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Chapter 1 

Introduction 
 
1 Insomnia Complaints 

Insomnia symptoms are the most common medical complaints, affecting up to a third of the general 
population. Insomnia symptoms constitute a dramatic and wide-ranging socioeconomic burden—tens of 
billions in the U.S. alone (Chilcott and Shapiro, 1996; Kessler et al., 2011)—not only due to health-care 
expenses, but also due to decreased work productivity and proneness to injuries. Insomnia symptoms 

include sleep problems as well their repercussions on wake-time functioning. Sleep-related symptoms 
concern non-restorative sleep, poor sleep quality or quantity despite adequate sleep opportunity, with 
problems at one or several parts of the sleep period: at the beginning (sleep initiation), middle (sleep 
maintenance) or terminal (early-morning awakening) part. Wake-time symptoms include the following: 
fatigue, inability to concentrate, memory impairments, altered mood, irritability, tension, headaches, 
reduced energy and motivation, daytime-sleepiness, worries about sleep, work/school dysfunctions and 
proneness for accidents (American Psychiatric Association, 2013; Edinger et al., 2004; Espie et al., 2012; 
Wilson et al., 2010).  

On one hand, genetic, epigenetic and developmental factors may predispose one to insomnia, while 
on the other hand, adverse and stressful life events may precipitate insomnia symptoms (Morin et al., 2015; 
Spielman et al., 1987). Insomnia symptoms may also be precipitated by multiple somatic, psychiatric, 
neurological, and psychological conditions. Yet, it is not always possible to disentangle causal relationships 
between insomnia symptoms and other comorbid conditions. In fact, insomnia symptoms as a whole 
constitute the most central hub in the network of associations between all psychopathological symptoms 
(Borsboom et al., 2011). Interestingly, insomnia symptoms may persist even after the precipitating factors 
have remitted.  
 

2 Insomnia Disorder 
While acute insomnia symptoms tend to remit spontaneously over the short term (days or weeks) in most 
individuals, in some individuals they endure over the long term (months or years). In the latter case, when 
the symptoms become recurrent (i.e. at least 3 times a week) and persistent (i.e. more than 3 months), 
Insomnia Disorder can be diagnosed (American Psychiatric Association, 2013). Insomnia Disorder affects 
approximately 10% of the population (according to the DSM-IV definition), and has a staggeringly high 
persistence rate: 74% at 1 year, and 46% at 3 years of follow-up (Morin et al., 2009). Insomnia Disorder 
severely reduces the quality of life (Kyle et al., 2010), and carries an increased risk of severe, long-lasting 
health problems, including cardiovascular (Laugsand et al., 2011; Spiegelhalder et al., 2011) and mood 
(Baglioni et al., 2011) disorders. Given its high prevalence, persistence and impact on health, it is highly 
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important to study the pathophysiology of Insomnia Disorder. 
 
3 Hyperarousal 
Multiple theories of insomnia have been developed over the years (Espie, 2002; Perlis et al., 1997; Spielman 
et al., 1987) to explain how the disorder develops and is sustained over time. People who suffer from 
Insomnia Disorder mostly attribute their sleep troubles to cognitive and emotional factors such as intrusive 
negative thoughts and the inability to unwind a racing mind during bed-time (Lichstein and Rosenthal, 
1980; Watts et al., 1994), as confirmed by recent British epidemiological data 
(https://www.sleepio.com/2012report/). Over the years, researchers gathered evidence that Insomnia 
Disorder entails a state of hyperarousal—which is a state of heightened cognitive, emotional, somatic and 
neurophysiological activation that interferes with the initiation and maintenance of sleep. (Bonnet and 
Arand, 1997; Riemann et al., 2010, 2015). Multiple neurobiological pathways could be involved in the 
etiology of hyperarousal, including wake and sleep promoting nuclei (Cano et al., 2008) and networks 
regulating emotion, reward and cortical excitability (Altena et al., 2010; Stoffers et al., 2014; Wassing et al., 
2016). Hyperarousal can be investigated at multiple levels of the neurobiological organization, from the 
cellular up to the level of large-scale brain dynamics (Bonnet, 2010; Bonnet and Arand, 2010b; Morin et al., 
2015; Riemann et al., 2010). Despite the large body of work conducted up to date, the current understanding 
of hyperarousal at the level of large-scale neurophysiological dynamics is still preliminary. Furthermore, 
while many studies have focused on neurophysiological activity evoked by a specialized task, the study of 
the endogenous, spontaneous activity is emerging as a promising new field (Michel and Murray, 2012; Stam, 
2005). Thus, investigating the large-scale endogenous neurophysiological dynamics is a key step to 
understand the pathophysiology of Insomnia Disorder. 
 
4 Scope of the Thesis  
If we had a better understanding of the pathophysiology of Insomnia Disorder and insomnia complaints, we 
could expose the fundamental mechanism that underlie the disorder, and thus highlight potential 
therapeutic targets. Current pharmacological treatments of Insomnia Disorder are devoted to alleviate 
symptoms and not the underlying causes of the disorder. Insomnia Disorder often endures years, if not 
decades, suggesting it is underpinned by neurophysiological alterations that settle the nervous system to a 
novel equilibrium. We argue that a better understanding of the endogenous neurophysiology of medication-
free people suffering from Insomnia Disorder is needed to evaluate the efficacy of hypnotics, and help 
developing new treatments in general. By studying the neurophysiological basis of Insomnia Disorder we 
aim to highlight which neurophysiological processes are altered and contribute to the maintenance of the 
disorder. 
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5 Outline of the Thesis 
In the current thesis we focus on the underlying mechanisms of Insomnia Disorder, specifically on the 
endogenous (i.e. not experimentally manipulated) neurophysiological dynamics at the macroscopic level, 
assessed through different vigilance states. For this purpose, we recruited a relatively large cohort of 
participants that spanned from early to late adulthood, were free from sleep medications, and belonged to 
either a group suffering from Insomnia Disorder, or to a group of age and sex –matched controls. 
Endogenous neurophysiological dynamics were investigated by means of high-density 
electroencephalography (HD-EEG), obtained during resting-state evening wakefulness and during night-
time sleep. Specifically, we evaluated wake neurophysiological dynamics—related to ongoing oscillations 
and to the response to cardiac activity—and the macrostructure of sleep dynamics—related to the 
transition between sleep stages. We then considered how the endogenous neurophysiological dynamics 
were altered in Insomnia Disorder and how these modified with the severity of insomnia complaints, to 
uncover potential signatures of hyperarousal.  
 
6 EEG Dynamics During Wakefulness 
We begin by considering the endogenous neurophysiological dynamics occurring during quiet wakefulness. 
Even in absence of any explicit task, the brain at rest generates highly complex dynamics. The structure of 
these dynamics carries a wealth of information about the brain’s functional organization, which can 
reveal—through sophisticated analysis techniques—the dysregulations occurring in Insomnia Disorder 
and with individual differences in insomnia complaints. A large part of these endogenous brain dynamics is 
generated by the ongoing intrinsic oscillatory brain activity, and a tiny part is evoked by the ever-present 
heartbeat. First, we investigated the intrinsic, ongoing brain oscillations during evening resting-state 
wakefulness: specifically the strength of oscillations (through power spectral analysis) and the temporal 
autocorrelation of oscillations (through the analysis of long-range temporal correlations). 
 
6.1 Power Spectral Analysis of EEG Oscillations  

Multiple studies have analyzed how the spectral composition of sleep EEG is altered in Insomnia Disorder. 
A common finding is elevated amplitude of high-frequency oscillations—a long-standing signature of 
hyperarousal (Freedman, 1986; Perlis et al., 2001a). However, few studies have considered the spectral 
composition of the wake EEG, and the majority of these studies looked at wake epochs during night-time 
bed recordings. The findings have been relatively inconsistent, plausibly due to small sample sizes, different 
inclusion criteria and heterogeneity of conditions and settings. Furthermore, these studies usually analyzed 
few channels and frequency bands, which granted them poor spatial and spectral resolution. To overcome 
these limitations, we undertook a study of adequate sample size, with stringent inclusion criteria, in a 
standardized setting for data acquisition. In chapter 2 we will consider the amplitude of the ongoing brain 
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oscillations during wakefulness, with a fine-grained spatiospectral resolution. For multiple electrodes we 
estimated the spectral composition of the EEG-signals at multiple frequency bins, and explored possible 
group differences related to Insomnia Disorder, using a powerful and rigorous framework to correct for 
multiple comparisons. We will discuss plausible neuropsychological processes that are functionally 
involved in the observed neurophysiological alterations, and the implications for the construct of 
hyperarousal. 
 
6.2 Long-Range Temporal Correlations in EEG oscillations  
The spectral composition of the brain’s ongoing oscillations revealed important characteristics of the brain 
functional organization in Insomnia Disorder. However, the amplitude of these ongoing brain oscillations 
varies over time in a highly structured manner—oscillations wax and wane—hence the mean amplitude 
does not capture these complex temporal dynamics. Brain oscillations display a temporal organization that 
is sustained across multiple scales, such that even small changes in the activity in the past can shape future 
activity over the long run. This scale-invariant temporal organization of brain oscillations can be 
characterized by their Long-Range Temporal Correlations (LRTC)—autocorrelations that decay over time 
according to a power-law (Hardstone et al., 2012). 

In chapter 3 we will consider the LRTC of band-filtered oscillations during restful wakefulness. 
Previous modeling work related the strength of LRTC to the critical balance between excitatory and 
inhibitory processes (Poil et al., 2012). Specifically, in the physiological domain where excitation does not 
dominate over inhibition, (Priesemann et al., 2013, 2014) stronger LRTC can index a stronger excitation to 
inhibition ratio (Poil et al., 2012). Sleep is hypothesized to regulate these scale-invariant dynamics 
(Pearlmutter and Houghton, 2009), by enabling the brain to maintain the balance between excitatory and 
inhibitory signaling. Sleep therefore prevents the formation of self-reinforcing excitatory loops that could 
yield an imbalance towards excitation. A net imbalance towards excitation would favor large cascades of 
activity and ultimately seizures (Meisel et al., 2013, 2015). Seizures are likely due to a large increase of the 
ratio between excitation and inhibition (DiNuzzo et al., 2014; Scharfman, 2007) and can arise after 
prolonged total sleep deprivation in susceptible individuals (Ellingson et al., 1984; Friis and Lund, 1974; 
Gunderson et al., 1973; Rodin et al., 1962). Consistently, in healthy individuals sleep deprivation yields a 
net increase of cortical excitability (Huber et al., 2013). Insomnia Disorder involves only a moderate amount 
of sleep loss, therefore it could involve a subtle alteration of the ratio between excitation and inhibition, 
preserving the overall inhibitory bias of the physiological balance between excitation and inhibition. In line 
with the notion of hyperarousal, we hypothesized that Insomnia Disorder and the severity of sleep 
complaints would yield a reduction of the net inhibitory bias, and thereby also increase LRTC. 
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6.3 Heart-beat Evoked Potentials 
We then considered the spontaneous wake neurophysiological dynamics that are not intrinsically 
generated in the brain, in particular those evoked by cardiac activity. While previous studies have shown 
heightened sensitivity to exogenous sensory information in Insomnia Disorder, it remains to be addressed 
whether insomnia also entails heightened sensitivity to endogenous sensory information—as observed in 
depression and anxiety disorder. In chapter 4 we will consider the neurophysiological response to the 
heart-beat, as a marker of interoceptive sensitivity. We reasoned that interoceptive hyper-sensitivity may 
be one possible phenotype of hyperarousal, interfering with the process of sleep initiation. We therefore 
hypothesized that Insomnia Disorder would entail a larger neurophysiological response evoked by the 
heartbeat. 
 
7 Macrostructure of Sleep EEG: Dynamics of Stage Transitions 
Finally, we will consider the macrostructure of sleep dynamics. Previous studies on the macrostructure of 
sleep considered the standard polysomnographic measures derived from the amount of each sleep stage 
(absolute or relative to the amount a person slept), revealing higher intrusion of wakefulness after sleep 
onset, reduced slow-wave sleep and reduced Rapid Eye Movement (REM) sleep (Baglioni et al., 2014). 
However, previous studies typically did not consider the dynamics in the sleep macrostructure. Sleep stages 
are usually structured into a 90 - 120 minute sleep cycle, going from light to deep non-REM sleep, to REM 
sleep. Therefore, some sleep stages are more likely to be followed by others. Furthermore, each sleep stage 
may last from a few to tens of epochs, such that longer epochs are exponentially rarer than shorter ones. In 
chapter 5 we will consider the stability of each sleep stage and the transitions between sleep stages. 
Specifically, we investigated the survival rate of each sleep stage, and the likelihood of transition between 
each sleep stages. We hypothesized that the macrostructure of sleep dynamics in Insomnia Disorder would 
show signatures of hyperarousal, and thus be characterized by shorter bouts of sleep and by a higher 
probability of deeper stages to revert to lighter stages of sleep. 
 
8 Discussion 
In Chapter 6 we will summarize the findings of the previous chapters, and put them in perspective within 
the growing literature on the neurophysiology of Insomnia Disorder. The alterations in spontaneous 
neurophysiological dynamics that we uncovered in the thesis will be discussed with respect to the current 
understanding of hyperarousal. We will connect the neurophysiological findings to the neuropsychological 
processes that are involved in Insomnia Disorder and with individual differences in the severity of insomnia 
complaints. Finally, we will discuss the caveats for future research and give recommendations. 
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Wake High-Density Electroencephalographic Spatiospectral Signatures of Insomnia 

Abstract 

Study Objectives 

Although daytime complaints are a defining characteristic of insomnia, most EEG studies evaluated sleep 
only. We used high-density electroencephalography to investigate wake resting state oscillations 
characteristic of insomnia disorder (ID) at a fine-grained spatiospectral resolution. 
Methods 

A case-control assessment during eyes open (EO) and eyes closed (EC) was performed in a laboratory for 
human physiology. Participants (n = 94, 74 female, 21–70 y) were recruited through www.sleepregistry.nl: 
51 with ID, according to DSM-5 and 43 matched controls. Exclusion criteria were any somatic, neurological 
or psychiatric condition. Group differences in the spectral power topographies across multiple frequencies 
(1.5 to 40 Hz) were evaluated using permutation-based inference with Threshold-Free Cluster-
Enhancement, to correct for multiple comparisons. 
Results 
As compared to controls, participants with ID showed less power in a narrow upper alpha band (11–12.7 
Hz, peak: 11.7 Hz) over bilateral frontal and left temporal regions during EO, and more power in a broad 
beta frequency range (16.3–40 Hz, peak: 19 Hz) globally during EC. Source estimates suggested global 
rather than cortically localized group differences. 
Conclusions 
The widespread high power in a broad beta band reported previously during sleep in insomnia is present 
as well during eyes closed wakefulness, suggestive of a round-the-clock hyperarousal. Low power in the 
upper alpha band during eyes open is consistent with low cortical inhibition and attentional filtering. The 
fine-grained HD-EEG findings suggest that, while more feasible than PSG, wake EEG of short duration with 
a few well-chosen electrodes and frequency bands, can provide valuable features of insomnia. 
 

This is a pre-copyedited, author-produced version of an article accepted for publication in SLEEP  following 
peer review. The version of record Colombo, M. A., Ramautar, J. R., Wei, Y., Gomez-Herrero, G., Stoffers, D., 
Wassing, R., et al. (2016) Sleep 39, 1015–1027. doi:1.5665/sleep.5744 is available online at: 
https://academic.oup.com/sleep/article/39/5/1015/2454013  doi:1.5665/sleep.5744  
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1. Introduction 

Insomnia is characterized by poor sleep quality including problems initiating or maintaining sleep, early 
morning awakening and nonrestorative sleep (American Psychiatric Association, 2013). It is accompanied 
by daytime repercussions (American Psychiatric Association, 2013; Ustinov et al., 2010) on mood (Espie et 
al., 2012), energy, and memory (Shekleton et al., 2014) and is among the most common health complaints 
(Ohayon, 2002), affecting around 6% of the adult population in its chronic form. Chronic insomnia carries 
an increased risk of severe, long-lasting health problems, including cardiovascular (Laugsand et al., 2011; 
Spiegelhalder et al., 2011) and mood (Baglioni et al., 2011) disorders.  

