sex
and age. We used permutation testing with threshold-free cluster
enhancement (TFCE) to threshold our results at p <0.05. TFCE was
conducted in the permutation analysis of linear models package in
DPABI with 5,000 permutations and a cluster-forming threshold of
z>2.3.

Finally, to further explore the clinical and neuropsychological
significance of abnormal habenular FC in patients with CID, a partial
correlation analysis was used to investigate the association between
altered habenular FC and clinical and neuropsychological features
(including PSQL, ISS, ESS, HAS, SAS, SDS, MMSE, VFT, DS-F, DS-B,
and DSST scores), controlling for the effects of age, sex, and disease
duration. Significance was set at a p<0.05, and the multiple
comparison correction was conducted using the FDR approach.

3. Results

3.1. Demographic and neuropsychological
information

Table 1 shows the demographic and neuropsychological
information of the two groups. The basic demographic data were
matched between the two groups in terms of age, sex, and education
(p>0.05). The mean and standard deviation of the duration of
insomnia were 7.22 and 4.07, respectively. The PSQI, ISI, SDS, and
SAS scores were higher in patients with CID than in those in the GSC
group (all p<0.01, p-FDR of PSQI, ISI, SAS<0.001, p-FDR of
SDS=0.028). There was a trend-wise significant difference in
hyperarousal state (HAS) between CID and GSC (¢=1.85, p=0.07).
According to previous findings, HAS >29 indicates a hyperarousal
state in insomnia patients (36); as such, the ratio of patients with
hyperarousal was higher in the CID group than in the GSC group
(CID: 26/6, GSC: 8/12, Chi-Square is 9.25, p=0.003). In addition, no
significant differences were found in subjective daytime sleepiness
(ESS) or cognitive performance (including MMSE, VFT, DS, or DSST)
(all p>0.05).
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TABLE 1 Demographic and clinical traits for all participants.

Characteristic CID GSC T/X? Value
(n=32) (n=20) of p
Age 41.12+£13.72 38.45+16.15 0.64 0.53
Sex (Male/Female) 22/10 12/8 0.42 0.56
Education(years) 12.84+4.07 12.85+4.43 0.001 0.99
Duration (years) 7.22+6.53 - -
PSQI 12.96+3.51 3.95+1.61 10.76 <0.001
ISI 16.31+6.11 4.00+3.45 8.20 <0.001
ESS 6.62+5.27 7.95+4.87 0.91 0.37
HAS 40.06£13.91 33.60+9.76 1.85 0.07
SDS 48.20+£13.15 38.31+11.76 2.75 0.008
SAS 47.07 £11.67 35.00+6.32 4.24 <0.001
MMSE 28.12+1.84 28.80£1.79 1.29 0.20
VFT 17.37+6.62 15.15+£5.72 1.24 0.22
DS-F 8.75+1.43 9.25+1.21 1.29 0.20
DS-B 528+1.87 520+1.76 0.16 0.88
DSST 44.75+£19.10 47.05+22.59 0.39 0.69
Mean FD 0.32£0.65 0.20£0.17 0.82 0.42

CID, chronic insomnia disorder; GSC, good sleep control; PSQI, Pittsburgh Sleep Quality
Index; IS, insomnia severity index scale; ESS, Epworth sleepiness scale; HAS, hyperarousal
scale; SDS, Zung Self-Depression Scale; SAS, Zung self-anxiety scale; MMSE, Mini-Mental
State Examination; VFT, verbal fluency test; DS-F, digit span-forward; DS-B, digit span-
backward; DSST, digit symbol substitution test; FD, framewise displacement.

The correlations between the clinical features and
neuropsychological tests in the CID group are presented in Table 2.
Specifically, the severity of insomnia (PSQI and ISI scores) was
significantly positively associated with HAS, anxiety, and depression
symptoms (SAS and SDS), but not with cognitive performance in the
CID group. In addition, the HAS was positively associated with
anxiety symptoms (p=0.009) but not with depression symptoms in
the CID group (p=0.08) After applying multiple comparison
corrections, none of the correlations were statistically significant

(uncorrected statistical values shown in Figures 1A,B).

3.2. Bilateral habenular FC network
patterns in both groups

The intrinsic FC network patterns of the habenula are shown in
Figure 2. The habenular FC network was similar between the two groups,
and the habenular FC pattern was similar to that in a previous report (21).
The habenula-positive connected brain regions were located in the
subcortical region (caudate, pallidum, nucleus accumbens, putamen, and
thalamus), sensorimotor cortex, insula, dorsal anterior cingulate cortex,
posterior cingulate cortex, and medial temporal gyrus. The habenula-
negative connected brain regions were found in the orbitofrontal cortex,
dorsomedial prefrontal cortex, precuneus, and occipital cortex.

