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Abstract
Sleep spindles have been implicated in sleep protection, depression and anxiety. However, spindle-related
brain imaging mechanism underpinning the de�cient sleep protection and emotional regulation in
insomnia disorder (ID) remains elusive. The aim of the current study is to investigate the relationship
between spindle-related brain activations and sleep quality, symptoms of depression and anxiety in
patients with ID. Participants (n = 46, 29 females, 18–60 years) were recruited through advertisements
including 16 with ID, according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition, and 30 matched controls. Group differences in spindle-related brain activations were analyzed
using multimodality data acquired with simultaneous electroencephalography and functional magnetic
resonance imaging during sleep. Compared with controls, patients with ID showed signi�cantly
decreased bilateral spindle-related brain activations in the cingulate gyrus (familywise error corrected p 
0.05, cluster size 3834 mm3). Activations in the cingulate gyrus were negatively correlated with Self-
Rating Depression Scale scores (r = -0.454, p = 0.002), Self-Rating Anxiety Scale scores (r = -0.362, p = 
0.014) and subjective sleep onset latency (r = -0.374, p = 0.010), while positively correlated with subjective
total sleep time (r = 0.343, p = 0.020), in the pooled sample. Besides, activations in the cingulate gyrus
were negatively correlated with scores on the Self-Rating Depression Scale (r = -0.650, p = 0.006), in the ID
group. These �ndings underscore the key role of spindle-related brain activations in the cingulate gyrus in
subjective sleep quality and emotional regulation in ID.

Introduction
Insomnia disorder (ID) refers to subjectively reported unsatisfactory sleep quantity or quality, leading to
the development of depression and anxiety (American‐Psychiatric‐Association, 2013; Hertenstein et al.,
2019). Approximately 8-20% of adults suffer from ID (Adams et al., 2017; Kerkhof, 2017). There are no
objective measures to identify and diagnose ID. Although polysomnography (PSG) has been regarded as
“gold standard” for screening sleep disorders, it is not considered necessary for a clinical diagnosis of ID.
Sleep macro-architecture derived from PSG exhibited lower night-to-night reliability and temporal
resolution than quantitative electroencephalogram (EEG) (Israel et al., 2012).

Sleep spindles are distinctive EEG features for sleep analysis (Figure S1). They are bursts of 11-16 Hz
oscillations that last for at least 0.5 sec with a waxing-and-waning shape; spindles constitute one of the
hallmarks of stage 2 nonrapid eye movement (NREM) sleep (N2) (Berry et al., 2016). Spindles have been
shown to play an important role in the preservation of sleep continuity. In a study by Dang-Vu and
colleagues, healthy individuals with greater spindle rates were more resistant to external noise during
sleep (Dang-Vu, McKinney, Buxton, Solet, & Ellenbogen, 2010). Besset et al. provided additional support
for the sleep continuity hypothesis by demonstrating that comparing with good sleeper controls, sleep
maintenance insomniacs display signi�cantly lower spindle activity, as well as a diminished inverse
relationship between slow wave activity and spindles across sleep time (Besset, Villemin, Tafti, & Billiard,
1998). In the meanwhile, lower spindle activity, especially at the beginning of the night, prospectively
predicted larger increases in stress-related insomnia symptoms (Dang-Vu et al., 2015). A functional
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magnetic resonance imaging (fMRI) study did not �nd signi�cant response to noise in the primary
auditory cortex during spindle events (Dang-Vu et al., 2011). Manipulations to enhance spindles in
rodents directly indicated the role of spindles in gating sensory transmission (Wimmer et al., 2012).

Differences regarding spindle characteristics between patients with ID and good sleepers were noted,
albeit inconsistently. Recently published meta-analysis indicated that patients with ID exhibit signi�cant
increases in relative sigma power (a proxy for spindles) during NREM sleep and absolute sigma power
during rapid eye movement (REM) sleep (Zhao et al., 2021). Bastien and colleagues visually examined
the total spindle number and density during N2 sleep in patients with ID (Bastien et al., 2009). In this
study, insomnia patients showed trends of higher spindle number and density. Two recent studies
adopted the automatic event-detection method to investigate spindle characteristics in insomnia patients,
yielding con�icting conclusions (Andrillon et al., 2020; Normand, St-Hilaire, & Bastien, 2016). Overall, the
existing studies about between-group differences must be interpreted with caution due to small sample
sizes, methodological factors regarding spindle measurement, and variability in insomnia subtypes.