Generalized hyperarousal plays a key role in the pathway of the cognitive and behavioral factors 
leading to chronic insomnia (Riemann et al., 2010, 2015), according to recent developments of the 
neurocognitive model (Bonnet and Arand, 2010b; Perlis et al., 1997, 2001). Evidence of hyperarousal has 
been found across the sleep-wake cycle (Bonnet and Arand, 1997, 2010b) and in the somatic, cognitive and 
neurobiological domains (Perlis et al., 2001), leading to the hypothesis that insomnia is maintained by a 
continuous, multi-component hyperarousal. Hyperarousal of the central nervous system may result from 
an imbalance between wake and sleep promoting systems, but could also arise from other structural and 
functional deviations in emotion and reward regulation systems, interfering with the normally cycling 
expression of sleep and wakefulness (Romeijn et al., 2012). Local reductions in gray matter volume in the 
orbitofrontal cortex have been reported in association with insomnia (Altena et al., 2010), with sleep 
fragmentation (Lim et al., 2015) and with the vulnerability for early morning awakening (Stoffers et al., 
2012). Given the role of the orbitofrontal cortex in updating the reward value of internal and external 
stimuli according to the current homeostatic needs, reduced gray matter volume may be involved in the 
deficient sensing of comfort that has been reported in association with insomnia (Raymann and Van 
Someren, 2008). Insufficient sensing, integration and updating of hedonic signals may lead to a reduced 
orbitofrontal output to the caudate nucleus, a major projection area with an important role in dampening 
cortical arousal (Stoffers et al., 2014). 

In accordance with the round-the-clock occurrence of hyperarousal (Riemann et al., 2010), signatures 
of hyperexcitability and lack of inhibition are not restricted to the sleep period. Transcranial magnetic 
stimulation (TMS)-induced hyper-excitability was found to be a trait-like daytime characteristic of insomnia 
(van der Werf et al., 2010); evoked related potentials (ERP) studies revealed signatures of cortical hyper-
excitability, during wakefulness (Bastien et al., 2008; Regestein et al., 1993) and sleep-onset (Kertesz and 
Cote, 2011; Yang and Lo, 2007), and signatures of inhibitory deficits during wakefulness (Hairston et al., 
2010; Kertesz and Cote, 2011),  sleep onset (Kertesz and Cote, 2011; Yang and Lo, 2007) and sleep (Hairston 
et al., 2010). Accordingly, for a physiological understanding of insomnia it seems of value to focus on the 
balance between excitatory and inhibitory processes (Bastien, 2011; Espie, 2002). 
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Currently, insomnia disorder is defined exclusively by subjective reports (American Psychiatric 
Association, 2013). A meta-analysis of the sleep macro-structural alterations of insomnia, assessed through 
polysomnography (PSG)-derived measures, indicates fragmented sleep, reduced slow wave sleep (SWS) 
and rapid eye movement (REM) sleep (Baglioni et al., 2014). The quantification of the sleep micro-structural 
alterations of insomnia, assessed through power spectral analysis of the sleep electroencephalography 
(EEG), revealed signatures of cortical hyperarousal, indexed by elevated high-frequency power (Bader et 
al., 2013; Feige et al., 2013). Moreover, power spectral analysis of the wake EEG may also reveal 
mechanisms of insomnia, since it is known to be a sensitive method to observe cortical dynamics reflecting 
excitatory and inhibitory processes, related to cognition and vigilance states. A few studies have analyzed 
the spectrum of wake epochs, recorded before the onset and after the offset of sleep, and consistently found 
enhanced high frequency power (Corsi-Cabrera et al., 2012; Figueredo-Rodríguez et al., 2009; Freedman, 
1986). 

Other than these wake EEG epochs during recordings in bed, the resting state during wakefulness has 
received little attention in insomnia research, and the findings have been inconsistent (for an overview, see 
Table 1). The overall picture of insomnia abnormalities, emerging from the positive findings obtained in 
these studies, is that of elevated high-frequency spectral power, in the beta-gamma frequency range (Corsi-
Cabrera et al., 2012; Freedman, 1986; Wolynczyk-Gmaj and Szelenberger, 2011), and decreased low-
frequency spectral power, observed in the 4-8 Hz band (Wolyńczyk-Gmaj and Szelenberger, 2011), at 9 Hz 
(Freedman, 1986), and in the 12-14 Hz band (Hauri, 1981). Plausible reasons for the poor reproducibility 
of the findings include small sample sizes, different inclusion criteria and possible heterogeneity of 
participants within the studies. 

In order to solve the inconsistencies and gain a better understanding of the wake resting state brain 
activity in insomnia disorder, we undertook a study of adequate sample size, with stringent inclusion 
criteria, in a standardized setting for data-acquisition. We then performed a thorough analysis of the fine-
grained spatial and spectral properties of spontaneous oscillations using high-density EEG. Based on the 
hyperarousal model of insomnia (Riemann et al., 2010), and based on previous findings of daytime 
abnormalities of brain structure (Altena et al., 2010), function (Stoffers et al., 2014), and excitability (van 
der Werf et al., 2010) observed in stringently selected homogeneous samples, we expected that the 
physiological alterations of insomnia disorder are not restricted to the night; spectral signatures of cortical 
hyperarousal previously reported in the sleep EEG would also be detectable in the wake EEG.  

 
2. Methods 

2.1. Participants and questionnaires  

Participants were recruited through advertisement and through the Netherlands Sleep Registry 
(www.sleepregistry.nl)(Benjamins et al., 2013). Participants were screened via telephone, and 



21 
 

subsequently selected through an intake interview. Exclusion criteria at intake were: any neurological, 
psychiatric or somatic conditions; the use of sleep medications during the previous two months; previous 
history of sleep apnea, restless legs syndrome, narcolepsy, overt circadian rhythm disorders or chronic 
sleep deprivation. The inclusion criteria for the Insomnia Disorder (ID) group were in accordance to DSM, 
Fifth Edition (American Psychiatric Association, 2013). Consistent with recommended research assessment 
of insomnia (Buysse et al., 2006), we set additional severity criteria, requiring, during the previous 6 months 
and more than 3 nights per week, (1) a total sleep time of less than 6.5 hours and (2) a sleep onset latency 
larger than 30 min or wake after sleep onset larger than 30 min. The controls without sleep complaint 
(CTRL) group included people that indicated to have no sleep difficulties.  

One hundred two participants participated in the study, and were preliminarily assigned to a group. 
An additional exclusion criterion was based on the Insomnia Severity Index (ISI): a score higher than 7 
(threshold for subclinical insomnia)(Bastien et al., 2001) was required for the ID group (four participants 
excluded) and lower than 8 for the CTRL group (three excluded). Participants filled in the Epworth 
Sleepiness Scale (Johns, 1991)(ESS), a global measure of the propensity to fall asleep during common 
daytime activities, in order to control for the influence of sleepiness (see Supplementary material). 
Participants were given a 7 day sleep-diary (Consensus Sleep Diary, Morning administration  (Carney et al., 
2012)) to assess subjective sleep continuity and habitual sleep schedules. Weekly medians were obtained 
for: Sleep Onset Latency (SOL), Number of Wake Bouts (NWB), Wake After Sleep Onset (WASO, total time 
spent awake between the first time asleep and the last awakening), Bed-Time (time when participant went 
to bed), Lights-Off (time when participant laid in bed and tried to fall asleep), Lights-On (time when 
participant woke up for the last time in the morning), Get Up Time (GUT – time when participant gets out 
of bed in the morning), Time In Bed (TIB – time in minutes from Bed-Time to GUT), Total Sleep Time ( TST– 
time spent asleep during TIB).  

Fifty-one participants with ID (42 females), aged (range, M ± SD) 21-69, 5.0 ± 13.4 y, and forty-three 
CTRL (32 females), aged 22-70, 46.1 ± 14.9 y, were finally included in the study. Volunteers were part of a 
larger study and participated in more assessments than here analyzed and reported, and were paid 200 € 
for their time and effort to the complete package of assessments. The study was approved by the ethical 
committee of the VU University Medical Center, Amsterdam, The Netherlands. 
 
2.2. Electroencephalography recordings 

Participants were instructed to maintain a regular sleep/wake schedule during two weeks prior to 
laboratory assessment. Moreover, on the day of laboratory assessment, they were also instructed to refrain 
from alcohol and drugs and to limit their intake of caffeinated beverages to a maximum of two cups, which 
were allowed only before 12:00. The time of onset of EEG recordings (RecT) was scheduled between 19:15 
and 23:45 pm, according to the convenience of the participant. Participants were seated in an upright 
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position and instructed not to move their head and not to fall asleep, in two wake resting-state conditions: 
5 minutes of visual fixation on a crosshair on a monitor (eyes open, EO), followed by 5 minutes with eyes 
closed (EC). High-density EEG (HD-EEG) was recorded using a 256-electrode system, connected to a Net 
Amps 300 amplifier (Electrical Geodesic Inc., Eugene, OR, input impedance: 200 MΩ, A/D converter: 24 
bits). Electrode impedance was kept below 100 kΩ. Signals were acquired with a sampling rate of 1000 Hz 
and with a Cz reference. 
 
2.3. EEG preprocessing 

All preprocessing steps were coded in MATLAB (The Mathworks Inc., Natick, MA; version 8.3), using the 
MEEGPIPE toolbox (https://github.com/meegpipe/meegpipe). The signals were first filtered in the time 
domain with a 1D Local Polynomial Approximation filter with adaptive-scale selection from the Local 
Approximations in Signal and Image Processing (LASIP) toolbox (Katkovnik et al., 2006), to attenuate large 
non-physiological amplitude components (e.g. sudden spikes and slow fluctuations). Signals were 
subsequently downsampled to 250 Hz with an antialiasing filter, and then band-pass filtered using a 
windowed sinc Type I FIR filter (Widmann and Schröger, 2012), with cutoffs at 0.75 and 65 Hz, attenuation 
of -80dB, transition bandwidth of 0.2 and 5 Hz from each cutoff, respectively. Electrodes, first, and epochs, 
later, were evaluated for rejection using two similar automated procedures, adaptive for each EEG 
recording (Supplemental Material). Further artifacts from physiological (heartbeat, eye movements/blinks, 
muscle tension) and non-physiological (power-line and sparse-sensor noise) sources were removed using 
automated procedures (Supplemental Material). Importantly with respect to high-frequency EEG 
investigations, we specifically compensated for signal originating from muscle activity using canonical 
correlation analysis (De Clercq et al., 2006). Electrodes placed on the neck and face were excluded from 
further analysis; the remaining 183 scalp electrodes were re-referenced to the common average. We 
considered it important to evaluate where maximal group differences can be expected in recordings made 
with a limited number of American Academy of Sleep Medicine (AASM)-recommended electrodes, which 
are re-referinced to the contralateral mastoid. In order to do so, we conducted a separate set of analyses 
after re-referencing each electrode to the contralateral mastoid (Supplementary Material) (American 
Academy of Sleep Medicine, 2007). 
 

2.4. Relative spectral power  

For the preprocessed signals of each electrode, spectral power was estimated with a multitaper method (4 
orthogonal Slepian sequences, frequency smoothing of 0.8 Hz) implemented in the FieldTrip toolbox 
(Oostenveld et al., 2011), over 3-sec epochs with 50% overlap, then averaged across epochs. The relative 
spectral power was obtained by dividing the power in each of the 116 frequency bins in the 1.5-40 Hz range 
(resolution 0.332 Hz) by the average over this range. This had two purposes: enhancing frequency specific 
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topographical differences and reducing the influence of sources of variability in broad-band power that 
were of no interest. Between-electrode variability sources of no interest involve different impedances, 
contact and gain. Between-subject variability sources of no interest involve differences in anatomy, skin 
conductance and applications of the net. The resulting electrode by frequency bin matrix was used to 
investigate fine-grained spatiospectral group differences.  
 
2.5. Overall low vs high frequency power ratio 

The most consistent EEG feature previously reported in ID is high power in the beta-gamma frequency 
range (Perlis et al., 2001), which has been interpreted as elevated cortical arousal (Bonnet and Arand, 
2010a; Freedman, 1986; Riemann et al., 2010; Wolyńczyk-Gmaj and Szelenberger, 2011). In addition, some 
studies during wakefulness found low power across the lower part of the spectrum in the wake EEG: in the 
4-8 Hz band (Wolyńczyk-Gmaj and Szelenberger, 2011), at 9 Hz (Freedman, 1986), and in the 12-14 Hz 
band (Hauri, 1981). To obtain a single measure of these opposite lower and higher frequency deviations, 
we computed the ratio between the lower (LO, 1.5-16 Hz) and upper (HI, 16-40 Hz) part of the spectrum. 
The 16 Hz cutoff frequency was chosen at the lower end of the beta band, as defined by Klimesch (Klimesch, 
2012). The LO/HI RATIO measure was calculated both for each electrode and as scalp-average. 
 
2.6. Statistical analysis: permutation based-inference with Threshold-Free Cluster-Enhancement 

Statistical analyses, evaluating group differences on EEG measures, were performed separately for the EO 
and the EC resting states, with Wilcoxon rank sum tests (Conover, 1980). No transformation was applied to 
the data when non-parametric statistics were used, since monotonic transformations would have no effect 
on the rank of the values. For plotting purposes, however, we applied a log10-transformation. Differences 
between ID and CTRL were first evaluated for the scalp-averaged outcome measures, followed by separate 
tests for each electrode. Subsequently, the relative power at the more fine-grained spatiospectral level was 
investigated separately for the lower and upper parts of the spectrum (1.5-16 Hz and 16-40 Hz 
respectively). Monte Carlo permutations of group membership labels were used to construct the empirical 
null hypothesis distribution that the two groups do not differ at any particular spatial or spatiospectral bin, 
respectively at the electrode and electrode by frequency level. Threshold-Free Cluster-Enhancement 
(TFCE)(Mensen and Khatami, 2013) was used to correct for multiple comparisons while evaluating group 
differences in relative power: (1) at the electrode level, for the LO/HI RATIO; (2) at the electrode by 
frequency level. TFCE is a non-linear transformation applied to a set of test statistics that takes into account 
the intensity in the neighborhood of each value. Compared to the more commonly used cluster-based 
permutations (Maris, 2012), it provides better sensitivity over a wider range of signal types, equally 
enhancing large narrow effects as well as small broad effects (Mensen and Khatami, 2013). Furthermore, it 
does not require an arbitrary threshold to define clusters, and it provides an integrated score with its 
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relative P-value, across all possible thresholds, for each spatial or spatiospectral bin, while compensating 
for multiple comparisons. In each run of the Monte Carlo permutations, the maximum absolute value is 
taken after enhancement of the statistic (Ztfce), to form the null hypothesis distribution. The Ztfce of the 
original correct group membership labels is then compared to the null hypothesis distribution, providing 
the two-sided probability value (P) at each individual spatial and spatiospectral bin.  
 
2.7. Correlation Between Physiological Features of Insomnia 

We computed the correlation between the most prominent features of ID that were observed in the 
exploratory analysis, namely upper alpha in EO and broad beta in EC. To do so, we took a measure for each 
participant, in EO and EC, respectively the “mean Upper Alpha” and “mean Broad Beta”, by averaging the 
log 10 of the relative power of all spatiospectral bins that showed a significant effect of ID (Upper Alpha: 81 
bins in the 11-12.7 Hz, involving 26 electrodes; Broad Beta: 1275 spatiospectral bins from 16.3 to 40 Hz, 
involving 124 electrodes). We tested the Spearman correlation between “mean Upper Alpha” and “mean 
Beta/Gamma”, across all participants, and separately for each group. 
 
