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Background: Insomnia is a common disorder that affects a vast number of patients; the hyperarousal theory of insomnia postulates that
patients with insomnia are physiologically activated not only at nighttime but also during the daytime. We aimed to investigate the differ-
ences in the resting-state functional connectivity (RSFC) of the thalamus with cortical areas between patients with insomnia disorder and
healthy controls. Methods: All participants completed clinical questionnaires and underwent portable polysomnography and resting-state
fMRI. Results: Patients in the insomnia group (n = 50) showed increased RSFC between the thalamus and right medial superior frontal
area, bilateral middle temporal areas, left rectus and right parahippocampal areas compared with controls (n = 42) after controlling for
age, sex and education level. Among the pairs that showed increased connectivity, several functional connections were negatively cor-
related with sleep efficiency, measured by polysomnography. Limitations: We used a small sample size. Conclusion: We consider
these results on increased thalamocortical hyperactivity in brain areas related to sensory functions as providing evidence for the hyper-

arousal theory of insomnia.

Introduction

Insomnia is one of the most prevalent and functionally im-
pairing sleep disorders. Approximately one-third of adults
experience insomnia symptoms on a weekly basis'? and
10%-20% of the population suffer from chronic insomnia.’ In-
somnia is related to impairment of quality of life and func-
tional impairment, as well as mental and physical diseases.?
Hyperarousal has long been considered an important mech-
anism underlying the deprivation of nighttime sleep quality
in patients with insomnia. Patients with insomnia show in-
creased nocturnal physiologic activation, such as increased
heart rate and basal skin resistance, compared with healthy
controls.’ Patients with sleep-onset insomnia exhibit in-
creased electromyography discharges of the frontalis and
mentalis, and increased f frequencies in their electroencepha-
logram before sleep onset.® Although patients with insomnia
often report daytime fatigue, they find it difficult to nap dur-
ing the daytime, in addition to not being able to sleep during
the nighttime.” Patients also exhibit daytime hyperarousal
symptoms, including alertness, emotional arousal and physi-
ologic activation.®? Previous studies on molecular imaging

with positron emission tomography showed evidence of hy-
perarousal in patients with insomnia during the daytime."
To investigate the neurobiological mechanism of this hyper-
arousal theory of insomnia, several resting-state functional MRI
(rs-fMRI) studies have been conducted.""* A 2013 study based
on the hyperarousal theory that included 58 healthy controls of
both sexes reported subjective difficulty in falling asleep to be
associated with greater resting-state functional connectivity
(RSFC) between primary sensory and supplementary motor re-
gions.”? A 2014 study involving 15 healthy controls and 15 pri-
mary patients with insomnia reported that the RSFC between
the bilateral superior parietal lobe and the right ventral anterior
cingulate cortex, left ventral posterior cingulate cortex, right
splenium of the corpus callosum, right inferior frontal gyrus and
right insular lobe was stronger in the primary insomnia group
than in the control group." Another 2014 study involving 17 fe-
male patients with insomnia and 17 female healthy controls re-
ported that the patients with insomnia had greater involvement
of the anterior insula with the salience networks than the control
group did."* However, a 2018 quantitative coordinate-based
meta-analysis that included 19 structural and functional neuro-
imaging studies for patients with insomnia disorder failed to
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identify consistent patterns of abnormal brain alterations in
insomnia disorder."

The thalamus is a brain area composed of grey matter that
projects to the cerebral cortex in all directions and functions as
an integrative hub for the exchange of information.' It has sev-
eral functions, such as relaying sensory and motor signals to the
cerebral cortex, and regulating sleep, alertness and conscious-
ness.’® The thalamus plays a critical role in various aspects of
sleep physiology,"” such as the generation of sleep spindles’®
and the propagation of K-complexes.!” The transition from
wakefulness to sleep is modulated by thalamocortical functional
connectivity,” and a decrease in sleep-related compared with
wakefulness thalamocortical functional connectivity with exten-
sive cortical regions has been reported.?** However, a 2016
study reported that an increase in thalamocortical functional
connectivity with sensorimotor cortices occurred during the ad-
vancement of sleep, from wakefulness to stage 2 sleep, which
was attributed to the effects of K-complexes and sleep spin-
dles.” Although previous studies have been conducted on func-
tional connectivity between the thalamus and other cortical ar-
eas during the sleep initiation period,® there are a limited
number of studies that have compared the RSFC between the
thalamus and other brain areas of patients with insomnia and
healthy controls during the daytime. Furthermore, we are un-
aware of any investigations of the correlations between func-
tional connectivity measures of brain areas that show substan-
tial differences in RSFC and objective polysomnographic sleep
measurements.