Simultaneous EEG and fMRI (EEG-fMRI) studies have consistently revealed brain regions time-locked to
spindles in normal volunteers (Andrade et al., 2011; Bergmann, Molle, Diedrichs, Born, & Siebner, 2012;
Caporro et al., 2012; Fogel et al., 2017; Schabus et al., 2007) and in patients with epilepsy (Caporro et al.,
2012; Tyvaert, Levan, Grova, Dubeau, & Gotman, 2008); these regions include the thalamus, striatum,
frontal, central, temporal, occipital, hippocampus, and cerebellum. However, brain activations coinciding
with spontaneous spindles in ID and their potential role in sleep protection have seldom been addressed.

Therefore, in the present study, we sought to identify brain areas associated with spindles in ID patients
and healthy controls (HCs) employing EEG-fMRI recordings. An event-related analytic approach was used
to evaluate brain activations based on the blood oxygenation level-dependent (BOLD) signals in both
groups. We hypothesized that ID patients would show signi�cantly decreased spindle-related brain
activations compared with HCs. We also evaluated whether clinical characteristics were correlated with
decreased BOLD signals in the whole sample and in the ID group, respectively.

Materials And Methods
Participants

Subjects were recruited through advertisements at Peking University Sixth Hospital from July 2017 to
September 2019. All participants signed informed consent before participation. The research protocol
was approved by the Ethical Committee of Peking University Sixth Hospital.

Inclusion criteria were as follows: (1) right-handed Han Chinese, (2) 18-60 years old. ID patients should
meet the diagnostic criteria for ID by the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5) (American‐Psychiatric‐Association, 2013), and the Insomnia Severity Index (ISI) score ≥
15 (Morin, Belleville, Bélanger, & Ivers, 2011). HCs should meet the criteria for normal sleep (Beattie, Espie,
Kyle, & Biello, 2015).
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Exclusion criteria were as follows: (1) history of psychiatric (Lecrubier et al., 1997) or neurological illness,
(2) psychoactive substances abuse, (3) presence of serious heart problems, liver disease, kidney disease,
infectious disease, endocrine problems or cancer, (4) apnea-hypopnea index  5/hr, (5) periodic limb
movements during sleep ≥ 20/hr, (6) employment as a shift worker or had experienced a trans-meridian
trip in the last 3 months, (7) women who were pregnant or in a breast feeding period, (8)
contraindications to magnetic resonance imaging (MRI), (9) body mass index (BMI) ≥ 35 kg/m2, and (10)
using drugs that affect sleep nearly two weeks prior to the study.

Participants were asked to complete the ISI (Yu, 2010), Pittsburgh Sleep Quality Index (PSQI) (Tsai et al.,
2005), Self‐Rating Depression Scale (SDS) (Huang et al., 2020) and Self‐Rating Anxiety Scale (SAS) (Liu
et al., 2013), during the recruitment process. Finally, 16 patients with ID and 30 controls were included in
the �nal analyses (Figure 1).

Experimental procedure

Before the experiment, participants were asked to follow a two-week regular sleep-wake schedule, which
was assessed through actigraphy and sleep diaries. Eligible participants then underwent two consecutive
nights of PSG (Grael, Compumedics, Australia) monitoring at the sleep center, the PSG-derived sleep
parameters of the �rst night were used to exclude sleep disorders other than ID. Within a week after the
completion of the second night PSG, an adaptation of an MRI scanning session (3.0T Prisma Scanner,
Siemens Healthineers, Erlangen, Germany) was conducted to promote sleep and to reduce the �rst-night
effect at the Center for MRI Research, Peking University. Participants were informed about the
requirements and procedures while lying in the scanner with a 64-channel MRI-compatible EEG cap (Brain
Products, Munich, Germany) and underwent 6 min of T1-weighted scanning and 30 min of BOLD fMRI
scanning. Approximately one week later, the experimental sleep EEG-fMRI recordings were conducted at
the participants’ usual bedtime, at which time the patients had not experienced sleep deprivation. EEG-
fMRI data obtained here were included in the �nal analysis.