3.3. Altered habenular FC network in the
CID group

The group differences in the bilateral habenular functional
networks are illustrated in Table 3 and Figure 3. In the left habenular
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FC network, FC in the left caudate and right inferior parietal lobule
was decreased in the CID group relative to the GSC group. In the right
habenular FC network, FC in the left calcarine and right calcarine/
posterior cingulate cortex (PCC) were increased in the CID group
relative to the GSC group. No significant group differences in the
bilateral habenular functional networks were found between CID
patients with or without hyperarousal state after multiple correlations;
we presented the group differences map without multiple
comparations (p < 0.05, uncorrected, Supplementary Figure S1).

3.4. Clinical significance of the altered
habenular FC network

As shown in Figure 1C, the FC between the left habenula and left
caudate nucleus was negatively correlated with the HAS (HAS scores,
R=-0.468, p=0.007) in patients with CID after controlling for the
effects of sex, age, and education; after multiple comparations, this
correction was not significant (p-FDR=0.147). No other significant
association was found between altered habenular FC and clinical
features or cognitive performance.

4. Discussion

We investigated whether habenular function was altered in
patients with CID based on the seed-based FC method. Compared
to good sleepers, the results showed that the left habenular FC
decreased in the left caudate nucleus and right IPL, while the right
habenular FC increased in the bilateral calcarine and PCC in
patients with CID. In addition, the decreased habenular FC in the
left caudate nucleus was associated with an increased HAS in
patients with CID. These findings indicate that habenular function
is abnormal in patients with CID and that the abnormal habenular
functional network may be involved in the hyperarousal
neurobiological mechanism underlying chronic insomnia. Thus,
our findings provide evidence for the brain mechanism of the
hyperarousal process model of chronic insomnia.

The caudate nucleus is the core region of the striatum and is
involved in goal-directed action and positive reward processing (37).
Additionally, the lateral habenula has been demonstrated as a key
brain region for reward regulation (38). The lateral habenula has been
known to modulate DA release and process nociceptive signals in the
mesolimbic DA system (39). Moreover, recent electrophysiological
studies provide evidence that prefrontal and non-prefrontal cortical
regions can indirectly convey information to the lateral habenula via
a cortico-striosome-pallido-habenular circuit in macaque monkeys
(40). The dopamine neurons in the habenula encode negative reward-
related signals and reward prediction errors (41).

The dysfunctional connectivity between these two regions extends
our understanding of the abnormal reward processing theory in
chronic insomnia (42) and is consistent with our previous findings.
First, the nucleus accumbens-based reward network is altered in CID
(7), and second, the inferior parietal lobule is an important node in
the posterior of the default mode network (DMN) (43), and third
bottom-up perception plays an important role in integrating
somatosensory, visual, and auditory information (44). Thus, the
decreased FC between the habenula and IPL might indicate abnormal
sensory integration in patients with CID.
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TABLE 2 Correlations between clinical features and neuropsychological tests in the chronic insomnia disorder group.

10.3389/fneur.2023.1119595

Duration Y e] N ESS SDS SAS HAS MMSE VFT DS-F DS-B = DSST

r 1 —0.109 —0.122 —0.068 —0.084 —0.028 0.193 —0.31 —-0.25 —-0.29 —0.294 —0.206
Duration

P 0.554 0.506 0.71 0.649 0.877 0.289 0.084 0.168 0.107 0.103 0.258

r —0.109 1 0.767%* —0.298 0.400* 0.407* 0.402% 0.205 —0.185 —0.008 0.065 —-0.139
et P 0.554 0 0.097 0.023 0.021 0.023 0.261 0.31 0.965 0.723 0.45

r —0.122 0.767%* 1 0.01 0.381%* 0.410%* 0.481%* 0.062 —0.157 —0.009 0.043 —0.164
ol P 0.506 0 0.958 0.031 0.02 0.005 0.735 0.39 0.96 0.816 0.371

r —0.068 —0.298 0.01 1 —0.091 —0.034 —0.001 —0.018 —0.025 0.179 —0.035 —0.143
£ P 0.71 0.097 0.958 0.621 0.853 0.997 0.921 0.89 0.327 0.85 0.435

r —0.084 0.0400%* 0.381% —0.091 1 0.644%* 0.311 0.242 —-0.277 0.069 0.146 0.118
s P 0.649 0.023 0.031 0.621 0 0.083 0.182 0.125 0.706 0.426 0.52

r —0.028 0.407% 0.410% —0.034 | 0.644%* 1 0.453%* 0.225 —0.188 0.166 —0.037 —0.064
S48 P 0.877 0.021 0.02 0.853 0 0.009 0.216 0.303 0.363 0.842 0.729