We hypothesized that RSFC between the thalamus and sev-
eral cortical areas will increase during the daytime in the insom-
nia group, representing hyperarousal of brain areas associated
with sleep physiology in patients with insomnia. Furthermore,
we hypothesized that significant negative correlations would
exist between RSFC of these brain areas and sleep efficiency in
the insomnia group, which would indicate that the hyper-
arousal state of brain areas associated with sleep physiology
negatively affect sleep quality in patients with insomnia. Our
aims were to compare the differences in RSFC between the thal-
amus and cortical areas of patients with insomnia and healthy
controls, and to investigate the correlation between RSFC and
sleep efficiency measured by polysomnography (PSG) in the
insomnia group.

Methods
Participants and clinical assessment

All participants were recruited from the Sleep Medicine Center
of the Psychiatric Department at the Gil Medical Center,
Gachon University College of Medicine, Incheon, Republic
of Korea. Our inclusion criteria for patients with insomnia
disorder were as follows: age 18-70 years and right-handed,
met the diagnostic criteria of insomnia disorder found in the
Diagnostic and Statistical Manual of Mental Disorders, fifth edi-
tion (DSM-5),% duration of insomnia at least 3 times a week
for 6 months or longer, a score of 8 or more on the Korean
version of the Pittsburgh Sleep Quality Index (PSQI) at
screening,” no use of any psychiatric medications including

hypnotics in the previous 14 days and no cognitive behav-
ioural therapy for insomnia in the previous 14 days. Our inclu-
sion criteria for good sleepers were as follows: age 18-70 years
and right-handed, no symptoms or history of sleep disorders
including insomnia, a PSQI score of 4 or less at screening and
no history of use of sleep or psychiatric medications.

Our common exclusion criteria for both groups were as
follows: current diagnosis of moderate-to-severe sleep disor-
ders such as sleep apnea, restless legs syndrome, circadian
rhythm sleep disorders, parasomnia and narcolepsy other
than insomnia disorder determined by history and screening
scales; shift worker or traveller having frequent jet lag; high
risk of sleep apnea according to the Korean Berlin Sleep
Questionnaire;* obesity with a body mass index over 30; evi-
dence in PSG of a sleep disorder other than insomnia; current
or a history of other comorbid psychiatric disorders (except
insomnia disorder) including major depressive disorders; bi-
polar disorders; psychotic disorders; alcohol, caffeine or sub-
stance use disorders; personality disorders; major neurocog-
nitive disorders or intellectual disability based on a clinical
interview; presence or a history of substantial medical or
neurologic diseases, such as epilepsy, cerebrovascular dis-
ease or Parkinson disease; contraindications for 3T MRI, such
as metal in the body or claustrophobia; pregnancy or lacta-
tion; and abnormal finding on structural brain MRI.

All participants were screened through phone interviews,
and after the initial screening, board-certified psychiatrists with
a specialty in sleep medicine evaluated the eligibility of each
participant via a face-to-face interview to assess whether the
participant met the diagnostic criteria for insomnia disorder,
administer a semistructured interview for psychiatric and sleep
disorders, and compile the medical history of each participant.
We obtained written informed consent from all participants be-
fore inclusion in the study, and the Institutional Review Board
of Gil Medical Center approved all study protocols.

All participants were instructed to complete a question-
naire on their demographic characteristics, sleep status,
and consumption of caffeine, alcohol, and nicotine. The
participants also completed the Korean version of the
PSQI* and the Berlin Questionnaire?* during screening.
They also completed the Korean versions of the PSQI and
Insomnia Severity Index (ISI)* on the day of MRI scanning.