EEG-fMRI data acquisition

EEG-fMRI data during the night were acquired using a 3.0T Prisma Scanner and the 64-channel MR-
compatible EEG system. The subjects were asked to lie on their backs during the entire scan. Earplugs
and foam cushions were provided to offer noise protection and to reduce movement-related EEG
artifacts. The resistance of the reference and ground channels was kept below 10 kΩ, whereas the
resistance of the other channels was kept below 20 kΩ. EEG data were digitized at a 5,000 Hz sampling
rate, and data were �ltered with a low cutoff of 10 sec and a high cutoff of 250 Hz. The resistance of all
the channels was veri�ed again before MR scanning was initiated. Wires connecting the cap and the
ampli�ers were �xed to avoid any potential vibration during MR scanning.

For registration purposes, high-resolution T1-weighted structural images were acquired by using a three-
dimensional magnetization-prepared rapid acquisition gradient-echo sequence (repetition time (TR) =
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2530 ms, echo time (TE) = 2.98 ms, inversion time = 1100 ms, �ip angle (FA) = 7°, number of slices = 192,
and voxel size = 0.5 × 0.5 × 1 mm3).

Subjects were scanned during the �rst half of the night, starting at their habitual bedtime. The sleep
BOLD fMRI images were obtained with a gradient echo-planar sequence (TR = 2000 ms, TE = 30 ms, FA =
90°, number of slices = 33, slice thickness = 3.5 mm, gap = 0.7 mm, matrix = 64 × 64, and in-plane
resolution = 3.5 × 3.5 mm2). The “sleep” session was terminated when the participants wanted to get out,
or a maximum of 4096 volumes was reached.

EEG data preprocessing and sleep stage scoring

EEG data were preprocessed using Brain Vision Analyzer 2.1 (Brain Products). MR gradient and
ballistocardiograph artifacts were removed by the average artifact subtraction method (Allen, Josephs, &
Turner, 2000). The lowest residual gradient artifacts (16.5 Hz) did not compromise spindle frequency (11-
16 Hz). Data were downsampled to 500 Hz while MR gradient removal was performed. Then, data were
rereferenced to averaged mastoids and temporally �ltered (10-100 Hz for electromyogram channels and
0.3-35 Hz for the other channels). Sleep stages were visually scored in accordance with the guidelines of
the American Academy of Sleep Medicine (AASM) (Berry et al., 2016) by a registered polysomnographic
technologist.

Spindle detection

We detected spindles using o�ine algorithms adopted from references (http://�eldtrip.fcdonders.nl/)
(Mölle, Marshall, Gais, & Born, 2002). For each subject, individual peak frequencies were identi�ed in the
NREM sleep power spectra for fast and slow spindles. The root mean square (RMS) of the �ltered signal
in a speci�c time window (0.2 sec) was determined for each sample, resulting in a moving RMS signal.
The moving RMS signal was further smoothed by a moving average of another window length (again 0.2
sec). After smoothing, algorithms started to detect spindles by setting a speci�c time frame threshold in
the moving RMS (0.5-3 sec). The spindles were identi�ed during all NREM epochs at Cz, and the
analytical amplitude was extracted after applying a Hilbert transform. The highest 25% of RMS
amplitudes of the �ltered EEG signal segments were classi�ed as spindles. Spindle detection was visually
veri�ed by an expert scorer after automated detection. The total number of spindle events in NREM sleep
was compiled. For each detected spindle event, three variables of interest were considered: density
(spindles per min), duration (de�nite onset-to-offset time, in sec), and amplitude (maximal peak-to-peak
voltage, in µV).

fMRI data processing

After identifying spindles on the EEG data, fMRI volumes corresponding to the onset of spindles were
located according to the EEG-MRI synchronization markers (Figure S2). Then, for spindles with long
temporal intervals (> 50 sec) between two consecutive occurrences, fMRI data starting from 20 sec before
the onset of a spindle until 30 sec after the same onset were extracted as an fMRI episode. For

http://fieldtrip.fcdonders.nl/
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continuous spindles with relatively short temporal intervals (< 50 sec), fMRI data starting from 20 sec
before the onset of the �rst spindle until 30 sec after the onset of the last spindle were extracted as an
episode. Each fMRI episode was treated as a session in the following general linear model (GLM)
analysis (Figure S3).