2.8. Source reconstruction and group differences at selected frequency bins 

To estimate the cortical sources of the relative power at the two frequency bands where we found the 
largest group differences, in EO and EC, we employed the linearly constrained minimum variance (LCMV) 
beamforming method (Van Veen et al., 1997), as implemented in Fieldtrip 
(http://www.fieldtriptoolbox.org/). We used a sparse grid of 90 regions comprising the centroids of all 
cortical and subcortical areas in the automated anatomical labeling (AAL) parcellation (Tzourio-Mazoyer et 
al., 2002). A regularization parameter of =0.15 was used for beamforming. Prior to the computation of the 
covariance matrix, EEG signals were filtered separately using a broadband filter (1-40 Hz) and two narrow 
band filters: upper alpha (11-13 Hz) and beta (16.3-21.7 Hz). Afterwards, the broadband power at each 
source location was used to normalize the source power within each narrow band. Finally, the relative 
source power at each AAL location was compared between controls and patients with insomnia disorder 
using a two-tailed non-parametric Wilcoxon test. Significant changes in source power are reported at 
P<0.05 using Benjamini & Hochberg’s False Discovery Rate (FDR) procedure to control for multiple 
comparisons (Benjamini and Daniel, 2001). 
 
3. Results 

3.1. Participants, questionnaires and electroencephalography recordings 

After artifact rejection (Supplemental Material), two recordings from a participant were excluded due to 
insufficient length (less than 3 min). The following group statistics are reported in Table 2. Concerning the 
descriptives, ID and CTRL did not differ significantly in age, nor in sex. Concerning the questionnaires, each 
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participant with ID had, as expected, larger ISI scores than any of the CTRL; ID and CTRL did not differ with 
respect to the ESS scores. Sleep diaries revealed that ID—as compared to CTRL—reported significantly 
longer SOL and WASO, shorter TST lower SE, earlier lights-on time and shorter TIB, but did not differ with 
respect to Bed-time, Lights-Off and out-of bed time (GUT). The groups also did not differ with respect to the 
time of the EEG recording. 
 

3.2. Overall low vs high frequency power ratio 

People with ID, as compared to controls, had a lower scalp-average LO/HI RATIO both during EO (Z = -1.90, 
p = .06) and during EC (Z = -2.40, p = .02), resulting either from less low frequency power, or more high 
frequency power, or both. Subsequent multiple comparison-corrected electrode-wise evaluation of 
topographical specificity of these group differences (Figure 1) showed a significantly (p < .05) lower LO/HI 
RATIO in ID during EO in 19 electrodes over midline central regions (peak: Z = -2.84, Ztfce = -77.94, p = .04). 
During EC, people with ID had significantly lower LO/HI RATIO in 85 electrodes distributed over frontal, 
central and bilateral posterior regions (peak: Z = -3.16, Ztfce = -111.21, p = .03). 
 
3.3. Fine-grained spatiospectral power differences 

Figure 2 illustrates that during EO people with ID have less power than CTRL in two narrow upper alpha 
band spatiospectral clusters, spanning from 11 to 12.7 Hz, both with maximal differences at 11.7 Hz. One 
cluster (69 spatiospectral bins with p < .05, peak Z = -4.05, Ztfce = -836.78, p = .03) involved 22 electrodes 
over left temporal, parietal and frontal regions; the other (12 spatiospectral bins with p < .05, peak Z = -
3.73, Ztfce = -773.76 , p = .05) involved 4 electrodes over the right frontal region. 

During EC, people with ID have more power than CTRL in a large high frequency spatiospectral cluster 
spanning from 16.3 to 40 Hz and with maximal differences at 19 Hz. The cluster (1275 spatiospectral bins 
with p < .05, peak Z = 3.35, Ztfce = 1541.50, p = .003) involved 124 electrodes widely distributed across the 
scalp: at 19 Hz, over prefrontal, right fronto-temporal, central, and bilateral posterior regions; at higher 
frequencies, from 22 to 25 Hz, over bilateral parietal, prefrontal and frontal regions; and at even higher 
frequencies, from 25 to 40 Hz, the cluster involved left parietal, prefrontal and frontal regions.  

 
3.4. Correlation Between Physiological Features of Insomnia 

The correlation between the two main features of ID, “mean Upper Alpha” and “mean Broad Beta”, was 
negative across all participants (ρ = -.37, Z = -3.84, p = .0002), as depicted in Figure 3. In ID this relationship 
was more marked (ρ = -.32, Z = -2.4, p = .02) than in CTRL (ρ = -0.25, Z = -1.7, p = .09). 
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3.5. Source reconstruction and group differences at selected frequency bins 

We reconstructed the sources for the frequency bands that showed the strongest group differences at the 
scalp level, as described in the Methods section. The upper panels of Figs. 4 a and b show estimated 
standardized (Z-scores) relative power at each of the 90 AAL regions for CTRL (left) and ID patients (right), 
for beta during EC (Figure 4, a) and for upper alpha during EO (Figure 4, b). The strongest sources for beta 
comprised midline motor areas and the precuneus, and a lateralization toward the left was observed with 
strong sources along left primary sensory and motor areas. Upper alpha sources comprised occipital, 
parietal, inferior temporal and midline orbitofrontal regions. 

For both frequency bands, differences between ID and CTRL were widespread, consistent with the 
scalp results (bottom panel of Figure 2). The increase of power in ID, observed in beta in EC, manifested 
most strongly bilaterally in motor areas (supplementary motor area and paracentral lobule). The reduction 
of power in ID, observed in upper alpha in EO, involved most AAL regions, and was the largest in motor, 
occipital, and inferior temporal regions, as well as bilaterally in the amygdala and parahippocampal gyri.  
Figure 4, c and Figure 4, d display all AAL regions ranked by their Z-statistic for the difference between ID 
and CTRL (for a summary of AAL region label abbreviation and location, see Table S1 and Figure S4 of the 
supplemental material). The ranking shows that the differences between ID and CTRL are rather global, 
with only small regional differences in significance. 
 
4. Discussion 

Whereas daytime complaints are a defining characteristic of insomnia disorder (ID), neurophysiological 
investigations have focused mostly on sleep. Based on the evidence in ID of a characteristic round-the-clock 
hyperarousal (Riemann et al., 2010) and of daytime alterations (detailed in the introduction) in structure 
(Altena et al., 2010), function (Stoffers et al., 2014) and excitability (van der Werf et al., 2010), we expected 
that the spectral signatures of cortical hyperarousal previously reported in the sleep EEG would also be 
detectable in the wake EEG. HD-EEG assessed during the wake resting state in adequate sample sizes 
allowed for a sensitive fine-grained analysis of systematic spatiospectral differences between people with 
ID and matched controls.  
 
4.1. Spectral imbalance in ID 

According to the LO/HI RATIO analysis, we found in ID, both in eyes open and in eyes closed, a shift of the 
spectral energy from the low frequency range (1.5-16 Hz), to the high frequency range (16-40 Hz). The 
findings are in agreement with previous reports of reduced low frequency power (Freedman, 1986; Hauri, 
1981; Wolyńczyk-Gmaj and Szelenberger, 2011), and increased high frequency power (Corsi-Cabrera et al., 
2012; Freedman, 1986; Wolyńczyk-Gmaj and Szelenberger, 2011). The shift of spectral energy from low to 
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high frequencies is consistent with an altered balance of cortical dynamics, due to either lack of inhibition 
or hyper-excitation. One of several possible circuits involved in rather global modulation of cortical 
excitability is the proposed attenuated excitatory input of orbitofrontal neurons to the caudate nucleus—a 
key structure in moderating the cortical excitability (Stoffers et al., 2014). Other subcortical projections may 
be of equal importance though: the hyperactivation of the wake-promoting orexin system in the lateral 
hypothalamus, or the hypofunctionality of the sleep-promoting gamma-aminobutyric acid system in the 
ventrolateral preoptic nucleus (Riemann et al., 2010). 

Fine-grained spatiospectral analysis allowed us to further characterize this overall imbalance. 
The strength and spread across frequencies of the effect of ID on the relative power is different for the two 
parts of the spectrum. Differences with controls during EO are in the upper alpha range, peaking at 11.7 Hz, 
and are narrow-band and large in magnitude; whereas during EC they are in the broad beta range, peaking 
at 19 Hz, and are broad-band and small in magnitude.  
 
4.2. Widespread spatial effects 

Topographical analysis revealed that the reduction of power in ID in the upper alpha range is mostly 
expressed in bilateral frontal and left temporoparietal regions during EO (Figure 2); whereas the increase 
of power in ID in the beta and gamma range is extended over prefrontal, frontal, central, and parieto-
occipital regions during EC. Previous work suggested that hyperarousal occurs most pronounced in frontal 
regions (Nofzinger et al., 2006). Although the increase in frontal power in insomnia does not reach 
significance at the specific 19 Hz frequency bin of maximal group difference plotted in Figure 2, significance 
is reached in the 22–40 Hz range. Group differences are observed widely across the scalp, albeit with 
different magnitude. Please note that the topological area where the band-power is maximal does not 
necessarily coincide with the area where group differences are the largest, because of the variance of the 
signal or topographical differences between the groups. Group differences may be pronounced at locations 
with only moderate power, yet less pronounced at locations with the largest power (Figure S3, 
supplemental material). In spite of the topographies suggestive of spatial specificity (Figure 2), the observed 
features of insomnia, namely low upper-alpha (11-13 Hz) power and high broad beta (16.3-40 Hz) power, 
actually occurred over widespread areas. Given the stringent multiple comparison correction that we 
applied, some regions just crossed significance threshold, whereas others simply did not.  

Source estimates confirmed the widespread nature of the group differences, suggesting a global 
rather than focal origin of scalp profile of low upper alpha power during EO and high beta power during EC, 
in people with insomnia. This may either indicate that the ID deviations occur across the cortex, or that their 
locations are highly variable across individuals with ID. An F-test for equality of variances across groups 
ruled out the second option (supplementary material).  
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The findings support rather global differences between people with insomnia and controls, in 
accordance with the proposed global arousal modulatory role of the caudate, and with the diffused 
alterations resulting from the imbalance between sleep and wake promoting centers within the 
hypothalamus (Riemann et al., 2010). 
 
4.3. Clinical relevance 

The findings have practical implications for EEG studies in insomnia. Although wake EEG is much easier to 
assess than PSG, we here show that it still retains useful spatiospectral information that characterizes ID. 
Whereas a fine-grained HD-EEG approach similar to what we applied is necessary to uncover such 
characteristics, these may now be assessed with a few well-placed electrodes of the extended AASM 
montage (American Academy of Sleep Medicine, 2007)(Supplementary Material). Analyses described in 
detail in the supplemental material show that the F4-M1 bipolar electrode pair can best be evaluated for 
group differences in upper alpha power around 11.7 Hz during EO. The O1-M2 bipolar electrode pair can 
best be evaluated for group differences in beta power around 19 Hz during EC.  

Future studies could investigate whether these signatures could represent trait-like biomarkers of 
individuals with insomnia or at risk for insomnia, due to family history, or whether they represent state-
like signatures that remits after successful intervention. It could moreover be of interest to investigate 
whether individual differences in these features predict the response to intervention. 

Although the findings reported have practical implications for diagnostic and clinical purposes, these 
are also highly relevant for the comprehension of the physiopathology on insomnia. In the following 
paragraphs, we discuss possible functional correlates of enhanced broad beta and attenuated upper alpha 
band power, and report converging evidence that ID is characterized by hyperarousal and lack of inhibition 
of cortical dynamics, which in turn may interfere with cognitive and sensorimotor flexibility. 
 
4.4. Widespread enhanced broad beta band power and hyperarousal 

According to the hyperarousal model of insomnia (Perlis et al., 2001), high power in the broad beta band 
reflects elevated levels of arousal of the central nervous system and closely matches the hyper-vigilant 
cognitive style of insomnia disorder. Cortical arousal is a long-standing interpretation for high frequency 
EEG activity in insomnia. In an early study, Freedman (1986) found high beta power in sleep-onset insomnia 
during Rapid Eye Movements (REM) sleep and non-REM stage 1 sleep. Recently, a study found high beta 
power in primary insomnia during resting-state wakefulness (Corsi-Cabrera et al., 2012) in agreement with 
our observations. However, when considering the same frequency range (17-30 Hz), we did not only 
observe the reported frontal effect, but a more widespread effect, that encompassed prefrontal, frontal, 
central, right temporal and bilateral posterior regions on the scalp, pointing to global hyperarousal. Source 
analysis, at the beta frequency bin where we observed maximal evidence of group differences (19 Hz), 
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confirmed that source-level differences were also widespread. The differences were maximal over 
sensorimotor cortices, the region were the sources mostly originated from. Furthermore the differences 
extended over prefrontal, frontal, right temporal regions of the cortex. These results are suggestive of a 
global hyperarousal, encompassing sensorimotor, cognitive, and emotion-regulation systems. In healthy 
awake volunteers, EEG activity in the beta range is implicated in cognition, attention, and perception (Lopes 
da Silva, 1991). However, pathologically increased beta power is thought to interfere with cognitive and 
behavioral flexibility, by rigidly maintaining the cognitive and sensorimotor status quo (Engel and Fries, 
2010). Follow-up studies have to investigate whether the enhanced beta we observed in the wake EEG of 
people suffering from ID could be involved in their reportedly hampered ability to disengage from cognitive, 
sensorimotor and emotional processes (Bastien, 2011). 

Although the maximal differences we observed are near the beta peak frequency, our findings extend 
into the gamma range up until the last frequency bin we studied (16.3–40 Hz). In healthy awake volunteers, 
gamma band activity in the range of 30–100 Hz is implicated in learning, focused attention, memory and 
sensory processing (Kaiser and Lutzenberger, 2005). In one EEG-functional magnetic resonance imaging 
(fMRI) study (Chen et al., 2014), females suffering from ID showed high gamma power during perisleep 
epochs. Gamma power fluctuations were moreover associated with fluctuations in the blood oxygenated 
level dependent (BOLD) signal in the insula, suggesting pathologically elevated somatosensory awareness 
and distress. It is tempting to suggest that enhanced beta and gamma power could be involved in cognitive 
complaints characteristic of ID, including ruminations, worries, racing thoughts and enhanced 
interoception, exteroception, and self-referential processing. 
 
4.5. Upper alpha band role in the inhibition of interfering cognitions   

The functional relevance of attenuated upper alpha power relies on the association of alpha with inhibition. 
Large amplitude alpha oscillations have been suggested to reflect a state of cortical deactivation or active 
inhibition (Hummel et al., 2002). Consistently, in some studies, alpha amplitude is inversely related to 
cortical excitability (Klimesch, 1999, 2012). In combined EEG-fMRI studies, the BOLD signal in widespread 
cortical regions is anti-correlated with the estimated localized cortical alpha amplitude (Goldman et al., 
2002). Strong negative BOLD-alpha power correlations are not limited to the occipital cortex, but are also 
found at cortical sites further away from the generators in the occipital lobe (Gonçalves et al., 2006; Laufs 
et al., 2003). Furthermore, transient periods of high alpha activity are paralleled by a decrease in BOLD 
connectivity, consistently with the idea that alpha may represent inhibition across a distributed network of 
cortical areas (Chang et al., 2013; Scheeringa et al., 2012; Tagliazucchi et al., 2012). Whereas source analysis 
indicated that low power in the upper alpha band in insomnia occurred globally, the difference with controls 
was most significant in visual, somatosensory, and motor areas. Given the role of alpha oscillations in 
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inhibition, this finding suggests a global insufficiency in inhibition that may show most strongly for sensory 
and motor processing. 

The theoretical framework put forward by Klimesch links specifically the cortical inhibitory role of 
the upper portion of the alpha range, to the selection and suppression of irrelevant and interfering 
cognitions (Klimesch, 2012; Klimesch et al., 2007). In his words, referring to the inhibitory function of alpha: 
“large resting power may reflect a person’s ability to build up a highly efficient filter” (Klimesch, 2012). 
Widespread lack of cortical inhibition, paralleled by reduced selectivity of the attentional filter, could 
therefore give space to ruminations and interfering cognitions.  