Polysomnography to exclude sleep disorders other than
insomnia

To exclude participants with occult sleep disorders other
than insomnia, an overnight PSG was performed using the
Embletta MPR sleep system (Natus). The participants were in-
structed to go to sleep at the same time as usual on PSG days.
Sleep scoring was visually performed by an experienced sleep
technician and a sleep specialist medical doctor (5.G.K.) ac-
cording to the American Academy of Sleep Medicine scoring
manual (version 2.4.),% with RemLogic 3.4.4 (Embla Systems)
as the scoring platform. We excluded participants with an
apnea-hypopnea index (AHI) of 15 or more, 15 or more peri-
odic limb movements during sleep, or evidence of rapid eye
movement sleep behaviour disorder in the PSG.
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Functional MRI acquisition

Functional MRI was conducted between 9:30 am and
1:00 pm, at least 2 hours after waking and before lunch, and
within 2 weeks after the PSG. We used a 3T whole-body
scanner (TrioTim Syngo; Siemens) for functional image ac-
quisition with an interleaved T,*-weighted EPI gradient echo
sequence (repetition time [TR] 2500 ms, echo time [TE] 25 ms,
flip angle 90°, slice thickness 3.5 mm, in-plane resolution
3.5 mm x 3.5 mm and matrix size 64 x 64) with a 12-channel
birdcage head coil. A total of 240 functional volumes were ac-
quired for each participant. After rs-fMRI acquisition, an ana-
tomic image was acquired using a high, T,-weighted, 3D gra-
dient echo pulse sequence with magnetization prepared
rapid gradient echo (TR 1900 ms, TE 3.3 ms, inversion time
[TT] 900 ms, flip angle 9°, slice thickness 1.0 mm, in-plane res-
olution 0.5 mm x 0.5 mm, field of view 250 mm and matrix
size 416 x 512).7

Image processing and analysis of fMRI data

We used SPM12 (Wellcome Trust Centre for Neuroimaging,
London, UK) to reprocess the rs-fMRI data. First, the slice
timing difference was corrected and the centre of the image
was relocated near the anterior commissure. Then, rs-fMRI
and T,-weighted images were imported to the CONN FC
toolbox v19c (http://www.nitrc.org/projects/conn) for
further preprocessing. To correct for the between-scan
rigid body motion, we realigned the functional images to
the first image in the time series. The anatomic image was
co-registered based on the mean functional image, and all
functional images were spatially normalized to the Montreal
Neurological Institute space using a transformation matrix
derived from the T;-weighted anatomic image segmentation.
The functional images were then resliced to 2 mm x 2 mm x
2 mm and spatially smoothed using a Gaussian kernel with
8 mm full-width at half maximum. We also modelled 6 mo-
tion parameters obtained from the realignment as nuisance
covariates. We performed seed-to-voxel analysis in the right
and left thalamic regions as seed regions. The right and left
thalamic regions were predefined using the Harvard-Oxford
atlas (FMRIB Software Library, Oxford, UK).

Statistical analysis

Clinical data

SPSS Statistics for Windows (version 25.0, IBM Corp.) was
used to analyze the clinical data. We used y? or Fisher exact
tests (for categorical variables) and independent t tests to com-
pare demographic and clinical characteristics between groups.
We set statistical significance as a p value of less than 0.05.

Correlational analyses

We conducted group-level analysis between the insomnia
and control groups using a general linear model with age,
sex and education level as covariates. We set the statistical
thresholds to a voxel-wise uncorrected p value of less than
0.001 and a cluster-wise FDR corrected p value of 0.05.

To explore the associations between sleep efficiency meas-
ured by PSG and functional connectivity, we extracted the z-
scores of the connectivity of cortical regions to the seed from
all the clusters showing statistical significance in the seed-to-
voxel analysis. To calculate the partial correlation while con-
trolling for the effect of nuisance covariates (age, sex and edu-
cation level), we performed least-squares regression twice:
between clinical data and nuisance covariates, and between
mean Fisher z-scores and nuisance covariates. In each regres-
sion analysis, we estimated the residuals of clinical data and
of mean Fisher z-scores. Partial correlation coefficients were
calculated between the residual of sleep efficiency and the
residual of mean Fisher z-scores of the connected cortical
regions. Partial correlation analysis was performed only in the
insomnia group to exclude group effects.