Functional volumes were analyzed by using Statistical Parametric Mapping 12 (SPM12, Welcome
Department of Imaging Neuroscience, University College, London, UK;
http://www.�l.ion.ucl.ac.uk/spm/software/spm12/) implemented in MATLAB (Ver. 8.5 R2013b) for
Windows (Microsoft, Inc.). The preprocessing steps included slice timing, realignment, coregistration,
segmentation, spatial normalization (voxel size, 3 × 3 × 3 mm3) to the International Consortium for Brain
Mapping standard template, and smoothing (full width at half-maximum, 6 mm). Episodes of fMRI data
with excessive head motion (displacement greater than 2 mm or rotation larger than 2 degrees of each
volume relative to the average of all volumes in an episode (Zou et al., 2017) were excluded. Then, the
onset time of the spindles was convolved with the hemodynamic response function and modeled as
regressors for fMRI analysis; pre- and post-spindle sleep data in the same episode served as the baseline.
Head motion parameters estimated during realignment (translations in the x, y, and z directions and
rotations around the x, y, and z axes) were included in the matrix as variables of no interest. High-pass
�ltering was implemented in the design using a cutoff at 128 sec to remove low-frequency drifts from the
time series. These analyses generated spindle-related contrast maps for all spindle events. Then, contrast
maps were entered into second-level GLMs for group-level analysis.

One-sample t-tests were conducted for the brain activities time-locked to spindles within each group, and
two-sample t-tests adjusting for age, gender, and education level were used between patients with ID and
HCs for between-group comparisons. Statistical inferences for one sample t-tests were performed at a
threshold of p < 0.001 (uncorrected) and p < 0.005 (uncorrected) for two-sample t-test at the voxel level.
One- and two-sample t-tests were performed at a threshold of p < 0.05, familywise error (FWE) corrected
at the cluster level.

Statistical analysis

Data in the table are presented as the mean ± standard deviation (SD) or quartile. The normal distribution
of the data and the homogeneity of variance were tested using Shapiro-Wilk and Levene’s tests,
respectively. Two-sample t-tests, Mann-Whitney U tests, and c2 tests were used to detect group
differences between patients with ID and HCs in demographic, clinical and spindle measures using SPSS
26.0 software. The level of signi�cance was set at p < 0.05.

Exploratory correlation analysis

Brain regions with signi�cant between-group difference were identi�ed as the regions of interest and were
saved as masks, then spindle-related contrast maps of subjects from the two groups were entered to
extract the BOLD signals. After that, Spearman’s correlation analysis in all subjects and in ID patients was

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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adopted to investigate the relationship between spindle-related BOLD values and SDS scores, SAS scores,
PSQI scores, sleep onset latency (SOL), and total sleep time (TST) (two quantitative indices of the PSQI).

Results
Demographic and clinical characteristics

Sixteen ID patients with moderate to severe disease (ISI score no less than 15) and thirty HCs participated
in this study. The demographic and clinical data of the participants are presented in Table 1. No
signi�cant difference was detected between ID patients and HCs in terms of age, gender, BMI, or
education level (all ps > 0.05). The mean duration of insomnia was 9.38 years. The ID group had
signi�cantly higher scores on the SDS, SAS, and PSQI, as well as longer SOL and shorter TST than the HC
group (all ps < 0.001).

Spindle-related electrophysiological data

A total of 4914 spindles were included in the �nal analysis (853 for the ID group and 4061 for the HC
group). ID patients showed signi�cantly lower spindle numbers and density than HCs (ps < 0.05). There
was no signi�cant difference in measures of spindle duration or amplitude between the two groups (ps >
0.05) (Table 2).

Spindle-related brain activations

Spindle-related brain activations are shown in Figure 2. Signi�cantly positive responses related to
spindles were identi�ed in the frontal, temporal, parietal, and fusiform gyrus, insula, cingulate gyrus,
amygdala, striatum, hippocampus, and parahippocampus in both the HC (Figure 2A) and the ID (Figure
2B) groups. In addition, HCs showed activations in the lingual gyrus, calcarine, occipital gyrus, thalamus,
and brainstem. No signi�cant brain deactivation was observed in either group.