In an early neurofeedback experiment, participants with obsessive rumination were trained to 
modulate alpha power, and indeed an inverse association of alpha power with rumination was found (Mills 
and Solyom, 1974). Given the importance of rumination in insomnia, it would be interesting to investigate 
whether reduced upper alpha power mediates the tendency to ruminate among people suffering from 
insomnia, and whether neurofeedback targeting this frequency range could thus alleviate cognitive 
symptoms in insomnia. Recently, a neurofeedback training successfully enhanced relative power, 
specifically in the upper alpha band, yielding benefits in attention and impulsivity, that are consistent with 
increased efficiency of the attentional inhibitory filter (Escolano et al., 2014). It may be possible that the 
success of neurofeedback training in ID,(Cortoos et al., 2010; Hauri, 1981; Hauri et al., 1982; Hoedlmoser et 
al., 2008; Schabus et al., 2014)  targeting the sensorimotor rhythm in the 12–15 Hz range, was partially due 
to the overlap between this band and the upper alpha band (11–13 Hz), the band where we observed the 
most impairment in ID. Future neurofeedback studies in insomnia should specifically target the upper-alpha 
oscillations, where we observed the largest physiological alterations of ID. 

In sum, it is tempting to suggest a possible role of attenuated alpha power in the inability to suppress 
intrusive cognitions (Bazanova and Vernon, 2014) and the resulting ruminations that exert a pivotal role in 
the etiology of ID (Riemann et al., 2010).  
 
4.6. Control of possible confounders  

It is unlikely that our finding of enhanced broad beta power is of electromyographic origin. First, we 
specifically addressed signals originating from muscle activity using canonical correlation analysis (De 
Clercq et al., 2006). Second, the group-difference effect size as reflected in the number of significant 
electrodes tended to decrease with frequency, rather than increase as it would be expected if the effect was 
driven by muscular activity under common average reference (Goncharova et al., 2003). 
Sleepiness is known to affect the EEG spectral power, in complex ways (Ogilvie, 2001). The amplitude of 
spontaneous oscillations in the broad alpha band during eyes open has been shown to be positively related 
to sleep pressure and fatigue (Åkerstedt and Gillberg, 1990; Cajochen et al., 1995; Kaida et al., 2006; Stampi 
et al., 1995), whereas the inverse holds during eyes closed resting state (Åkerstedt and Gillberg, 1990; 
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Curcio et al., 2001; Kaida et al., 2006; Stampi et al., 1995) during wakefulness or the transition to sleep 
(Klimesch, 1999; Ogilvie, 2001). We obtained a measure of state-sleepiness by quantifying the attenuation 
of the alpha power, in EC relative to EO, by means of the Alpha Attenuation Index (AAI)(Putilov and 
Donskaya, 2014; Stampi et al., 1995)(Supplementary Material). We moreover assessed the ESS (Johns, 
1991) as a measure of habitual sleepiness. We found no differences between ID and CTRL in either AAI or 
ESS. It is therefore highly unlikely that our findings involve group differences in either habitual or 
momentary sleepiness.  

Resting state alpha power starts to decrease considerably after the age of about 50 years (Breslau et 
al., 1989), especially in the upper alpha band. In the current study, the two groups did not differ significantly 
in age (mean difference = 3.97 y, p = .22). We then controlled for the possible confounding effect of age, by 
means of analysis of covariance (Supplementary Material). The main effect of ID on its electrophysiological 
correlates remained significant after taking into account the variation entailed by age; furthermore, the 
interaction of age with ID did not significantly affect the electrophysiological correlates of ID.  

Finally, benzodiazepines are known to suppress alpha and increase sigma and beta amplitude 
(Feshchenko et al., 1997). In the present study, use of benzodiazepines was an exclusion criterion.  

In summary, we excluded that the groups were different with respect to possible confounders 
(habitual and momentary sleepiness, age, sex, time of the recording, typical bedtime and typical GUT). 
 

5. Conclusions 

Our findings on the fine-grained spatiospectral characteristics of the wake resting-state HD-EEG in people 
suffering from insomnia disorder points to an imbalance of cortical excitation and inhibition, as indexed by 
a shift in spectral energy from low to high frequencies. During eyes open, people suffering from insomnia 
show lower power than controls in the upper alpha range, with maximal evidence at 11.7 Hz. This difference 
with controls is significant only in a narrow band. During eyes closed, people suffering from insomnia show 
higher power in the broad beta range, with maximal evidence at 19 Hz. This difference with controls extends 
over a rather broad frequency range. There is no evidence for a localized effect in either condition, as 
assessed by source-analysis. Furthermore, we provide recommendations on where to best observe these 
differences on the scalp, using bipolar electrodes of the AASM extended montage. Functional interpretation 
of the spectral alterations points to hyperarousal and lack of inhibition. The broad-band small increase in 
the beta range supports hyperarousal of the central nervous system; the narrow-band large reduction in 
the upper alpha range possibly reflects reduced cortical inhibition and reduced selectivity of the attentional 
filter. 
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6. Figures 

 

Figure 1—Imbalance between low and high frequency spectral power in insomnia, during the eyes 

open (EO) and eyes closed (EC) resting state. As compared to controls without sleep complaints (CTRL), 
individuals with insomnia disorder (ID) show a low ratio between the power of the lower (1.5–16 Hz) over 
upper (16–40 Hz) part of the spectrum (LO/HI RATIO). This was most pronounced over midline anterior 
(prefrontal, frontal, and central) and left parietal regions during EO, and over midline anterior (prefrontal, 
frontal, central) and bilateral posterior regions (temporal, parietal) during EC. The three maps on the left 
side show the results for EO, the three maps on the right side the results for EC. Of these triplet maps, the 
first and the second show the topographical distribution of the within-group median LO/HI RATIO, whereas 
the third map shows the relative group difference statistic (Z). Electrodes where the p value (derived from 
the Threshold-Free Cluster-Enhancement procedure) is less than 0.05 are marked with a black dot. 
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Figure 2—Less upper alpha and more broad beta relative power in insomnia, respectively, during 

the eyes open (EO) and eyes closed (EC) resting state. Compared to controls without sleep complaints 

(CTRL), individuals with insomnia disorder (ID) have less power in a narrow upper alpha frequency band 
over a bilateral frontal and left temporoparietal region during EO. During EC they show more power in a 
broad beta band over widespread regions. The left and right side of the figure show the results for the EO 
and EC resting state, respectively. The top row shows the log-transformed relative spectral power, averaged 
across scalp electrodes, of the two groups (red for ID, blue for CTRL). For each frequency bin and for each 
of the two groups separately, the median value (line) and its 95% bootstrap confidence interval 
(semitransparent area) across participants is shown. The middle panels show the percentage of electrodes 
that are significantly different between groups at each frequency bin, when the p values (derived from the 
Threshold-Free Cluster-Enhancement procedure) are thresholded at 0.1 (grey) or 0.05 (black). The bottom 
panels show the topographical distribution of the within-group median log-transformed spectral power and 
the relative group difference statistic (Z), at the frequency bin where the largest number of significant 
electrodes was found, respectively 11.7 Hz in the EO and 19 Hz in the EC condition (indicated by the dashed 
line in the top panel). Electrodes where p is less than .05 are marked with a black dot. 
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Figure 3— Mean upper alpha in eyes open (EO) is moderately anticorrelated with mean broad beta 

in eyes closed (EC), in both controls (CTRL, blue dots) and, more pronouncedly, in insomnia (ID, red 

dots). Least square lines are fit within each group (red and blue lines for ID and CTRL respectively), and 
across groups (black dashed line); ρ and probability-value (P) of the respective Spearman correlations are 
shown on top. The large unexplained variation suggests that expressing low upper alpha power in EO does 
not necessarily entail expressing high broad beta power in EC. Upper alpha and broad beta likely express 
two distinct, interrelated, functional processes. 
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Figure 4—Source localization reveals a widespread alteration of oscillatory power in insomnia 

disorder: decreased upper alpha band power during eyes open (EO) and increased beta band power 

during eyes closed (EC).  a) Upper panel: distribution of beta sources obtained using linearly constrained 
minimum variance beamforming, for insomnia disorder (ID, left) and controls without sleep complaints 
(CTRL, right). Average source power was converted to z-scores for visualization. Bottom panel: Automatic 
anatomical labelling (AAL) template regions where significant (p < .05, Wilcoxon test, Benjamini-Hochberg 
false discovery rate correction) increases in beta oscillatory power in ID vs. CTRL were observed. b) Upper 
panel: distribution of upper alpha sources for ID (left) and CTRL (right)—z-scored for visualization. Bottom 
panel: AAL template regions where significant decreases in upper alpha oscillatory power ID versus CTRL 
were observed. c) AAL regions ranked according to the effect size of the beta increases in ID versus CTRL 
(for more information on AAL regions, including abbreviations, please see Figure 4 and Table 1 of the 
Supplementary Information). d) AAL regions ranked according to the effect size of the upper alpha 
decreases in ID versus CTRL.  
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7. Tables 

Table 1-Summary of findings in insomnia based on power spectral analysis of the wake EEG 

Study Participants Setting Findings 

(case vs control) 

Electrodes    Power 

spectral 

analysis 
Wu et al., 2013 50 PI, 32 controls Evening EC NS C3, C4, Ref: 

A1+A2 
Abs 1 Hz bin, .5-32 
Hz range 

Corsi-Cabrera 
et al., 2012 

10 young PI, 10 
controls 

Wake epochs 
during the wake 
to sleep 
transition period 

More frontal beta 
power, more 
frontoparietal 
coupling within beta 
and gamma 

19 electrodes, 
10-20 system, 
Ref: average. 
Source 
estimation: 
VARETA 

Abs, beta (17-30 
Hz), gamma (31-
45 Hz).  

Wolynczyk-
Gmaj and 
Szelenberger 
2011  

36 PI, 29 controls First 2 minutes 
of 4 sessions 
from the 
multiple sleep 
latency test 

Less theta (4-8 Hz), 
more beta (18-30 Hz) 

Average of Fp1, 
Fp2, Fpz, Ref: 
between Fz and 
Cz 

Rel, 7 bands 
(delta, theta, 
alpha, beta1, 
beta2, beta3), 1-30 
Hz range 

Buckelew et al. 
2009  

20 students,  
poor vs good 
sleep (N = NR) 

EO, EC, audio-
listening, mental 
operation 

Sustained theta, not 
suppressed from EC to 
task 

Cz, Ref: bilateral 
earlobes 

Abs theta (4-8 Hz), 
beta (13-21 Hz) 

Freedman 
1986 

12 sleep-onset PI, 
12 controls 

EO seated, EC in 
bed 

Less alpha (9 Hz), 
more Abs. beta 
occipital  

C3, O1, Ref: A2 Abs, 1 Hz bin, .5-
30 Hz range  

Hauri 1981 10 with self-
reported 
insomnia, 10 
controls 

2 wake noontime 
sessions 

Less SMR C3, Ref: A2 Abs SMR (12-14 
Hz) 

PI, Primary Insomnia; Abs, Absolute band power; Rel, band power relative to total power; Ref, reference; 
NS not significant; NR not reported; SMR, sensorimotor rhythm; EO, eyes open; EC, eyes closed. 
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Table 2- Demographic variables, questionnaires, recording time and sleep diary variables, in 

insomnia disorder (ID) and controls without sleep complaints (CTRL) 

 ID 

(N=53) 

range, M ± SD 

CTRL (N=43) 

range, M ± SD 

p 

Sex,  
(m/f) 

9/42 11/32 NS 

Age, y 21-69, 50.0 ± 13.4 22-70, 46.1 ± 14.9 NS 
ISI 8-25, 16.0 ± 4.3 0-7, 1.9 ± 1.9 < .001 
ID duration, y .5-54, 21.98 ± 15.16 -  
ESS 0-19, 6.3 ± 4.43 1-14, 6.74 ± 3.21 NS 

 
RecT 20:34-23:37, 22:09 ± 0:39 20:26-23:43, 22:05 ± 0:54 NS 
Sleep diary    
SOL, min 1-180, 31.5 ± 36.35 0-30, 11.4 ± 7.89 < .001 
NWB 0-8, 2.59 ± 1.66 0-4, 1.60 ± 1.16 .002 
WASO, min 3-180, 60.12 ± 47.34 0-90, 15.12 ± 15.96 < .001 
TST, min 223.0-495.5, 380.9 ± 59.2 3824-580.0, 454.1 ± 39.1 < .001 
Bed-Time 21:10-1:25, 23:12 ± 0:50 21:00-2:00, 23:27 ± 0:59 NS 
Lights-Off 22:15-1:30, 23:36 ± 0:40 22:01-03:00, 23:50 ± 0:52 NS 
Lights-On 3:00-9.17, 6:59 ± 1:08 4:00-11.15, 7.23 ± 1:04 NS 
GUT 6:00-11:15, 7:55 ± 1:07 5:55-11:30, 7:51 ± 0:57 NS 
TIB, min 386.5-705, 495.7 ± 61.5 360-580, 485.5 ± 46.7 NS 
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More Severe Insomnia Complaints in People with Stronger Long-Range Temporal 

Correlations in Wake Resting-State EEG  

Abstract  

Study Objectives 

The complaints of people with Insomnia Disorder (ID) concern both sleep and daytime functioning. 
However, little is known about wake brain temporal dynamics in people with ID. We therefore assessed 
possible alterations in Long-Range Temporal Correlations (LRTC) in the amplitude fluctuations of band-
filtered oscillations in electroencephalography (EEG) recordings. 
Methods 

We investigated whether LRTC differ between cases with ID and matched controls. Within both groups, we 
moreover investigated whether individual differences in subjective insomnia complaints are associated 
with LRTC. Resting-state high-density EEG (256-channel) was recorded in 52 participants with ID and 43 
age- and sex-matched controls, during Eyes Open (EO) and Eyes Closed (EC). Detrended fluctuation analysis 
was applied to the amplitude envelope of band-filtered EEG oscillations (theta, alpha, sigma, beta-1, beta-
2) to obtain the Hurst exponents (H), as measures of LRTC. Participants rated their subjective insomnia 
complaints using the Insomnia Severity Index (ISI). Through general linear models, we evaluated whether 
H, aggregated across electrodes and frequencies, differed between cases and controls, or showed within-
group associations with individual differences in ISI. Additionally, we characterized the spatio-spectral 
profiles of group differences and associations using non-parametric statistics. 
Results 

H did not differ between cases with ID and controls in any of the frequency bands, neither during EO nor 
EC. During EO, however, within-group associations between H and ISI indicated that individuals who 
experienced worse sleep quality had stronger LRTC. Spatio-spectral profiles indicated that the associations 
held most prominently for the amplitude fluctuations of parietal theta oscillations within the ID group, and 
of centro-frontal beta-1 oscillations in controls. 
Conclusions 

While people with insomnia experience substantially worse sleep quality than controls, their brain 
dynamics express similar strength of LRTC. In each group, however, individuals experiencing worse sleep 
quality tend to have stronger LRTC during eyes open wakefulness, in a spatio-spectral range specific for 
each group. Taken together, the findings indicate that subjective insomnia complaints involve distinct 
dynamical processes in people with ID and controls. The findings are in agreement with recent reports on 
decreasing LRTC with sleep depth, and with the hypothesis that sleep balances brain excitability. 
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1 Introduction 

Complaints of insomnia are estimated to affect up to a third of the general population (Ohayon, 2002) and 
constitute the key connecting symptom in the network of associations between psychopathological 
symptoms (Borsboom et al., 2011). Insomnia complaints concern perceived problems of sleeping at the 
beginning, middle or end of the sleep period, as well as their perceived repercussions during daytime. 
Commonly reported daytime repercussions include fatigue, incapacity to concentrate, altered mood, worry, 
and other people noticing one’s sleep problems (Bastien et al., 2001). These insomnia complaints are mostly 
transient, but if they recur at least three times per week for more than three months, Insomnia Disorder 
may be diagnosed (American Psychiatric Association, 2013). 

Insomnia Disorder is characterized by chronic hyperarousal that can be found across cognitive, 
emotional, somatic and neurobiological domains (Bonnet and Arand, 1997; Riemann et al., 2010). Multiple 
neurobiological pathways could underlie hyperarousal in Insomnia Disorder, including an imbalance in the 
activity of wake and sleep promoting nuclei (Cano et al., 2008) and of networks regulating emotion, reward 
and cortical excitability (Altena et al., 2010; Stoffers et al., 2014; Wassing et al., 2016). It is hypothesized 
that hyperarousal involves elevated cortical excitability, resulting from attenuated inhibitory and 
heightened excitatory processes in neuronal networks (van der Werf et al., 2010). This imbalance manifests 
as a shift in power from lower to higher frequency oscillations in resting state electroencephalography 
(EEG) (Colombo et al., 2016; Corsi-Cabrera et al., 2012; Wolynczyk-Gmaj and Szelenberger, 2011). It 
moreover manifests as reduced gating and heightened sensory reactivity in response to exogenous (Bastien 
et al., 2008; Hairston et al., 2010; Kertesz and Cote, 2011; Yang and Lo, 2007) and endogenous stimuli (Wei 
et al., 2016).  