Results
Demographic and clinical characteristics of participants

We recruited a total of 192 participants (101 patients with in-
somnia and 91 controls) who passed the initial telephone
screening for the study. We excluded 68 patients with insom-
nia and 61 controls based on the following criteria: not ap-
propriate for the study based on the screening scale (patients
with insomnia n = 36, controls n = 30), deemed ineligible
after face-to-face interview (patients with insomnia n = 8,
controls n = 5), metal in the body (patients with insomnia n =
7, controls n = 8), abnormal polysomnography findings (pa-
tients with insomnia n = 3, controls n = 4), withdrew in-
formed consent or did not attend the clinic on the scanning
day (patients with insomnia #n = 12, controls n = 12) or had a
newly found structural brain abnormality after MRI (patients
with insomnia n = 2, controls n = 2). After applying the
above exclusion criteria, 50 patients with insomnia and
42 healthy controls completed the full research protocol.

The demographic and clinical characteristics of the partici-
pants are presented in Table 1. The age and education level
were significantly higher in the insomnia group than in the
control group (p < 0.05). There were no significant differences
between the 2 groups in terms of sex distribution. The aver-
age duration of illness in the insomnia-disorder group was
6.9 years. On the day of the MRI scan, the average ISI and
PSQI scores differed significantly between the insomnia and
control groups. The total sleep time, sleep efficiency and
wake-after-sleep onset as measured by PSG were also signifi-
cantly different between the 2 groups.

Comparison of thalamocortical resting-state functional
connectivity between the insomnia and control groups

Compared with the control group, the insomnia group
showed increased RSFC in the right superior medial frontal
area, left middle temporal pole, right parahippocampal gy-
rus, right middle temporal area and left rectus with the right
thalamus (Figure 1 and Table 2). The insomnia group also
showed increased RSFC in the left superior parietal area, bi-
lateral middle temporal poles and left rectus with the left
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Table 1: Demographic and clinical characteristics of the participants

Insomnia Healthy
disorder control

Characteristic n =50 n=42 Statistics

Age, yr 43.3+13.9 36.2+11.2 t=271,
p =0.008

Sex, female 33 (66.0) 26 (61.9) x2=0.17,

p=0.7

Duration of insomnia 6.9+738 —

disorder, yr

Duration of education, yr 13.6+3.8 15.4+2.0 t=-2.88,
p =0.005

PsQl*

Total score 129+ 3.6 2413 t=19.25,
p < 0.001

TST, min 281.8+89.0 4455+53.8 t=-10.86,
p < 0.001

SE, % 64.9 +20.0 96.2+4.2 t=-10.79,
p < 0.001

ISI score* 18.5+4.8 1.3+17 t=23.73,
p < 0.001

Polysomnographic data

TST, min 346.9+73.3 394.3+65.4 t=-3.24,
p =0.002

SE, % 77.7+12.3 911741 t=-6.51,
p < 0.001

WASO, min 73.2+56.8 31.9+29.2 t=4.48,
p < 0.001

AHI, no./h 34+34 3.0+44 t=0.54,

p=0.6

AHI = apnea-hypopnea index; ISI = Insomnia Severity Index; PSQI = Pittsburgh Sleep
Quality Index; SE = sleep efficiency; SOL = sleep onset latency; TST = total sleep
time; WASO = wake-after-sleep onset.

Values are reported as mean + standard deviation or n (%).

*These scales were completed on the date of the brain MRI scanning.

thalamus compared with the control group (Figure 1 and
Table 2). There was no cortical area showing significantly de-
creased RSFC in the insomnia group compared with the con-
trol group. Mean values and standard errors of Fisher z-
scores for RSFC in the connected cortical regions with the
thalamus are shown in Figure 2 and Appendix 1, Table S1,
available at jpn.ca.