r 0.193 0.402% 0.481%* —0.001 0.311 0.453%* 1 0.043 —0.037 —0.052 —-0.227 —0.162
s P 0.289 0.023 0.005 0.997 0.083 0.009 0.815 0.84 0.776 0.213 0.375

r —0.31 0.205 0.062 —-0.018 0.242 0.225 0.043 1 0.242 0.621%* 0.261 0.579%*
MMSE

P 0.084 0.261 0.735 0.921 0.182 0.216 0.815 0.183 0 0.15 0.001

r -0.25 —0.185 —0.157 —0.025 —0.277 —0.188 —0.037 0.242 1 0.231 0.491%* 0.429%
vt P 0.168 0.31 0.39 0.89 0.125 0.303 0.84 0.183 0.204 0.004 0.014
DS-F r —0.29 —0.008 —0.009 0.179 0.069 0.166 —0.052 0.621%* 0.231 1 0.519%* 0.634%*

P 0.107 0.965 0.96 0.327 0.706 0.363 0.776 0 0.204 0.002 0
DS-B r —0.294 0.065 0.043 —0.035 0.146 —0.037 —0.227 0.261 0.491%% | 0.519%* 1 0.537%*

P 0.103 0.723 0.816 0.85 0.426 0.842 0.213 0.15 0.004 0.002 0.002
DSST r —0.206 —-0.139 —0.164 —0.143 0.118 —0.064 —0.162 0.579%* 0.429% 0.634** 0.537%% 1

P 0.258 0.45 0.371 0.435 0.52 0.729 0.375 0.001 0.014 0 0.002

#p<0.05; *¥p<0.01. PSQI, Pittsburgh sleep quality index; ISI, insomnia severity index scale; ESS, Epworth sleepiness scale; HAS, hyperarousal scale; SDS, Zung self-depression scale; SAS,

Zung self-anxiety scale; MMSE, mini-mental state examination; VFT, verbal fluency test; DS-F digitspan-forward; DS-B, digit span-backward; DSST, digit symbol substitution test.

A C
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2
©
204 3
©
Q
s
§ 0.0
E-3
£ L]
10+ I .
o [
o
'S
-0.14 .
R=0.481, P=0.005 R=0.453, P = 0.009
° R =0.402, P=0.023 R=0.311, P=0.083 R =-0.468, P =0.007
o 1 ! U 0 T T T T T T
0 20 40 60 0 20 40 60 0 20 40 60
HAS HAS HAS

FIGURE 1

The relationship between HAS scores and clinical features and altered habenular FC in patients with CID. (A) The HAS score was positively associated

with the severity of insomnia; (B) The HAS score was positively associated with anxiety symptoms but not depressive symptoms in patients with CID.

(C) The HAS score was negatively associated with the abnormal FC between the left habenula and left caudate nucleus in the CID group. CID, chronic

insomnia disorder; HAS, hyperarousal scale; PSQI, Pittsburgh Sleep Quiality Index; ISI, Insomnia Severity Index; SDS, Zung self-depression scale; SAS,

Zung self-anxiety scale; CAU, caudate nucleus; FC, functional connectivity.
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FIGURE 2

disorder; GSC, good sleep control.

Functional connectivity patterns of the bilateral habenula in CID and GSC groups. (A,B) The left habenular functional connectivity pattern of CID and
GSC groups, respectively. (C,D) The right habenular functional connectivity pattern of CID and GSC groups, respectively. CID, chronic insomnia

TABLE 3 Group differences in the bilateral habenular FC network.

Brain region Voxel size MNI coordinates (RAI) Peak T score
y

Left habenular FC network

Left caudate nucleus - 111 —18 21 0 —4.18

Right IPL 39/40 148 45 —63 39 -3.96

Right habenular FC network

Left calcarine cortex 17 94 -24 —84 -6 3.52

Right calcarine cortex/PCC 18 99 9 —66 15 4.01

FC, functional connectivity; BA, Brodmann area; IPL, inferior parietal lobule; PCC, posterior cingulate cortex.

Furthermore, increased habenular FC was found in the bilateral
calcarine cortex and PCC in CID participants. The PCC is also the
core code in the posterior of the DMN, implicated in both arousal
state and self-referential processes (45). Increased FC between the
habenula and PCC has also been reported in patients with mood
disorders, with and without suicide-related behaviors (46), and
abnormal and unbalanced DMN functions have been reported in a
previous study on sleep disorders, including chronic insomnia
disorder (8). Our results indicate that connectivity between the
posterior DMN and the habenula was also imbalanced in patients
with CID. The calcarine cortex is also known as the primary visual
cortex or V1, which is the first site for visual stimulus processing (47).
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The increased FC between the habenula and calcarine cortex is
consistent with the hyperarousal process model in the visual cortex in
the neuropathology of CID. Taken together, our findings indicate an
abnormal habenular function in patients with CID and contribute
evidence that may help elucidate the underlying neurobiological
mechanism of insomnia and the HAS in CID.