Recently, complex dynamic theory has been used to describe the process of sleep (Lo et al., 2002, 
2004, 2013). Sleep is hypothesized to regulate the complex organization of brain dynamics (Pearlmutter 
and Houghton, 2009), by keeping excitatory and inhibitory processes balanced (Huber et al., 2013). While 
prolonged wakefulness increases brain excitability, sleep reduces it, preventing an imbalance towards 
excitation that would favor runaway seizure-like activity (Meisel et al., 2013, 2015). Therefore, important 
pathophysiological mechanisms underlying insomnia complaints may be unveiled by studying the complex 
organization of brain dynamics. 

The dynamics of brain activity show a complex spatio-temporal organization that is autocorrelated 
over multiple scales. Accordingly, local short-lived activity can trigger far-reaching consequences over 
space and time (Hesse and Gross, 2014). In particular, the temporal organization of brain dynamics can be 
characterized by their Long-Range Temporal Correlations (LRTC): autocorrelations that decay over time 
according to a power law (Chialvo, 2010; Poil et al., 2012; Tagliazucchi et al., 2012). LRTC of brain dynamics 
reflect a memory of the system that can span tens and even up to several hundreds of seconds (Kantelhardt 
et al., 2015; Linkenkaer-Hansen et al., 2001). LRTC of brain dynamics have been observed with functional 
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magnetic resonance imaging (Tagliazucchi et al., 2012), magnetoencephalography (Linkenkaer-Hansen et 
al., 2001), EEG (Hardstone et al., 2012), and stereotactic EEG (Zhigalov et al., 2015).  

Computational models showed that LRTC emerge when excitatory and inhibitory processes of a 
neuronal network are balanced, near a critical transition between order and disorder (Poil et al., 2012).  
LRTC reach a maximum at the critical point and decay with the distance from it. Below the critical point the 
network is dominated by inhibition, whereas above it, by excitation (Poil et al., 2012). Convergent evidence 
based on several species and recording techniques as well as computer models (Priesemann et al., 2014) 
confirms the hypothesis that physiological brain dynamics are typically poised near and below the critical 
point (Carhart-Harris et al., 2014; Pearlmutter and Houghton, 2009). Under this hypothesis, stronger LRTC 
are therefore indicative of a higher excitation to inhibition ratio (Poil et al., 2012) (see Figure 1). 

The aim of the present study was to assess whether LRTC in the amplitude fluctuations of band-
filtered EEG oscillations, which are affected by the balance between excitation and inhibition, are more 
persistent (1) in people with Insomnia Disorder as compared to matched controls, and (2) in association 
with the subjective severity of insomnia complaints within each group. For this purpose, we recorded high-
density EEG (HD-EEG) in people with Insomnia Disorder and controls, during Eyes Open (EO) and Closed 
(EC) resting-state conditions, and quantified LRTC using Hurst exponents obtained from detrended 
fluctuation analysis (DFA) of the amplitude envelope of several band-filtered oscillations (Hardstone et al., 
2012; Kantelhardt et al., 2001). This allowed us to explore group and individual differences in LRTC at a 
fine-grained spatio-spectral level, next to testing hypothesis on a global aggregated measure of LRTC. We 
hypothesized that LRTC would globally be elevated in Insomnia Disorder as compared to matched controls, 
and that LRTC would globally positively correlate with the severity of insomnia complaints (Figure 1). 
Furthermore, in order to evaluate whether the severity of insomnia complaints is associated with similar 
or distinct brain dynamical processes in people with Insomnia Disorder and controls, we explored whether 
the correlations have different spatio-spectral profiles for the two groups. 

 
2 Methods 

2.1 Participants 

Participants were recruited through advertisements and the Netherlands Sleep Registry (Benjamins et al., 
2013). Telephone screening and subsequent face-to-face interview were conducted to exclude potential 
participants: with any psychiatric or neurological illness; with a history of sleep apnea, restless leg 
syndrome, narcolepsy, circadian disorders or chronic sleep deprivation; or having used hypnotics in the 
previous two months. The criteria for the Insomnia Disorder (ID) group adhered to the DSM-5 diagnosis 
(American Psychiatric Association, 2013), complemented by an Insomnia Severity Index (ISI) score equal 
or larger than the sub-clinical cutoff of 8 (Bastien et al., 2001). The controls (CTRL) group, age- and sex-
matched to the ID group (Supplementary Material), reported neither severe nor persistent insomnia 
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complaints and had an ISI score smaller than 8. The ISI is the sum-score of seven Likert-scale items (graded 
on five levels of agreement) concerning insomnia complaints, including sleep problems and their perceived 
impact on wakefulness, within the past two weeks (Bastien et al., 2001; Morin et al., 2011). The ISI was thus 
used as an index of the severity of insomnia complaints. We included 52 participants with ID (43 females), 
aged (range, mean ± standard deviation) 21–69, 50.23 ± 13.31 y, and 43 CTRL (32 females), aged 22–70, 
46.1 ± 14.9 y. Participants signed informed consent; the study was approved by the ethical committee of 
the VU University Medical Center, Amsterdam, The Netherlands. 

 
2.2 Recordings 

Participants were instructed to maintain a regular sleep/wake schedule during the two weeks prior to 
laboratory assessment. Moreover, on the day of laboratory assessment, they were also instructed to refrain 
from alcohol and drugs and to limit their intake of caffeinated beverages to a maximum of two cups, which 
were allowed only before 12:00 pm. EEG was recorded between 19:15 and 23:45 pm. During the recordings, 
participants were instructed not to move their head and not to fall asleep while seated in an upright position 
in two wake resting-state conditions: 5 minutes of visual fixation on a cross hair on a monitor (Eyes Open, 
EO), followed by 5 minutes with Eyes Closed (EC). High-density EEG (HD-EEG) was recorded using a 256-
channel system, connected to a Net Amps 300 amplifier (Electrical Geodesic Inc., Eugene, OR, input 
impedance: 200 MΩ, A/D converter: 24 bits). Electrode impedance was kept below 100 kΩ. Signals were 
acquired with a sampling rate of 1000 Hz and with a Cz reference. 

 

2.3 Preprocessing 

All preprocessing steps were coded in MATLAB (The Mathworks Inc., Natick, MA; version 8.3), using the 
MEEGPIPE toolbox (https://github.com/meegpipe/meegpipe). Large non-physiological deviations with 
non-stereotypical time-course were removed after estimation by local polynomial approximation through 
the LPA-ICI algorithm (Katkovnik et al., 2006). Signals were subsequently downsampled to 250 Hz with an 
antialiasing filter, and then band-pass filtered using a Hamming-windowed sinc Type I digital FIR filter 
(Widmann and Schröger, 2012) (cutoffs: 0.75–65 Hz; transition bandwidth: 0.2 and 5 Hz respectively for 
each end). Electrodes, first, and epochs, later, were evaluated for rejection using two similar automated 
procedures, adaptive to each EEG recording (Colombo et al., 2016). Further artifacts from physiological 
(cardiac field, eye movements/blinks, muscle tension) and non-physiological (power-line and sparse-
sensor noise) sources were removed using automated procedures. Electrodes located on the neck and the 
face were excluded from further analysis; the remaining 183 scalp electrodes were re-referenced to the 
common average. LRTC were estimated over the first 3 minutes of the cleaned data. 
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2.4 Estimation of LRTC  

In order to quantify LRTC, we applied Detrended Fluctuation Analysis (DFA) (Hardstone et al., 2012; 
Kantelhardt et al., 2001) to the amplitude envelope of the band-pass filtered EEG signals, so as to estimate 
the corresponding Hurst scaling exponent H, for each frequency band and for each electrode. While the 
preprocessing procedure removed large artifactual periods and corrected for various sources of noise, we 
do not exclude that the data may still be contaminated by minor artifacts. Even in this case—where the 
signals are short, have portions of the data cut out and are partially contaminated by artifacts— the 
estimation of the Hurst exponents through DFA is reliable (Chen et al., 2002; Ma et al., 2010). EEG signals 
were filtered in the frequency bands of theta (4–8 Hz), alpha (8–12 Hz), sigma (12–15 Hz), beta-1 (15–22), 
beta-2 (22–30 Hz), using Hamming-windowed sinc FIR filters with window sizes of 125, 63, 38, 31, 23 data 
points, respectively (Widmann and Schröger, 2012). The amplitude envelope was then obtained as the 
absolute value of the Hilbert transform (Figure 2A, top). The globally detrended cumulative envelope time-
series was obtained by cumulatively summing the envelope over the duration of the recording, and 
removing its global linear trend (Hardstone et al., 2012) (Figure 2A, bottom). This time-series was split into 
non-overlapping segments, from which local third-order polynomial trends were estimated with least 
squares (following Kantelhardt et al., 2015) and subtracted (Figure 2B). The fluctuation was quantified as 
the average root mean square (RMS) of all locally-detrended segments. The process was repeated for 
segments of different time-scales: 20 logarithmically-spaced time-scales were used between a minimum, 8 
times larger than the filter order (for theta to beta-2, respectively: 4, 2.02, 1.24, 1, 0.74 s), and a maximum, 
8 times smaller than recording length (22.5 s). Note that we did not consider smaller time-scales so as to 
avoid biasing the scaling-law estimation from short-range autocorrelations induced by the temporal filter 
(Hardstone et al., 2012). Subsequently, plotting the average RMS versus time-scale on a log-log scale 
produced a nearly linear sequence of values (Figure 2C). The Hurst scaling exponent of the amplitude 
envelope, H, is the slope of the least-squares linear fit. Thus H quantifies how steeply the fluctuations 
increase with the time-scale of reference. H between 0–0.5 indicates negative autocorrelations; H equal to 
0.5 indicates no autocorrelation (random process); H between 0.5–1 indicates positive autocorrelations 
(LRTC); and H above 1 indicates the process is non-stationary. Consistently with the existing literature on 
neurophysiology during wakefulness, we use the term Long-Range Temporal Correlations (LRTC) to refer 
to positive autocorrelations—estimated with H—that persist up to tens of seconds (e.g. Bornas et al., 2013; 
Linkenkaer-Hansen et al., 2001; Palva et al., 2013). However, the reader should notice that in the context of 
long sleep recordings, a fitting range of 2-20 s is considered short (Kantelhardt et al., 2015). 

 
2.5 H group difference and association with subjective insomnia complaints 

An aggregated measure of the LRTC scaling exponents was obtained, separately for EO and EC, as the grand-
median of the H exponents across frequency bands and electrodes. Separately for each of the two resting-
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state conditions (EO, EC), type-II univariate general linear model (GLM) was used to estimate whether the 
grand-median H differed between groups and was associated with individual differences in the subjective 
severity of insomnia complaints (measured by the ISI score, range 0–25). The GLM analysis was performed 
in R (version 3.0.2), with the CAR package (Fox and Weisberg, 2010). 

In order to clarify whether the association between the grand-median H and ISI held stronger within 
each group or across groups, we compared the Spearman correlation coefficients obtained within each 
group and across groups (Supplementary Material). 

During either EO or EC, if the GLM indicated the grand-median H differed significantly between 
groups or was significantly associated with the ISI score, follow-up non-parametric tests were performed: 
Wilcoxon rank-sum tests were used to quantify group differences, Spearman correlations to quantify 
associations. 

 
2.6 Group-specific spectral and spatio-spectral correlations between H and ISI 

For the resting state condition (Eyes Open or Closed) where the ISI was found to be associated with the 
grand-median H, we further investigated the group-specific spectral and spatio-spectral profiles of the 
association.  

First, we determined whether the association between LRTC and the severity of insomnia complaints 
had a spectral profile specific to each group. For each frequency band, we computed the median H across 
electrodes. We then obtained the Spearman correlation coefficient (rho) between ISI and the median H 
exponent in each frequency band, together with the bootstrap confidence intervals (1000 iterations) of the 
correlation coefficients. 

Second, we determined whether the association between LRTC and the severity of insomnia 
complaints had a spatio-spectral profile specific to each group. A Spearman correlation coefficient and its 
corresponding t-statistic (df = 50 and 41, respectively for ID and CTRL) were calculated separately for each 
spatio-spectral bin (i.e. for each electrode and frequency band). Following the threshold-free cluster 
enhancement (TFCE) procedure (Mensen and Khatami, 2013), each t-statistic was enhanced according to 
the intensity of the adjacent spatio-spectral bins. The parameters e and h, corresponding to the exponents 
of extension and height, were set to the default values, 0.66 and 2 respectively, as derived from random field 
theory (Mensen and Khatami, 2013). Significance (set at p = .05) of each enhanced statistic (ttfce) was 
determined by comparing it to the respective empirical null hypothesis distribution, constructed by Monte 
Carlo permutation with 1000 iterations. TFCE retains local maxima of the topology of the statistical 
contrasts and avoids the use of arbitrary thresholds to form clusters. Importantly, the TFCE procedure has 
larger power compared to the common cluster-based inference, while still accounting for multiple 
comparisons (Mensen and Khatami, 2013). 
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3 Results 
3.1 ID and CTRL have similar LRTC 

Across all participants, the Hurst scaling exponent H of the amplitude envelope fell within the 0.5–1 range, 
confirming the presence of LRTC in narrow-band EEG amplitude fluctuations (Hardstone et al., 2012; 
Kantelhardt et al., 2001). The H exponent was larger during EO than during EC, significantly so for alpha, 
sigma, beta-1 and beta-2, and only at trend-level for theta (Supplementary Figure S1A). Between-
participants variation of H was significantly larger across electrodes during EO than during EC, for alpha, 
sigma, beta-1 and beta-2 (Supplementary Figure S1B). During EO, H was similar for the ID and CTRL groups 
for all frequency bands (Figure 4A) and electrodes (Figure 4B). Accordingly, group differences in H were 
not statistically significant, as reported in the following section. Both groups displayed largest H exponents 
in alpha oscillations; they also displayed largest H over parietal regions, consistently across frequency 
bands. Similar results were obtained during EC (Supplementary Figure S1A, topographies not shown).  

 
3.2 During EO, the grand-median Hurst exponent increases with ISI, in ID and in CTRL 

Univariate GLMs, separately for EC and EO, quantified whether the LRTC scaling exponent H, aggregated 
over frequencies and electrodes, differed between groups and was associated with the severity of insomnia 
complaints. 

During EC, the GLM indicated that the grand-median H did not differ between ID and CTRL (F (1,89) 
= 0.537, p = .466) and did not change with ISI (F (1,89) = 1.267, p = .263). There was also no ID-by-ISI 
interaction effect (F (1,89) = 1.000, p = .320).  

During EO, the GLM indicated a significant effect of group (F (1,89) = 5.397, p = .022). However, follow-
up rank-sum tests revealed that ID did not differ from CTRL with respect to the grand-median H (z = -0.079; 
p = .937). Further investigation of group differences during EO at the fine-grained spatio-spectral level 
(Supplementary Material) indicated no group differences at any frequency or electrode. Furthermore, the 
GLM indicated a significant effect of ISI (F (1,89) = 8.397, p = .005). Follow-up correlation tests revealed that 
the grand-median H increased with ISI (Figure 3), in ID (rho = .327, p = .018) and in CTRL (rho = .409, p = 
.006), while only showing a trend when considering all participants together (rho = .174, p = .092) 
(Supplementary Material). Finally, the GLM indicated no ID-by-ISI interaction effect (F (1,89) = 1.000, p = 
.320). 