Correlation between resting-state functional connectivity
and sleep efficiency measured by polysomnography in the
insommnia group

Mean Fisher z-scores were extracted from all 9 regions of in-
terest (ROIs; 5 ROIs in relation to the right thalamus and
4 ROIs in relation to the left thalamus) that showed signifi-
cantly increased RSFC in the insomnia group compared with
the healthy control group. We conducted partial correlation
analysis in the insomnia group between sleep efficiency
measured by PSG and Fisher z-scores of the RSFC from the
9 ROIs after controlling for age, sex and education level. We
found 5 areas showing significant correlations (p < 0.05). For
the right thalamus, these areas were the right superior medial
frontal area, left middle temporal pole and right parahippo-
campal gyrus (Table 3). For the left thalamus, these areas
were the bilateral middle temporal poles (Table 3).

Discussion

We found higher levels of RSFC of the thalamus with several
cortical areas during the daytime in the insomnia group com-
pared with the control group, and significant correlations be-
tween RSFC and sleep efficiency measured by PSG in the
insomnia group. Compared with the control group, the in-
somnia group showed increased RSFC of the right thalamus
with the right medial superior frontal area, bilateral middle
temporal area, left rectus and right parahippocampal area,
and increased RSFC of the left thalamus with the left superior
parietal area, bilateral middle temporal poles and left rectus.
Some of the areas that showed significantly increased RSFC
with the thalamus in our study, including the middle tem-
poral, superior parietal and medial superior frontal areas, are
regions associated with sensory-related activity.?* In pa-
tients with insomnia, the connectivity between the thalamus
and such areas may be increased, which may lead to hyper-
sensitivity to external stimulation and, in turn, lead to a state
of hyperarousal. The parahippocampal area is associated with
memory encoding and retrieval® and emotional processing.*
The gyrus rectus, or straight gyrus, is located at the most
medial margin of the inferior surface of the frontal lobe and
has been identified as a critical region involved with mood
processing.®3% A 2002 study that involved 15 patients with
depression and 20 controls reported significantly smaller gy-
rus rectus cortical volumes compared with controls.3* A 2004
study that involved 24 older adults with major depression
and 19 group-matched controls reported bilateral volume re-
ductions in grey matter in the gyrus rectus of these patients.®®
Emotion dysregulation is a common feature in patients with
insomnia.* Previous studies have reported increased connec-
tivity of frontal and limbic areas with other brain regions in
patients with dysfunctional emotional processing.**! Our
findings of increased RSFC between the thalamus and para-
hippocampal area and left rectus may represent emotional
dysregulation in insomnia patients, which may lead to a state
of hyperarousal that contributes to insomnia symptoms.* A
study that involved 13 patients with insomnia and 18 healthy
controls reported that RSFC between the thalamus and the
prefrontal cortex was increased in the insomnia group com-
pared with the healthy control group, and RSFC between the
thalamus and the parietal cortex in the insomnia group de-
creased after cognitive behavioural therapy for insomnia
(CBT-I).® The authors of the study considered their results as
providing a neural basis for sensory-related hyperarousal in
insomnia, based on the observed hyperactivity of the thala-
mus in relation to cortical excitability. The authors also sug-
gested that the basis for the treatment effects of CBT-I on hy-
perarousal symptoms was the decrease in thalamus activity in
relation to the parietal cortex, which coincides with our find-
ings. However, a study that involved 27 patients with insom-
nia and 39 healthy controls, which had investigated RSFC be-
tween the thalamus and other brain areas during waking
periods, reported decreased RSFC of the thalamus with the
orbitofrontal cortex, anterior cingulate cortex, hippocampus,
putamen and caudate in the patients with insomnia compared
with the controls.* The authors associated the decrease in
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Figure 1: Cortical areas of increased thalamocortical functional connectivity in participants with insomnia compared with healthy controls. (A
and B) The seed is the right thalamus. The insomnia group showed increased functional connectivity in the right superior medial frontal area,
bilateral middle temporal areas, right parahippocampal gyrus and left rectus (areas in red) with the right thalamus compared with the healthy
control group. (C and D) The seed is the left thalamus. The insomnia group showed increased functional connectivity in the left superior pari-
etal area, both mid-temporal poles and left rectus (areas in red) with the left thalamus compared with the healthy control group. The green and
red contours represent the left and right seeds of the thalamus, respectively. The statistical threshold was a voxel-wise uncorrected p < 0.001,
with a cluster-wise false discovery rate corrected p < 0.05.