Comparison between the two groups (HCs minus ID patients) revealed a signi�cantly decreased response
in the anterior and middle cingulate gyrus in the ID group (cluster size 3834 mm3, peak coordinates [-3, 9,
24]) (Figure 3).

Relationship between spindle-related brain activations and clinical characteristics

When putting the two groups together, as shown in Figure 4, spindle-related BOLD values in the cingulate
gyrus negatively correlated with SDS scores (r = -0.454, p = 0.002, Figure 4A), SAS scores (r = -0.362, p =
0.014, Figure 4B), and SOL (r = -0.374, p = 0.010, Figure 4C), while positively correlated with TST (r =
0.343, p = 0.020, Figure 4D). No signi�cant correlation was observed between BOLD values and total
PSQI scores. In the ID group, spindle-related BOLD values in the cingulate gyrus negatively correlated with
SDS scores (r = -0.650, p = 0.006, Figure 5) even when the signi�cance for correlation analysis was set as
p  0.01 (0.05/5 for Bonferroni correction considering �ve clinical parameters).
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In addition, partial correlation analysis was applied to estimate the relationship between spindle-related
BOLD values and clinical characteristics when controlling age, gender, and education level. The results
showed that spindle-related BOLD values in the cingulate gyrus positively correlated with TST (r = 0.313,
p = 0.041), while negatively correlated with SDS scores (r = -0.308, p = 0.045), in the pooled sample.

Discussion
The primary �nding of this study was the signi�cantly decreased spindle-related BOLD signals in the
cingulate gyrus in ID patients. Exploratory analysis revealed that decreased BOLD values in the cingulate
gyrus had signi�cant correlations with higher SDS and SAS scores, longer SOL and shorter TST,
suggesting that spindle-related brain activations in the cingulate gyrus are relevant for emotional
regulation and subjective sleep quality.

Decreased spindle-related brain activations in the cingulate gyrus correlated with clinical indices

Earlier EEG-fMRI studies conducted with healthy young subjects (Andrade et al., 2011; Bergmann et al.,
2012; Caporro et al., 2012; Schabus et al., 2007) and patients with epilepsy (Caporro et al., 2012) reported
spindles to be associated with increased signals in the anterior cingulate cortex (ACC) and middle
cingulate cortex (MCC). Our results con�rmed the �ndings of previous studies and extended them to
insomnia sufferers. Furthermore, we found signi�cant association between spindle-related BOLD
responses in the cingulate gyrus and emotional regulation, subjective sleep quality based on exploratory
analysis.

The negative correlation between spindle-related brain activations in the cingulate gyrus and SOL, as well
as the positive correlation between spindle-related brain activations in the cingulate gyrus and TST, were
consistent with previous structural and functional imaging �ndings (O'Byrne, Berman Rosa, Gouin, &
Dang-Vu, 2014). A morphometric analysis revealed that the ACC volumes in insomnia patients were
signi�cantly larger than those in HCs; the increased ACC volumes correlated with prolonged SOL and
wake time after sleep onset (WASO) (Winkelman et al., 2013). In a positron emission tomography study,
patients with insomnia were found to have a relatively smaller reduction in metabolism from wakefulness
to NREM sleep in the ACC than controls (Nofzinger et al., 2004); the increased relative cerebral metabolic
rate in the ACC during NREM sleep correlated with increased subjective and objective WASO (Nofzinger et
al., 2006). In addition, insomnia patients in proton magnetic resonance spectroscopy studies exhibited
regional reductions in gamma-aminobutyric acid, one of the primary inhibitory neurotransmitters in
human brain, compared with controls (Plante, Jensen, Schoerning, & Winkelman, 2012). Further
exploratory analysis suggested a signi�cant positive association between gamma-aminobutyric acid
levels in the ACC and TST in the second night of sleep in the laboratory (Spiegelhalder et al., 2016).
Recently, fMRI studies have explored the regional homogeneity (ReHo) and functional connectivity (FC)
characteristics of brain regions associated with insomnia and their relationship with sleep indices. In
Dai’s study, insomnia patients showed lower ReHo in bilateral cingulate gyrus (Dai et al., 2014). However,
Wang et al. found increased ReHo in the right ACC while decreased ReHo in the right MCC in insomnia
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patients compared with controls (Wang et al., 2016). fMRI-based voxel-mirrored homotopic connectivity
(VMHC) provides a feasible way to observe insomnia-related interhemisphere coordination alterations.
Both healthy participants with insomnia symptoms (Li et al., 2017) and insomnia patients (Yan et al.,
2018) showed increased VMHC in the ACC. Furthermore, VMHC values in the ACC positively correlated
with SOL (Yan et al., 2018).