The hyperarousal scale is a subjective evaluation to measure an
individual arousal state during the daytime and is used in conjunction
with the objective arousal state measured using EEG (48), whereas,
the activity of the autonomic nervous system (heart rate variability
and heart rate) can be used as an indicator to evaluate the objective
state of hyperarousal levels, and these pieces of evidence imply an
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Abnormal habenular functional network in patients with CID. (A) Connectivity of the left habenular functional network in the left caudate nucleus and
right IPL was reduced in patients with CID. (B) Connectivity in the right habenular functional network in patients with CID was increased in the left
calcarine and right calcarine/PCC. CAU, caudate nucleus; CID, chronic insomnia disorder; IPL, inferior parietal lobule; CAL, calcarine cortex; PCC,

overactivity of these systems in insomnia, supporting the assumption
that hyperarousal states contribute to insomnia in these patients (49).

Previous studies have shown that HAS scores reflect higher
alertness in insomnia patients than in good sleepers (48). In our study,
the HAS score did not differ significantly between the CID and GSC
groups, but there was a tendency for CID participants to have higher
HAS scores than GSC participants. This result may be attributed to the
small sample in this study. The HAS score was positively associated
with the severity of insomnia and anxiety symptoms but not with
depression or cognitive performance in the CID group (Figure 1).
These results are similar to those of a previous study on insomnia and
anxiety (50). Epidemiological studies show that sleep disturbances,
particularly insomnia, affect 50% of patients with anxiety (51), which
is consistent with previous research suggesting that anxiety is
associated with a high arousal state before bed (52). In addition,
we found that decreased FC between the left habenula and caudate
nucleus was associated with the HAS in the CID group. Previous
evidence indicates the absence of the negative effects of melatonin
ingestion on vigilance and arousal (53). In addition, mice subjected to
sleep deprivation had significantly decreased plasma melatonin
content (54). Although the habenula regulates melatonin receptors, it
affects melatonin secretion in the pineal gland (55). However, whether
the habenular nucleus regulates melatonin levels to maintain elevated
arousal is unclear.

As mentioned above, both the habenula and caudate nucleus are
involved in the reward-processing network. Recent evidence has
identified that the hypothalamic neurons are involved in both reward
and arousal processing regulated by the neuropeptide transmitter
orexin (56), while the habenular norepinephrine system contributes
to the arousal and anxiety state (56). Therefore, we speculate that the
HAS in insomnia might be associated with habenula-related abnormal
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neurotransmitters; however, further studies are required to verify our
hypothesis. Taken together, these findings may indicate that the
habenula is a potential target for HAS modulation in patients
with CID.

Our findings reflected the habenular functional asymmetry and
asymmetry dysfunction in patients with CID (11). Patients with CID
showed decreased FC in the left habenular functional network, while FC
in the right habenular functional network increased. Interestingly, the
decreased FC between the left habenula and left caudate nucleus was
significantly associated with the HAS, whereas the right habenula was
not involved in patients with CID. Recently, Ambrosi et al. found left
asymmetric habenular function in patients with suicidal mood disorder
(46). Our results suggest that habenular left-hemispheric asymmetry
may be important for the hyperarousal model of insomnia neurobiology.
These findings imply that hemispheric asymmetry should be considered
in habenula function research of psychiatric disorders.

4.1. Limitations

Our study had some limitations. First, the preliminary study had a
small sample and a cross-sectional design, which resulted in
non-significant  correlations between clinical features and
neuropsychological tests, as well as altered habenula FC, after multiple
comparison corrections. Thus, future studies with larger samples are
needed to confirm our findings. Second, we used only self-evaluation
scales for arousal state in the study; a neurotic electrophysiology-based
arousal evaluation may provide a more comprehensive understanding
of the brain mechanism underlying the HAS in CID. Third, there are
two subnuclei in the human habenula, the medial and lateral habenula,

which have distinct neuroanatomical and FC with other brain regions
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(11). Future studies using higher resolution functional MRI may
be beneficial in exploring the subnuclei habenular functional alteration
in CID. Fourth, patients with CID were not tested with
polysomnography, and subtypes of chronic insomnia, such as difficulty
falling and maintaining sleep, early morning awakening, and
non-restorative sleep were not grouped. Therefore, whether there are
differences in brain function changes among different subtypes of
chronic insomnia requires further research.

5. Conclusion

Our study provides evidence of a dysfunctional habenular
network in patients with CID. In addition, altered FC between the
habenula and caudate nucleus may be associated with the HAS in the
CID group. Our findings can be used as reference in understanding
the neuropathological mechanisms underlying the hyperarousal
model in chronic insomnia.
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