Table 2: Coordinates of increased thalamocortical functional connectivity in participants with
insomnia compared with healthy controls

MNI coordinates Cluster
Seed Connected cortical region x, ¥, 2) size z-score
Right thalamus Frontal_Sup_Medial_R 8 58 12 155 3.98
Temporal_Pole_Mid_L -54 12 -34 145 3.91
ParaHippocampal_R 30 -32 -16 156 3.91
Temporal_Mid_R 66 —4 -20 287 3.83
Rectus_L -2 48 -16 154 3.77
Left thalamus Parietal_Sup_L -18 —60 52 344 4.38
Temporal_Pole_Mid_R 48 16 -32 337 4.27
Rectus_L —4 48 -16 159 3.97
Temporal_Pole_Mid_L —44 12 -34 189 3.93

Frontal_Sup_Medial_R = right medial superior frontal area; MNI = Montreal Neurological Institute;

ParaHippocampal_R = right parahippocampal area; Parietal_Sup_L = left superior parietal area; Rectus_L = left rectus;
Temporal_Mid_R = right middle temporal area; Temporal_Pole_Mid_L = left middle temporal pole; Temporal_Pole_
Mid_R = right middle temporal pole.

We performed this analysis after controlling for age, sex and education level.
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RSFC between the thalamus and orbitofrontal cortex with a emotional processing in these patients. Although the gyrus
decrease in decision-making and goal-directed behaviour in rectus is in anatomic proximity to the orbitofrontal cortex and
the patients with insomnia, and a reduction in RSFC between anterior cingulate cortex, previous studies have distinguished
the thalamus and anterior cingulate cortex with dysfunctional the individual functions of these regions.*** Therefore, we
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Figure 2: Mean and standard errors for Fisher z-scores of resting-state functional connectivity between the thalamus and cortical regions.
Resting-state functional connectivity was defined as Fisher z-scores in the INS and CON groups. (A) Correlations between the right thalamus
and cortical regions and (B) between the left thalamus and cortical regions. Bars and whiskers represent means and standard errors. CON =
healthy control; Frontal_Sup_Medial_R = right medial superior frontal area; INS = insomnia; ParaHippocampal_R = right parahippocampal
area; Parietal_Sup_L = left superior parietal area; Rectus_L = left rectus; Temporal_Mid_R = right middle temporal area; Temporal_Pole_
Mid_L = left middle temporal pole; Temporal_Pole_Mid_R = right middle temporal pole.

Table 3: Partial correlation coefficients between sleep efficiency and functional connectivity in the
insomnia group

Clinical index Seed Connected cortical region Pearson coefficient p value

Sleep efficiency from Right thalamus Frontal_Sup_Medial_R -0.28 0.049
PSG Temporal_Pole_Mid_L -0.284 0.045
ParaHippocampal_R -0.295 0.04

Temporal_Mid_R -0.219 0.1

Rectus_L —-0.181 0.2

Left thalamus Parietal_Sup_L 0.036 0.8
Temporal_Pole_Mid_R -0.364 0.009

Rectus_L -0.113 0.4
Temporal_Pole_Mid_L -0.229 0.035

Frontal_Sup_Medial_R = right medial superior frontal area; ParaHippocampal_R = right parahippocampal area; Parietal _
Sup_L = left superior parietal area; PSG = polysomnography; Rectus_L = left rectus; Temporal_Mid_R = right middle temporal
area; Temporal_Pole_Mid_L = left middle temporal pole; Temporal_Pole_Mid_R = right middle temporal pole.

We performed the partial correlation analysis between sleep efficiency from PSG and thalamocortical connectivity after
controlling for age, sex and educational level.
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considered the differences between our findings and those of
previous studies to represent functional differences of specific
brain areas related to sleep physiology.