Notably, we found signi�cant negative correlations between BOLD values during spontaneous spindle
events in the cingulate gyrus and scores on the SDS and SAS. This �nding is consistent with previous
fMRI studies showing signi�cant correlations between lower ReHo in bilateral cingulate gyrus and higher
anxiety (Dai et al., 2014), between decreased ReHo in the right MCC and increased SDS, SAS scores
(Wang et al., 2016), and between increased VMHC values in the left ACC and increased SDS scores (Yan
et al., 2018). Generally, insomnia patients have more depression and anxiety symptoms than good
sleepers; insomnia is a common comorbidity symptom in patients with depressive and anxiety disorders
(Soehner & Harvey, 2012; Sunderajan et al., 2010). Meanwhile, insomnia sufferers are more susceptible to
developing depression and anxiety (Hertenstein et al., 2019). The ACC, a part of the emotional circuitry,
has been thought to be an important area in the processing of depression and anxiety (Bush, Luu, &
Posner, 2000). The increased FC in the ACC associated with both subjective sleep quality and depressive
symptoms; mediation analysis further showed this FC underlie the association of the depression with
poor sleep quality (Cheng, Rolls, Ruan, & Feng, 2018). Patients with major depressive disorder (MDD) and
people who are at high risk for MDD (Sesso et al., 2017) had signi�cantly lower spindle activity compared
with HCs (Lopez, Hoffmann, & Armitage, 2010). Less sleep spindle activity in early adolescence was
associated with more depressive symptoms and worse subjectively reported sleep quality (Hamann,
Rusterholz, Studer, Kaess, & Tarokh, 2019). Children and adolescents suffering from social anxiety
disorder showed a widespread reduction in fast spindle activity with negative correlation with negative
stimuli arousal rate (Wilhelm, Groch, Preiss, Walitza, & Huber, 2017). Spindle density of youths with
general anxiety disorder, though did not differ from that of HCs, positively correlated with worry (Meers,
Ferri, Bruni, & Alfano, 2020). These �ndings re�ect that spindle-related BOLD signals in the cingulate
gyrus may be the common neurophysiological basis of insomnia, depression, and anxiety.

Spindle characteristics between the two groups

Our results showed signi�cantly lower spindle numbers and density in ID patients than in HCs. This is
inconsistent with Bastien’s �nding, in which no signi�cant group difference was found (Bastien et al.,
2009). This may be related to methodological issues, the study population, and the experimental
environment. First, spindles were scored visually by two independent technicians at C3 in N2 sleep
throughout the night in Bastien’s study, whereas we automatically detected spindles followed by
manually checks at Cz in NREM sleep during 2h16min scanning period. Second, the de�nition of spindles
differs in frequency and amplitude range, of which 12-14 Hz and 20-40 μV, respectively, were used in
Bastien’s study. Our study de�ned the frequency range of spindles as 11-16 Hz, with no amplitude
requirement. Third, the insomnia criteria adopted in Bastien’s study vary from ours. In their study, patients
with insomnia were required to have a duration of more than 6 months and meet the diagnostic criteria
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for chronic psychophysiological insomnia. In our study, patients with ID should have a duration of at
least 3 months. Fourth, Bastien’s study was conducted at the sleep laboratory, while participants’ sleep
might be disturbed by the noise of the MRI in this study. We did not �nd group difference in spindle
duration or amplitude. However, Andrillon et al. found that insomnia patients exhibited increased spindle
duration and reduced spindle amplitude compared with HCs (Andrillon et al., 2020). Potential drug-
induced effects could have contaminated their �ndings on spindle characteristics, as patients in their
study were allowed to take medicine, including antidepressants (Dotan, Suraiya, & Pillar, 2008),
benzodiazepines or benzodiazepine-like drugs (Hirshkowitz, Thornby, & Karacan, 1982; Kaestner, Wixted,
& Mednick, 2013; Plante et al., 2015; Suetsugi, Mizuki, Ushijima, Kobayashi, & Watanabe, 2001; Wamsley
et al., 2013), which led to increased spindles. Normand and colleagues found that paradoxical
insomniacs had signi�cantly shorter spindles than HCs, but patients with psychophysiological insomnia
and HCs did not differ in spindle length (Normand et al., 2016). Variations in spindle parameters may be
only seen in a particular subtype of insomnia. Insomnia patients in our study were recruited from the
general public, not through physician referral to a sleep clinic, and were diagnosed according to
subjective reports without excluding "pseudo insomnia" based on PSG data (i.e., sleep e�ciency less than
85%; WASO more than 30 min, etc. (Baglioni et al., 2014)). The ID group exhibited poor sleep continuity
with signi�cantly shorter TST and lower SE, which is in line with the results shown in a meta-analysis of
polysomnographic studies (Baglioni et al., 2014). Our patients had no signi�cantly increased SOL,
increased WASO, reduced N3% or reduced REM% (Table S1). Thus, patients with moderate to severe
insomnia assessed by ISI score greater than 15 were included in this study, in order to minimize the
impact of ID heterogeneity on the results.