In sum, the groups did not differ with respect to H, at any frequency and electrode, either during EO 
or EC. However, within each group, ISI positively correlated with H, aggregated over frequencies and 
electrodes, during EO. In the remainder of the Results we accordingly focus on EO, to detail the association 
between ISI and H at a fine-grained level. 
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3.3 Group-specific spectral and spatio-spectral correlations between ISI and H during EO 

In order to determine whether the association between LRTC and the severity of insomnia complaints had 
a spectral profile specific to each group, we examined for each frequency band the Spearman correlation 
coefficients and their confidence intervals, for ID and CTRL. Both in ID and CTRL, the EO H exponent 
correlated positively with ISI in all frequency bands. Robust correlations (consistently positive across more 
than 97.5% of the bootstrap iterations) were observed in different frequency bands for each group (Figure 
4C). In ID the associations were more robust in the low-frequency bands, rho (bootstrap 95% C.I.): theta = 
.335 (.086 – .551); alpha = .312 (.054 – .572); sigma = .276 (.024 – .532); beta-1 = .236 (-.04 – .491); beta-2 
= .198 (-.008 – .449). In CTRL the associations were more robust in the high-frequency bands: theta = .165 
(-.206 – .466); alpha = .102 (-.266 – .396); sigma = .327 (.049 – .583); beta-1 = .426 (.210 – .674); beta-2 = 
.392 (.153 – .630). 

In order to further detail the association between LRTC and the severity of insomnia complaints at 
the spatio-spectral level, Spearman correlations were calculated for each frequency-electrode bin. 
Statistical significance, corrected for multiple comparisons, was assessed with threshold-free cluster 
enhancement (TFCE). Positive correlations between ISI and H in each group were found over extended 
regions and in multiple frequency bands (Figure 4D). In the following, we report the spatial extent (number 
of electrodes with p < .05) and the peak intensity (rho, t, ttfce, and p at the electrode with maximal statistical 
evidence), separately for each frequency band. 

In the ID group, ISI positively correlated with H, in a bilateral parietal region within the theta band 
(18 electrodes; peak rho = .521, t = 4.317, ttfce = 245.032, p = .027) (as illustrated further in Figure 5), in a 
frontal region within the alpha band (7 electrodes; peak rho = .393, t = 3.020, ttfce = 206.180, p = .048), in 
prefrontal and right fronto-temporal regions within the sigma band (10 electrodes; peak rho = .443, t = 
3.489, ttfce = 215.432, p = .041), and, be it only in small regions, in midline prefrontal and right fronto-
temporal regions within the beta-1 band (7 electrodes; peak rho = .458, t = 3.647, ttfce = 217.597 , p = .038).  

In the CTRL group, ISI positively correlated with H, in midline prefrontal and left frontal regions 
within the sigma band (9 electrodes; peak rho = .468, t = 3.390, ttfce = 197.980, p = .032), in a frontal region 
extending to bilateral central and fronto-temporal regions within the beta-1 band (48 electrodes; peak: rho 
= .547, t = 4.181, ttfce = 269.731, p = .012) (as illustrated further in Figure 5), and in bilateral fronto-temporal 
and left central regions within the beta-2 band (23 electrodes; peak rho = .568, t = 4.414, ttfce = 276.426, p = 
.010). 
 
4 Discussion 
We investigated whether Long-Range Temporal Correlations in the amplitude fluctuations of band-filtered 
EEG oscillations during the wake resting state differed between people with Insomnia Disorder and 
matched controls. We moreover investigated whether individual differences in these autocorrelations were 
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associated with individual differences in the severity of insomnia complaints. For this purpose, we 
estimated the scaling exponent of Long-Range Temporal Correlations through the Hurst exponent, derived 
from Detrended Fluctuation Analysis. 

The results indicate that people with Insomnia Disorder grosso modo do not show different strength 
of LRTC as compared to controls. However, within each group, individuals experiencing worse sleep quality 
tend to have stronger LRTC during eyes open wakefulness. Furthermore, the association between insomnia 
complaints and LRTC has a distinct spatio-spectral profile in each group, suggesting that people with 
insomnia and matched controls have different neural correlates of subjective insomnia complaints. 

Within the physiological dynamical range (Priesemann et al., 2014), higher LRTC are indicative of a 
higher excitation to inhibition ratio  (Poil et al., 2012) (see Figure 1). In the present paper, we speculate that 
stronger LRTC in people experiencing more severe insomnia complaints reflect increased excitability of 
cortical networks. This is in agreement with recent reports on decreasing LRTC during sleep (Kantelhardt 
et al., 2015; Tagliazucchi et al., 2013), and with the hypothesis that sleep contributes to the homeostasis 
between excitatory and inhibitory processes in the brain (Pearlmutter and Houghton, 2009). 
 
4.1 People suffering from ID and controls show similar LRTC 

We expected a higher excitation to inhibition ratio in people with ID as compared to matched controls; 
therefore we hypothesized that they would show stronger LRTC. However, the groups did not differ either 
at the grand-median level, or at the fine-grained spatio-spectral level (Supplementary material). One 
explanation for the lack of group differences is that ID entails an elevated excitation to inhibition ratio 
beyond the critical point, resulting in similar LRTC to those of matched controls (Poil et al., 2012) (see 
Figure 1). However, such a scenario seems unlikely, given that the physiological range of brain dynamics 
throughout different vigilance states, species, recording techniques and comparative simulations stays 
below the critical point (Priesemann et al., 2013, 2014). Furthermore, in our experiment, the association 
between LRTC and the severity of insomnia complaints was positive in each group, as predicted assuming 
that brain dynamics are below the critical point in both groups.  

Another possible explanation for the lack of group differences in LRTC is that the neural correlates of 
subjective insomnia complaints are reflected in dynamical processes that are distinct in each group. We 
discuss this possibility in the next section. 

 
4.2 The severity of insomnia complaints in ID and controls increases with LRTC during EO 

We observed a positive association between LRTC during Eyes Open and the severity of insomnia 
complaints, in people with ID and in matched controls. Such association was specific to each group. 
Accordingly, higher correlation coefficients were observed within each group than across groups 
(Supplementary material). Furthermore, the correlations between the severity of insomnia complaints and 
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LRTC show spatio-spectral profiles that are group-specific. In our control group without insomnia, 
individuals with mild insomnia complaints, as compared to those with no insomnia complaints, have 
stronger LRTC in high frequency band power fluctuations, prominently so over frontal and bilateral centro-
frontal regions within the beta-1 band. Conversely, among participants suffering from Insomnia Disorder, 
individuals with severe insomnia complaints, as compared to those with moderate insomnia complaints, 
have stronger LRTC in low frequency band power fluctuations, prominently so over parietal regions within 
the theta band (Figure 4C, 4D). In other words, the severity of insomnia complaints increases with LRTC 
during eyes open wakefulness, specifically in low frequency oscillations among people with Insomnia 
Disorder, and specifically in high frequency oscillations among controls. Therefore, the wake brain 
dynamical processes underlying the severity of insomnia complaints are likely different between people 
with Insomnia Disorder and matched controls. 

We observed that individuals who experience worse sleep quality show stronger LRTC during Eyes 
Open but not during Eyes Closed. Closing the eyes increases the mean strength of LRTC—as previously 
observed (Nikulin and Brismar, 2004, 2005). Stronger LRTC during eyes closed wakefulness may reflect a 
shift from below towards the critical point and thus an increase in the excitation to inhibition ratio. 
Crucially, the increase in LRTC becomes progressively smaller when approaching the critical point (Poil et 
al., 2012) (see Figure 1). Furthermore, closing the eyes increases the between-participants variation of 
LRTC (Supplementary Figure S1), potentially concealing systematic variation of interest across participants 
in LRTC. Therefore, the analysis of LRTC during eyes closed wakefulness may be less sensitive to individual 
differences in brain excitability, than is the case for LRTC during eyes open. 
 
4.3 Sleep and LRTC  

The main finding of the present study is that, within both groups, more severe insomnia complaints parallel 
stronger LRTC in the amplitude fluctuations of ongoing EEG oscillations. This suggests that a high excitation 
to inhibition ratio in neuronal networks during wakefulness is linked, in individuals with ID and in controls, 
to poor sleep quality. Consistently, other studies have found that after falling asleep there is a progressive 
decrease of LRTC with deeper sleep stages, in both amplitude and frequency fluctuations of EEG oscillations 
(Kantelhardt et al., 2015), as well as in the amplitude fluctuations of the blood oxygenated level dependent 
(BOLD) signal in the attention and default mode networks (Tagliazucchi et al., 2013). We speculate that 
poor sleep quality may insufficiently reduce LRTC during subsequent wakefulness, by insufficiently 
reducing the excitation to inhibition ratio in neuronal networks. This interpretation is consistent with the 
hypothesis that sleep plays a key role in keeping the wake brain sufficiently far from dynamics dominated 
by excitation, to provide a safe margin from uncontrolled runaway activity (Pearlmutter and Houghton, 
2009). 
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4.4 Limitations 

The measurement of severity of insomnia complaints was based on subjective complaints. Future studies 
could complement the present study by the use of polysomnography, to evaluate the association of LRTC in 
resting-state brain dynamics with objective sleep quality, as well as to evaluate the associations of LRTC in 
sleep brain dynamics with objective and subjective sleep quality. Future studies may also evaluate LRTC in 
frequency fluctuations, rather than in amplitude fluctuations, of EEG oscillations (Kantelhardt et al., 2015) 
in people with insomnia. 
 
5 Conclusions 

We estimated LRTC in narrow-band amplitude fluctuations of HD-EEG, among people with Insomnia 
Disorder and matched controls. LRTC were similar across groups. During eyes open wakefulness, people 
with more severe insomnia complaints have stronger LRTC, within each group. Furthermore, the 
association has a spatio-spectral profile specific to each group, suggesting that insomnia complaints are 
reflected in wake brain dynamical processes that are distinct in people with Insomnia Disorder and 
controls. Our findings of stronger LRTC with increasing severity of insomnia complaints may reflect an 
increase of brain excitability, suggesting a disruption of the sleep-dependent homeostasis of the excitation-
inhibition balance. In a broader perspective, these findings challenge the notion that higher complexity is a 
signature of better health, and that disorders are associated to a loss of complex dynamics (Yang and Tsai, 
2013). Instead, sleep may reduce the brain excitability, yielding intermediate levels of dynamical complexity 
during wakefulness, in order to prevent the insurgence of seizure-like dynamics. 
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7 Figures 

 
Figure 1. Working model: Disrupted sleep involves higher excitation to inhibition ratio, and thus 

stronger Long-Range Temporal Correlations (LRTC) in wake brain dynamics. The figure illustrates 
that LRTC peak at the critical point, when excitation and inhibition of a neuronal network are balanced. In 
the physiological range of brain dynamics—near and below the critical point—an increase in the excitation 
to inhibition ratio entails stronger LRTC. Here we put forth the hypothesis that disrupted sleep would 
increase the excitation to inhibition ratio, and thus increase LRTC. We therefore expected stronger LRTC in 
Insomnia Disorder as compared to matched controls, and that, in each group, the individuals with more 
severe insomnia complaints would also show stronger LRTC. This hypothetical model is general and does 
not make specific predictions for each frequency band and electrode, where LRTC can be measured. We 
therefore investigated the model predictions on a global aggregated measure of LRTC, and then we explored 
associations at a refined spatio-spectral level. 
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Figure 2. Schematic explanation of the estimation of H, the Long-Range Temporal Correlations 

scaling exponent of the amplitude envelope, through detrended fluctuation analysis (DFA). (A) Top: 
The amplitude envelope (thick black line) is the absolute value of the Hilbert transform of the band-pass 
filtered oscillation (thin gray line). Only 30 s out of 3 min of alpha band oscillation are shown for clarity. 
Bottom: the cumulative sum of the envelope in top is shown after subtraction of its global linear trend. (B) 
This cumulative sum time series is divided into non-overlapping segments of different sizes (e.g. blue = 2.02 
s, green = 3.55 s, red = 6.55 s); local third-order polynomial trends are removed. The residual signals display 
a clear increase in fluctuations, as the time-scale increases (blue< green< red). (C) This increase in 
fluctuations—measured as the average root mean square (RMS) of the detrended segments—as a function 
of the time-scale of reference, can be quantified by a power-law. Twenty logarithmically-spaced time-scales 
are considered to fit a least-squares line over log-log axes. The fitting range is chosen so that filter artifacts 
are minimal (> 8 times the filter order), yet enough segments are available for a reliable estimate of the 
fluctuation (>8 segments). The scaling exponent of the amplitude envelope H is the slope of the fitted line 
(in black, shifted vertically for clarity). Values obtained from the original signal are shown in black circles; 
large dots in blue, green and red correspond to the time-scales exemplified in B. The average values of 100 
surrogate signals (each being the envelope of band-pass filtered white noise, rescaled to the mean 
amplitude of the original signal) are shown in gray, for visual comparison. The original signal, as compared 
to the surrogate, shows a steeper increase in fluctuation across time-scales, reflecting that EEG dynamics 
are more strongly autocorrelated than those of a random process. H between 0.5–1 indicates the presence 
of positive autocorrelations. These dependencies persist beyond the time-scale of the oscillations (10-2 – 10-

1) up to tens of seconds, and are thus named Long-Range Temporal Correlations (LRTC). 
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Figure 3. The Long-Range Temporal Correlations scaling exponent—aggregated across frequencies 

and electrodes—of EEG amplitude fluctuations during Eyes Open increases with severity of 

insomnia complaints, in participants with Insomnia Disorder and in matched controls. The Insomnia 
Severity Index (ISI) positively correlated with the grand-median of the H exponents across frequencies and 
electrodes, in participants with Insomnia Disorder (ID, red) and matched controls (CTRL, blue). The groups 
did not significantly differ with respect to H. A least-squares line is shown for each group; a cross indicates 
the median point of each group with respect to the two axes. Within-group Spearman correlation 
coefficients (rho), rank-sum Z-statistic of group difference in H, and their respective p-values are shown on 
top. 
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Figure 4. Long-Range Temporal Correlations in EEG amplitude fluctuations during Eyes Open 

increase with severity of insomnia complaints, with distinct spatio-spectral profiles in participants 

with Insomnia Disorder and matched controls. (A) For each frequency band and group, the H exponent 
(median across electrodes) is displayed, as the median across participants (middle line) with inter quartile 
range (box) and the central 95% of all participants (whiskers). Data during Eyes Open rest is shown for 
Insomnia Disorder (ID, red) and controls (CTRL, blue) (B) Grand average topographies of the H exponents 
are shown for each frequency band and group. (C) The H exponent (median across electrodes) was 
positively associated with the Insomnia Severity Index (ISI) in both groups. Boxplots show the bootstrap-
distributions of Spearman’s correlation coefficients (rho). (D) Topographies of t-values of the ISI-H 
correlations, arranged vertically by group, and horizontally by frequency band; electrodes where p < .05 
and p < .1 (corrected for multiple comparisons after Threshold-Free Cluster Enhancement) are plotted with 
white and black dots, respectively. Note the more prominent positive correlations between H and ISI at low 
frequencies for ID and at high frequencies for CTRL.  
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Figure 5. Long-Range Temporal Correlations in EEG amplitude fluctuations during Eyes Open 

increase with severity of insomnia complaints, particularly within parietal theta oscillations in 

participants with Insomnia Disorder, and within frontal beta-1 oscillations in matched controls. We 
identified for each group the spatio-spectral profile with the strongest association between H and the 
Insomnia Severity Index (ISI), and visualized the correlations in both groups. The group-specific spatio-
spectral profile was defined in two steps: We first selected the frequency band where the largest number of 
electrodes displayed significant correlations between H and ISI (p < .05, corrected for multiple comparisons 
after Threshold-Free Cluster Enhancement); we then averaged across the H values at that frequency band, 
in those electrodes (highlighted in black in the topographies). In controls (CTRL), the strongest spatio-
spectral correlate was the average across electrodes in a frontal region extending to bilateral central and 
fronto-temporal regions in the beta-1 band. In Insomnia Disorder (ID), the strongest spatio-spectral 
correlate was the average across parietal electrodes in the theta band. A least-squares line is shown for each 
group. Within-group spearman correlation coefficients (rho) and their respective p-values (uncorrected) 
are shown on top.  
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I Keep a Close Watch on This Heart of Mine: Increased Interoception in Insomnia 