Other studies have investigated RSFC of the whole brain
or used brain regions other than the thalamus as a seed, such
as the amygdala or insula, and have reported significant dif-
ferences in RSFC between such seed regions and various
brain areas, including the thalamus. A 2017 study that in-
volved 57 patients and 46 healthy controls reported that pa-
tients with insomnia were found to have enhanced RSFC be-
tween the left insula and bilateral thalamus, right ACC and
left precuneus.* A 2017 randomized controlled consort trial
that involved 27 healthy participants with insomnia symp-
toms and 27 healthy participants without insomnia symp-
toms compared the voxel-mirrored homotopic connectivity
(VMHC) of the 2 groups, which represents interhemispheric
coordination, and reported that the participants with insom-
nia symptoms displayed increased VMHC in the bilateral
thalamus/posterior insula, inferior parietal lobe, fusiform,
middle cingulate gyrus and postcentral gyrus.*” Increased
RSFC between the amygdala and the premotor and senso-
rimotor cortex, and decreased RSFC between the amygdala
and the thalamus, insula and striatum in patients with in-
somnia were reported in a 2012 study that involved 10 pa-
tients with insomnia and 10 healthy controls; the authors
compared RSFC between the amygdala and other whole-
brain regions.” In a 2016 study that used rs-fMRI to evaluate
the difference in alterations of spontaneous brain activity be-
tween healthy participants with and without insomnia symp-
toms,* participants with insomnia symptoms showed de-
creased fractional amplitude of low-frequency fluctuation
(fALFF) in the left thalamus, left ventral anterior insula, bilat-
eral posterior insula and pons. The authors stated that their
finding of altered fALFF in the left thalamus supported the
hyperarousal theory of insomnia symptoms.

Although we could not separately investigate RSFC of the
thalamic reticular nucleus with the thalamus because of the
characteristics of its anatomic structure, we consider the tha-
lamic reticular nucleus is important with respect to thalamic
function and sleep physiology. The thalamic reticular nucleus
is considered to be an important area in generating sleep pat-
terns, along with the thalamus.* It has been suggested that
the reticular nucleus regulates the flow of information from
the thalamic nuclei to the cortex.>® GABAergic neurons of the
thalamic reticular nucleus are inhibitory to the thalamic nu-
clei and thalamocortical neurons.” When the regulating ac-
tivity of the thalamic reticular nucleus over the thalamus is
altered, the connectivity of the thalamus to other cortical re-
gions may in turn be affected.

In our partial correlation analysis, as sleep efficiency
measured by PSG decreased, RSFC between the right thala-
mus and right medial superior frontal area, left middle tem-
poral pole and right parahippocampal gyrus, and RSFC be-
tween the left thalamus and both middle temporal poles
increased in the insomnia group. The RSFC of brain areas
that showed significant differences between groups also
showed significant negative correlations with sleep efficiency
measured by PSG, which suggests an association between

objective insomnia symptoms and increases in RSFC. A pre-
vious study reported correlations between subjective rating
scales such as the PSQI and ISI, and sleep efficiency from
sleep diaries, with RSFC of specific brain areas.** Our find-
ings suggest significant correlations between objective sleep
measurements and RSFC.

Limitations

We relied on a small sample size. Although our sample size
was similar to those of recent rs-fMRI studies, future studies
with a larger sample size may provide more confident re-
sults. Our findings showed that age and education level were
significantly higher in the insomnia group than in the control
group. Therefore, we conducted a group-level analysis be-
tween the insomnia and control groups using a general linear
model with age, sex and education level as covariates. In ad-
dition, we conducted a correlation analysis between sleep
efficiency and functional connectivity while controlling for
the effect of nuisance covariates, including age, sex and edu-
cation level. However, adding these variables as nuisance
variables may not fully correct for the mismatch in age and
education between the 2 groups, and this may have con-
founded our results.

Conclusion

Our fMRI findings suggest increased connectivity of the thal-
amus with several other brain regions in patients with insom-
nia relative to controls during the resting state of the waking
period. We consider our results as neurobiological evidence
supporting the hyperarousal theory of insomnia.
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