There are several limitations in the present study. First, we detected spindles in only one bandwidth rather
than dividing them into slow spindles (11-13 Hz) and fast spindles (13-16 Hz). These two types of
spindles share a common activation pattern, involving both the thalamus, ACC, left anterior insula, and
bilateral superior temporal gyrus. The activity associated with slow spindles largely corresponded to the
common activation pattern, with additional recruitment of the right superior frontal gyrus. Fast spindles
were associated with a number of signi�cant activations beyond the common pattern in the
supplementary motor area, sensorimotor area, and MCC (Schabus et al., 2007). Second, spindles in N2
and N3 were analyzed together. Evidence suggests that spindle characteristics during N2 and N3 differ in
the following aspects. Spindles in N2 are more frequent, larger in amplitude and in activity integrated over
time (Cox, Schapiro, Manoach, & Stickgold, 2017). Besides, slow wave activity in N3 synchronized with
spindles are very likely to in�uence spindle-related brain responses. However, only a small number of
patients with ID entered N3, and limited time was spent in this stage (5 volunteers for a total duration of
32.5 min; Table S2). Finally, the small sample size limited the explanation of the role of spindles in sleep
protection in ID. Future investigations with larger sample sizes and a homogenous group of insomnia
patients are needed.

Conclusions
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In conclusion, this pilot study identi�ed signi�cantly decreased spindle-related brain activation patterns in
patients with ID. The hypoactivation associated with spindles in the cingulate gyrus negatively correlated
with SDS scores, SAS scores, subjective SOL, and positively correlated with subjective TST. The current
study provides further evidence for spindle de�cits in patients with ID and supports that decreased BOLD
signals in the cingulate gyrus are involved in the pathological mechanisms of poor emotional regulation
and subjective sleep quality in ID.
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Figure 1

Flowchart of participants. AHI = apnea-hypopnea index. EEG = electroencephalogram. EEG-fMRI =
electroencephalography and functional magnetic resonance imaging. HC = healthy control. ID = insomnia
disorder. MRI = magnetic resonance imaging. PLMS = periodic leg movements during sleep. PSG =
polysomnography.
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Figure 2

Brain activations associated with spindles. (A) Brain regions related to spindles in the HC group (p <
0.001 and cluster-level, FWE-corrected p < 0.05; L: left, R: right). (B) Brain regions related to spindles in the
ID group (p < 0.001 and cluster-level, FWE-corrected p < 0.05; L: left, R: right).

Figure 3
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Brain activations differences between the HC and ID groups (p < 0.005 and cluster-level, FWE-corrected p
< 0.05; L: left, R: right).

Figure 4

Correlations between activations of the cingulate gyrus and clinical characteristics in all subjects. (A)
SDS scores (r = -0.454, p = 0.002). (B) SAS scores (r = -0.362, p = 0.014). (C) SOL (r = -0.374, p = 0.010).
(D) TST (r = 0.343, p = 0.020).
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Figure 5

Correlation between activations of the cingulate gyrus and SDS scores (r = -0.650, p = 0.006) in the ID
group.
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