Abstract 

Study Objectives 

Whereas both insomnia and altered interoception are core symptoms in affective disorders, their neural 
mechanisms remain insufficiently understood and have not previously been linked. Insomnia Disorder (ID) 
is characterized by sensory hypersensitivity during wakefulness and sleep. Previous studies on sensory 
processing in ID addressed external stimuli only, but not interoception. Interoceptive sensitivity can be 
studied quantitatively by measuring the cerebral cortical response to one's heartbeat (heartbeat-evoked 
potential, HEP). We here investigated whether insomnia is associated with increased interoceptive 
sensitivity as indexed by the HEP amplitude.  
Methods 
Sixty-four participants aged 21–70 years were recruited through www.sleepregistry.nl including 32 people 
with ID and 32 age- and sex-matched controls without sleep complaints. HEPs were obtained from resting-
state high-density electroencephalography (HD-EEG) recorded during evening wakeful rest in eyes-open 
(EO) and eyes-closed (EC) conditions of 5-minute duration each. Significance of group differences in HEP 
amplitude and their topographical distribution over the scalp were assessed by means of cluster-based 
permutation tests.  
Results 
In particular during EC, and to a lesser extent during EO, people with ID had a larger amplitude late HEP 
component than controls at frontal electrodes 376–500 ms after the R-wave peak. Source localization 
suggested increased neural activity time-locked to heartbeats in people with ID mainly in anterior 
cingulate/medial frontal cortices.  
Conclusions 
People with insomnia show insufficient adaptation of their brain responses to the ever-present heartbeats. 
Abnormalities in the neural circuits involved in interoceptive awareness including the salience network 
may be of key importance to the pathophysiology of insomnia. 
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1 Introduction 
Insomnia is one of the most common health complaints in general medical practice. Persistent complaints 
are part of the diagnosis of Insomnia Disorder (ID) (Association, 2013) which is not only the most prevalent 
of all sleep disorders (Bassetti et al., 2015), but also the second-most prevalent mental disorder (Wittchen 
et al., 2011). Despite its high prevalence, the underlying mechanisms of chronic insomnia remain elusive. A 
better understanding of the neural correlates of insomnia is highly desirable, not in the least because 
insomnia represents a primary risk factor for the development of depression (Baglioni et al., 2011) and 
cardiovascular diseases (Laugsand et al., 2011, 2014). According to mechanistic models of ID (Bastien, 
2011; Perlis et al., 1997; Riemann et al., 2010), insomnia becomes chronic as a result of maladaptive cerebral 
cortical arousal around sleep onset or during sleep, such that increased levels of sensory and information 
processing interfere with the normal processes of sleep initiation or maintenance. Support for these models 
has accumulated from both psychological and neurobiological studies of ID. In a population study, self-
reported hypersensitivity to sensory stimuli significantly correlated with poor quality of nocturnal sleep 
(Engel-Yeger and Shochat, 2012). Objective measures, such as event-related potentials (ERPs), have also 
been used to quantify sensitivity to external stimuli before, during, or after sleep, in association with 
insomnia. Several ERP components, including N1, P2, P300, and N350 of the auditory-evoked potential 
(Bastien et al., 2008, 2013; Cortoos et al., 2014; Devoto et al., 2003, 2005; Hairston et al., 2010; Kertesz and 
Cote, 2011; Sforza and Haba-Rubio, 2006; Turcotte et al., 2011; Turcotte and Bastien, 2009; Yang and Lo, 
2007), as well as the recovery function of the somatosensory-evoked potential (Huang et al., 2012), have 
been studied in people with ID. Results from these studies confirm increased sensory processing of external 
stimuli, reflecting either enhanced cortical excitability (van der Werf et al., 2010) or deficient inhibition 
(Colombo et al., 2016; Espie, 2002) in ID. 

The brain also responds to internal signals arising from one’s own body, and their dysfunctional 
processing is a key to the pathophysiology of depression and anxiety disorders (Domschke et al., 2010; 
Harshaw, 2015; Paulus and Stein, 2010). Senses of, and responses to, signals arising from one’s own body 
are collectively known as “interoception.” The term traditionally refers to visceral sensations, but in a broad 
sense also encompasses (conscious and subconscious) sensations about one’s physiological conditions such 
as hunger, thirst, pain, and temperature (Craig, 2002, 2003; Herbert and Pollatos, 2012). In the current 
work, our use of the term “interoception” does not imply awareness of the physiological conditions, but 
refers to the continuous central nervous system (CNS) processing of such bodily signals which is essential 
to homeostatic control and integrated in higher-order cognitive functioning (Critchley et al., 2013; Critchley 
and Harrison, 2013; Damasio, 1999; Wiens, 2005). Previous questionnaire studies have suggested 
abnormal interoceptive processes in people with ID. One study (Hammad et al., 2001) reported significantly 
higher scores on the Somatic Sensation Inventory (Barsky et al., 1986) in a sample of people with ID than 
in the general population. The authors interpreted the high scores as reflecting altered CNS processing of 
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bodily information. A second questionnaire study (Jansson and Linton, 2007) showed an association 
between insomnia symptoms and scores on the Modified Somatic Perception Questionnaire (Main, 1983) 
in a non-clinical sample. These results thus suggest that ID may be characterized by heightened sensitivity 
to interoceptive signals, even during daytime. To our knowledge, however, no objective quantitative 
assessment of interoceptive sensitivity in ID has yet been reported. Given the importance of both insomnia 
and interoception in the pathophysiology of depression and anxiety, we here aimed to assess a neural 
correlate of interoceptive sensitivity in ID. 

Interoceptive sensitivity can be studied quantitatively by means of the heartbeat-evoked potential 
(HEP) (Canales-Johnson et al., 2015; Di Bernardi Luft and Bhattacharya, 2015; Dirlich et al., 1998; Katkin et 
al., 1991; Lechinger et al., 2015; Leopold and Schandry, 2001; Montoya et al., 1993; Müller et al., 2015; 
Pollatos et al., 2005; Pollatos and Schandry, 2004; Schandry et al., 1986; Shao et al., 2011; Terhaar et al., 
2012). The HEP reflects the neuronal response to afferent cardiovascular signals and can be obtained by 
averaging the scalp potentials time-locked to heartbeats. Whereas cardiac electric field artifacts require 
careful preprocessing, intracerebral recordings from the primary sensory and motor cortices in humans 
confirmed a neural origin of the HEP (Canales-Johnson et al., 2015; Kern et al., 2013). Early studies showed 
that the amplitude of the HEP correlates with one’s accuracy of heartbeat detection (Katkin et al., 1991; 
Leopold and Schandry, 2001; Montoya et al., 1993; Pollatos et al., 2005; Pollatos and Schandry, 2004). On 
the other hand, well-defined HEP waveforms could also be observed when people were not consciously 
paying attention to their heartbeats, such as in the resting state (Müller et al., 2015; Shao et al., 2011), during 
sleep (Lechinger et al., 2015), or when people were engaged in exteroceptive tasks in which they had to 
focus on external stimuli (Di Bernardi Luft and Bhattacharya, 2015; Dirlich et al., 1998; Leopold and 
Schandry, 2001; Montoya et al., 1993; Shao et al., 2011; Terhaar et al., 2012). In terms of scalp topology, 
most studies have reported a positive HEP component observed at fronto-central locations with latencies 
ranging from 200 to 600 ms relative to the electrocardiogram (ECG) R-wave peak (Lechinger et al., 2015; 
Leopold and Schandry, 2001; Montoya et al., 1993; Pollatos et al., 2005; Pollatos and Schandry, 2004). 
Others found a positive component at parieto-occipital sites (Dirlich et al., 1998). Discrepancies across 
studies might be explained by different EEG montages used, time windows examined, and behavioral states 
under which the HEP was measured. For instance, the positive frontal HEP component was mostly observed 
when people performed cardioception or tone perception tasks (Leopold and Schandry, 2001; Montoya et 
al., 1993; Pollatos et al., 2005; Pollatos and Schandry, 2004), while the positive parieto-occipital HEP 
component was reported when the participants perceived visual stimuli (silent movies) (Dirlich et al., 
1998). Source localization based on dipole modeling suggested that the HEP originates from four brain 
structures: anterior cingulate, medial frontal, insular, and somatosensory cortices (Pollatos et al., 2005), all 
of which had been shown by functional neuroimaging to be involved in a heartbeat discrimination task 
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(Critchley et al., 2004). The HEP thus represents an electrophysiological marker for the cortical processing 
of afferent cardiovascular information. 

In the present study, we assessed the HEPs of people with ID and age- and sex-matched controls using 
high-density electroencephalography (HD-EEG) recorded in eyes-open (EO) and eyes-closed (EC) resting 
states prior to bedtime, as indices of interoceptive sensitivity under the relatively natural resting-state 
conditions. Our objective was two-fold: (1) to compare the spatiotemporal patterns of the HEP during the 
two resting-state conditions, and (2) to investigate whether people with ID show altered cortical responses 
to afferent cardiovascular information. We hypothesized that people with ID would exhibit larger amplitude 
HEP components, reflecting excessive processing and/or deficient inhibition of interoceptive signals. 
Additionally, since EC represents a natural behavioral state during which people progress from wakefulness 
to sleep, larger differences in this electrophysiological marker between people with ID and controls were 
expected during EC than during EO, should it indeed relate to the mechanisms involved in disturbed sleep. 
 

2 Methods  

The study was approved by the ethics committee of the VU University Medical Center, Amsterdam, The 
Netherlands. All participants provided written informed consent. 
 
2.1 Participants 
Participants for the current study were recruited through advertisement and the Sleep Registry (Benjamins 
et al., 2013). Participants were screened by telephone first, followed by face-to-face interviews. A total of 
64 people including 32 with ID (25 female, age range 21-67 y) and 32 controls (26 female, age range 22-70 
y) contributed to the data for the present HEP assessment. There was no significant difference between 
participants with ID and controls in terms of age or sex distribution (Table 1). 

Participants were excluded in case of: (1) diagnosed sleep apnea, restless legs syndrome, narcolepsy, 
or other somatic, neurological, or psychiatric disorders; (2) use of sleep medications within the last 2 
months; (3) overt circadian disorders and irregular sleep-wake rhythms, assessed using one week of 
actigraphy (Actiwatch AW4, Cambridge Neurotechnology Ltd., Cambridge, UK, or GENEActiv Sleep, 
Activinsights Ltd., Kimbolton, UK) supplemented by sleep diaries; and (4) scores above the minimal to mild 
range of anxiety or depression symptom severity, as evaluated by either the Hospital Anxiety and 
Depression Scale (HADS) (Zigmond and Snaith, 1983) or the Beck Anxiety Inventory (BAI) (Beck et al., 
1988) and Beck Depression Inventory (BDI-IA) (Beck and Steer, 1993), The exclusion scores for each scale 
were; BAI: 19 or higher; BDI-IA: 17 or higher; HADS: 11 or higher on either of the anxiety or the depression 
subscales; according to recommended clinical cutoffs (Julian, 2011; Smarr and Keefer, 2011). Scores within 
the mild range were allowed because scores in this range are more likely in people with ID even in the 
absence of any anxiety or depression (Carney et al., 2009, 2011). Smoking habits were assessed during the 
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intake interview but were not part of the exclusion criteria for the current study. Two participants in the ID 
group and none in the control group were smokers (p = .49, Fisher exact test). 

The inclusion criteria for the ID group were in line with DSM, Fifth Edition diagnosis (Association, 
2013) and the Research Diagnostic Criteria (Edinger et al., 2004) for Insomnia Disorder. Additional severity 
criteria required, for the ID group, self-reported sleep onset latency or wake after sleep onset greater than 
30 min, and total sleep time less than 6.5 hours, for at least 6 months and for more than 3 nights per week 
at the time of intake. The Insomnia Severity Index (ISI) (Bastien et al., 2001) was administered during the 
intake interview. Following the cutoff with optimal classification accuracy as previously validated on a 
clinical sample(Morin et al., 2011), we only included people with ISI scores greater than 10. These additional 
quantitative criteria were applied to ensure objective supporting evidence for ID and to exclude possible 
equivocal cases. The quantitative criteria are commonly used in insomnia research and make our sample 
comparable to previous studies with either clinical or questionnaire-based criteria. The control (CTRL) 
group included age- and sex-matched volunteers that reported to have no sleep difficulties, as confirmed by 
interviews and their ISI scores less than 8. 
 
2.2 Protocol 

HD-EEG recordings of people with ID and matched controls were acquired in a laboratory setting. On the 
day of the recording session, participants were asked to refrain from alcohol and drugs, as well as to limit 
consumption of caffeinated beverages to a maximum of 2 cups, which were allowed only before noon. Intake 
of alcohol and caffeinated beverages within the week prior to recording was reported in the sleep diary, 
and the two groups did not differ in the average daily intake of either alcohol (mean ± standard deviation: 
ID = 0.95±0.88, CTRL = 1.08±0.99 glasses; p =.58) or caffeinated beverages (mean ± standard deviation: ID 
= 3.74±2.06, CTRL = 4.42±2.51 cups; p = .24). Participants underwent resting-state HD-EEG recording 
during evening wakeful rest (between 19:00 and habitual bedtime) while seated in EO and then EC 
conditions of 5-min duration each. The two conditions were not counterbalanced. During recording, 
participants were seated upright and instructed not to think about anything in particular or fall asleep. In 
addition, in the EO condition, they were requested to fixate at a plus sign on a monitor. Sleep was monitored 
in real-time during recording. In cases where signs of falling asleep were observed (e.g., slow eye 
movements, attenuation of alpha waves), the participant was alerted and recording of the 5-min assessment 
was restarted. 

Resting-state HD-EEG was recorded using a 256-channel HydroCel EEG net (Electrical Geodesic Inc., 
Eugene, OR) connected to a Net Amps 300 amplifier (input impedance: 200 MΩ, A/D converter: 24 bits), 
with the ground electrode placed at the centro-parietal midline and reference at the vertex. ECG was 
recorded simultaneously from a Polygraphic Input Box (Electrical Geodesic Inc.), using Ag/ AgCl electrodes 
placed in accordance with the standard lead II configuration (Kligfield et al., 2007). Electrode impedances 



69 
 

were kept below 100 kΩ throughout the recording session. Signals were online band-pass filtered between 
0.1–100 Hz and digitized at 1000 Hz. 
 
2.3 Data Preprocessing 

All ECG and EEG analyses were carried out in MATLAB 8.3 (The Mathworks Inc., Natick, MA). R-waves were 
detected offline from the ECG time series with the Pan-Tomkins algorithm (Pan and Tompkins, 1985) and 
verified visually. Preprocessing of EEG data was conducted separately for each participant using the 
MEEGPIPE toolbox (https://github.com/meegpipe/meegpipe). Non-stereotyped artifacts (e.g., baseline 
drifts, movement artifacts) in each channel were estimated by local polynomial approximation with the 
LPA-ICI algorithm (Katkovnik et al., 2006) and subtracted from the continuous EEG data. The signals were 
then downsampled to 250 Hz, and band-pass filtered (0.5–62.5 Hz) with a Hamming-windowed sinc digital 
FIR filter (Widmann and Schröger, 2012). 

Noisy EEG channels and segments were automatically detected with the following statistical criteria. 
The continuous EEG data were first segmented into 2-s epochs, and 3 signal statistics were calculated for 
each channel for each epoch: range, range of the first derivative, and standard deviation. For each channel, 
the 3 statistics were average across epochs and then transformed into modified z-scores (Iglewicz and 
Hoaglin, 1993), thus obtaining robust measures of deviation from the median that are suitable for the 
detection of outliers. The channels with any of the modified z-scores greater than 2.7 were marked as noisy 
and were linearly interpolated from neighboring channels. Similarly, for each epoch, the three statistics 
were averaged across channels and transformed into modified z-scores; the epochs with any of the modified 
z-scores greater than 2.7 were marked as noisy and were excluded from subsequent analyses. An analysis 
of variance (ANOVA) revealed no significant group, condition, or group-by-condition differences with 
respect to the number of rejected epochs detected by this automatic procedure (all p > .24). The number of 
rejected channels exhibited large inter-individual variability, but the rejected electrodes were mostly 
around the neck or cheek regions, where electrodes were later excluded from the HEP calculation for all 
participants. As channel interpolation and the subsequent independent component analysis both reduced 
the dimensionality of the data, their effects on the scalp signals were assessed jointly in a separate ANOVA 
described below. 

After noisy channels and epochs were rejected, the remaining signals were submitted to independent 
component analysis (ICA) (Jung et al., 2000). Components of power-line noise, eye movement, pulse wave, 
and cardiac field artifacts were identified through visual inspection of their time course and topographical 
distribution and regressed out. Importantly, the pulse wave and cardiac field artifacts are time-locked to 
heartbeats and thus likely to obscure the HEP or produce spurious group differences. Pulse wave artifacts 
are generated by movements due to pulsation, with largest amplitude around 200 ms after the ECG R-wave 
and spatially restricted to electrodes close to a pulsating vessel (Kern et al., 2013). Components with low-
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frequency waveforms time-locked to heartbeats and sparse spatial patterns were therefore identified as 
pulse wave artifacts and regressed out. The cardiac field artifacts, on the other hand, represent the cardiac 
electric field spread across the scalp due to volume conduction, and are especially prominent in the time 
windows of the ECG QRS-complex and T-wave (Dirlich et al., 1997). Such artifacts were removed by 
regressing out components that had clear ECG morphology and predominant back-projected activation at 
the neck region. 

To evaluate whether there were group, condition, or group-by-condition differences in interpolation 
of excluded (noisy) electrodes or in ICA-based artifact removal, we performed an ANOVA on the 
dimensionality of the pre-processed data (i.e. rank of the continuous data matrix) over the 150 scalp 
electrodes that were included in the following HEP analyses. No significant group or group-by-condition 
interaction effect was observed (p > .16). The main effect of condition was significant (p < .001), indicating 
reduction of dimensionality in EO was greater than in EC. This difference was mainly attributed to the 
removal of more eye movement and blinking artifacts during EO. As these artifacts were asynchronous to 
heartbeats, we did not expect this difference in data modification would confound later comparisons. 
Moreover, an ANOVA that addressed the number of rejected ICA components associated with 
cardiovascular artifacts revealed no significant group, condition, or group-by-condition interaction effects 
(all p  > .24). 
 
2.4 HEP Analysis 
The HEP was calculated for each of the 150 channels overlying the scalp area. EEG signals were first re-
referenced to the common average of these scalp channels. The HEP was subsequently obtained by 
averaging the EEG segments from –300 to 600 ms relative to the ECG R-wave peaks and then subtracting 
the mean over a 200-ms baseline (–300 to –100 ms), a period free from Q-wave and R-wave contamination. 

A major factor that impedes the study of the HEP is its small amplitude, usually comparable to the 
background noise level. This poor signal-to-noise ratio on one hand renders detection of peak amplitude or 
latency, a common procedure in ERP research, rather imprecise, and on the other hand reduces the power 
of massive univariate testing involving the full spatiotemporal data matrix, especially for between-subjects 
comparisons where temporal jitters can be large. Indeed, in previous reports on the HEP, individual peak 
amplitude/latency detection has hardly been conducted, and between-group comparison was often done 
by first averaging the amplitude within arbitrary time windows selected to increase the signal-to-noise ratio 
(Leopold and Schandry, 2001; Montoya et al., 1993; Müller et al., 2015; Pollatos et al., 2005; Pollatos and 
Schandry, 2004). However, while the time window each study chose generally fell somewhere between 
200-600 ms relative to the R-wave peak, the exact latency ranges over which the amplitude was averaged 
(and the corresponding topographical distribution) were not consistent across studies. A less arbitrary 
approach to make the choice of time window is to obtain a data-driven window from within-subjects 
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comparison between two different conditions of interest (Di Bernardi Luft and Bhattacharya, 2015; Terhaar 
et al., 2012). We here followed this time window selection approach since it is not only less arbitrary but 
also more physiologically motivated. 

It has been known that the spontaneous activation patterns of the human brain are markedly different 
in the EC and EO resting states (Jao et al., 2013; Marx et al., 2003; McAvoy et al., 2008; Xu et al., 2014). The 
EC resting state has in particular been characterized as an “interoceptive state” and EO as an “exteroceptive 
state” (Marx et al., 2003; Xu et al., 2014), based on the finding that multiple sensory regions show activation 
during EC, whereas the attention and oculomotor systems are activated in EO. Since the HEP represents an 
electrophysiological marker of sensory processing, and since the signals originated from the attention and 
oculomotor systems during EO are likely to interfere with the HEP, we expected to see a larger HEP 
component in EC. 

As explained in the Introduction, the increased sensory processing during the EC period may be of 
particular relevance to the pathophysiology of ID and contribute to larger group differences, given that EC 
is the state wherein natural transition from wake to sleep takes place. A cluster-based non-parametric 
permutation test (Maris and Oostenveld, 2007) as implemented in FieldTrip (Oostenveld et al., 2011) was 
carried out to test the hypothesis that the HEP waveforms were more pronounced during EC, and to identify 
the time windows of interest for subsequent between-group analysis. Briefly, point-wise within-subjects t-
statistics (EC vs. EO) were first computed at each electrode at each timeframe between 200–600 ms relative 
to the R-wave peak. The t-values above 1.998 or below –1.998 (thresholds corresponding to a two-tailed 
uncorrected significance level of p < .05 with 63 degrees of freedom) for at least 4 neighboring electrodes 
at each timeframe were then clustered according to spatiotemporal adjacency. Any resulting 
spatiotemporal cluster was deemed significant if the cluster mass (sum of t-values within the cluster) was 
above the 97.5 percentile or below the 2.5 percentile of a null randomization distribution, constructed by 
Monte Carlo simulation with 10,000 iterations (Maris, 2004), of the maximum cluster mass. The stringent 
criteria ensured that reasonably focal time windows of interest would be chosen. 

Using this procedure, a single time window of interest was identified, spanning 376-500 ms relative 
to the R-wave peak and covering 2 supra-threshold spatiotemporal clusters, as detailed in the Results 
section. The mean HEP amplitude at each scalp channel over this time window was then submitted to the 
following between-group analysis. As the time window lies in the latency range of the late positive 
component (LPC) in the ERP literature, for brevity we hereafter refer to the frontal or parieto-occipital HEP 
within this time window as the “late HEP component” throughout the manuscript. We do not however imply 
that the functional role of the observed component is similar to that of the LPC. 
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2.5 Between-Group Statistical Analysis 
Group differences in HEP amplitude between ID and CTRL were again assessed with cluster-based non-
parametric permutation tests (Maris and Oostenveld, 2007). The procedure was similar to the between-
condition comparison above, but was done with respect to the mean HEP amplitude over the 376-500 ms 
time window rather than the full spatiotemporal data matrix. 

To assess the main effect of ID, between-subjects t-statistics (ID vs. CTRL) were first evaluated for the 
mean HEP amplitude at each electrode, averaged over EC and EO. The t-values above 1.999 or below –1.999 
(thresholds corresponding to a two-tailed uncorrected significance level of p < .05 with 62 degrees of 
freedom) were then clustered according to spatial adjacency, and the cluster mass was calculated for each 
spatial cluster by summing all supra-threshold t-values within it. The same procedure was repeated 10,000 
times with the individuals’ ID versus CTRL group membership labels randomly shuffled, to construct a null 
randomization distribution of the maximum cluster mass. A p-value was obtained by comparing the real 
observed cluster masses against this null distribution. Note that this non-parametric method corrects for 
multiple comparisons since the null distribution was constructed using only the maximum cluster-level 
statistic in each iteration (Maris and Oostenveld, 2007). 

To assess the group-by-condition interaction, we submitted the difference in mean HEP amplitude 
between conditions (EC – EO) to the same between-subjects cluster-based permutation procedure. Post-
hoc tests were also conducted, by submitting the mean HEP amplitude during EC and EO to the between-
subjects permutation procedure separately. 
 
2.6 Exploratory Correlation Analyses 
Exploratory correlation analyses were carried out to investigate the association between the mean 
amplitude of the late frontal HEP component, a consistent finding by the current and several previous 
studies (Lechinger et al., 2015; Leopold and Schandry, 2001; Montoya et al., 1993; Pollatos et al., 2005; 
Pollatos and Schandry, 2004), and overall insomnia severity as measured by ISI, as well as the associations 
between the mean frontal HEP late-component amplitude and different self-reported sleep complaints as 
evaluated by the distinct ISI-items. 

For all 64 participants, mean HEP amplitude within the 376-500 ms time window was averaged 
across 42 frontal and prefrontal electrodes where the HEP component was the most prominent, and then 
the Pearson correlation coefficients between the ISI-item scores and the average amplitude were calculated 
for both EC and EO conditions. Note that we did not include only the electrodes that showed significant 
group differences revealed by previous between-group analysis when calculating the average amplitude, so 
as to avoid finding spurious results due to circular inferences (Kriegeskorte et al., 2009). 
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2.7 Source Reconstruction of Between-Group HEP Differences 
We investigated the cortical sources that underlie the observed group differences using the linearly 
constrained minimum variance (LCMV) beamforming method (Van Veen et al., 1997) implemented in 
FieldTrip. A template head model contained in FieldTrip, constructed from the Montreal Neurological 
Institute (MNI) standard single-subject structural image (colin27), was used to compute the forward 
solution. Electrode positions were determined by applying an affine transformation to the template 
Geodesic Sensor Net coordinates based on four fiducial points: nasion, vertex, and left and right pre-
auricular points. The LCMV beamforming algorithm estimated, for every source location, the time courses 
of electrical dipole strength along three orientations. To simplify later comparisons, we computed (for each 
participant) the neural activity index (NAI) (Van Veen et al., 1997) over the 376-500 ms time window of 
interest, a single score summarizing the source activity within this time period, at each source point on a 
three dimensional regular grid with 5 mm resolution. Subsequently, the NAIs were linearly interpolated to 
1 mm³ voxels. The source reconstruction procedure was carried out for the EC condition, where statistically 
significant group differences were confirmed in scalp-level between-group analysis (for details see the 
Results section below). We visualized between-group differences in source activity by plotting the largest 
t-statistics comparing the log-transformed NAIs of the two groups, after applying a gray matter mask. 
 
3 Results 

3.1 HEP Time Course and Topography 
The grand average HEP time courses of all participants at each scalp electrode before and after ICA-based 
artifact removal (Jung et al., 2000) are depicted in Figures S1 and S2 in supplemental material, respectively. 
The associated topographical snapshots at every 100 ms for each group and condition are shown in Figures 
S3 and S4. The cardiac field artifacts are prominent and overwhelm cortical HEP components at all electrode 
sites before ICA-based artifact removal. The HEP waveforms after ICA correction appear similar to those 
observed in previous studies (Lechinger et al., 2015; Montoya et al., 1993; Pollatos et al., 2005; Pollatos and 
Schandry, 2004; Shao et al., 2011), although remnant cardiac field artifacts including the QRS-complex and 
T-wave are visible, especially at parietal and occipital regions. In the post T-wave time window (350–600 
ms) where the cardiac field artifacts were previously shown to be minimal (Dirlich et al., 1997, 1998), a 
positive component at frontal and prefrontal electrodes with higher amplitude during EC (larger in people 
with ID), and a positive component at parietal and occipital electrodes with higher amplitude during EO 
(larger in controls) can be observed. 

Within-subjects comparison confirmed these observed differences between the two resting-state 
conditions. A cluster-based permutation test revealed two spatiotemporal clusters indicating significance 
differences between EC and EO (Fig. 1): a spatiotemporal cluster spanning 376–500 ms after the R-wave 
peak indicative of more positive late frontal activation during EC than during EO (p < .004 corrected for 
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multiple comparisons), and a spatiotemporal cluster spanning almost the same time window (364–500 ms) 
indicative of more positive late parieto-occipital activation during EO than during EC (p < .008 corrected for 
multiple comparisons). Based on these results, we identified the latency range of 376-500 ms after the R-
wave peak as the time window of interest and conducted the following between-group analysis on the mean 
HEP amplitude over this time window. 
 
3.2 Between-Group HEP Differences 

To investigate whether people with ID differ from controls with respect to the amplitude of the identified 
late frontal or parieto-occipital HEP component, we compared the groups using a cluster-based 
permutation test on the mean HEP amplitude within the 376-500 ms time window at each scalp electrode, 
averaged over the two resting-state conditions. A spatial cluster was found at frontal electrodes, indicating 
a significantly larger amplitude late frontal HEP component in ID as compared to CTRL (p < .02 corrected 
for multiple comparisons). Next, to investigate the group-by-condition interaction effect, we submitted the 
difference in mean HEP amplitude between conditions (EC – EO) to the same between-subjects permutation 
procedure. No significant interaction was found after correction for multiple comparisons. Nevertheless, in 
order to explore which resting-state condition best revealed the group differences, we conducted post-hoc 
tests by submitting the mean HEP amplitude for EC and EO to the between-subjects permutation procedure 
separately (Fig. 2). During EC, ID had significantly larger late-component amplitude in a spatial cluster of 
frontal electrodes as compared to CTRL (p < .02 corrected for multiple comparisons). A similar difference 
in an overlapping spatial cluster was observed during EO, but did not survive correction for multiple 
comparisons. 

As the t-statistic maps suggest leftward lateralized between-group differences, separate repeated-
measures ANOVAs were performed to test this asymmetry. However, no significant hemisphere main effect 
or group-by-hemisphere interaction was found in either resting-state condition (all p > .62). 
 
3.3 Associations between HEP Amplitude and Sleep Complaints 

The overall ISI exhibited a marginally significant correlation with the average amplitude of the late frontal 
HEP component during EC (r(62) = 0.24, p = .06). The weak correlation may be owing to the fact that 
insomnia is a heterogeneous disorder, and while the ISI is an overall score that weighs different facets of 
the disorder equally, the HEP amplitude might be differentially associated with these facets. We thus 
evaluated whether the mean frontal HEP late-component amplitude was correlated with specific sleep 
complaints, as represented by scores on individual ISI-items. The average amplitude of the late frontal HEP 
component during EC correlated significantly with the score on the second ISI-item, Difficulty Maintaining 
Sleep (r(62) = 0.32, p < .01), and marginally significantly with the score on the fourth ISI-item, 
Dissatisfaction with Current Sleep Pattern (r(62) = .23, p = .06), but with none of the other items (.11 < p < 
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.30). The average amplitude of the late frontal component during EO did not correlate significantly with the 
overall ISI or any of the ISI-item scores (.12 < p < .80). 
 
3.4 Source Localization of Between-Group HEP Differences 

We quantified source activity during the 376–500 ms time window in the EC condition by means of the 
neural activity index estimated with the LCMV beamforming algorithm (Van Veen et al., 1997). The largest 
t-statistics (ID vs. CTRL) form clusters in several cortical areas, showing spatial patterns paralleling 
previous neuroimaging or source localization results (Critchley et al., 2004; Park et al., 2014; Pollatos et al., 
2005). Increased source activity in people with ID compared to CTRL during the 376–500 ms time window 
was observed at bilateral anterior cingulate and medial frontal cortices (peak t-value = 2.21; Fig. 3), and 
with less spatial extent at the right lateral parietal cortex (peak t-value = 2.86; not shown due to slice 
selection). In addition, we also observed decreased source activity at the left occipital region in people with 
ID compared to CTRL (peak t-value = –2.31; Fig. 3). 
 
4 Discussion 

The current study is, to our knowledge, the first to quantify a neural correlate of interoceptive sensitivity in 
people with Insomnia Disorder and compare it with healthy controls without sleep complaints. We assessed 
the amplitude of the resting-state heartbeat-evoked potential, a measure previously shown to reflect 
individual differences in interoceptive sensitivity without being confounded by active attentional 
manipulation (Müller et al., 2015). Our results show that during the wakeful resting state, people with ID 
have a larger amplitude late HEP component at frontal electrodes. This finding suggests that ID is 
characterized by altered cerebral responses to afferent interoceptive signals, which could involve excessive 
cortical processing, deficient inhibition, or deficient adaptation. Specifically, while participants were not 
instructed to explicitly focus on the heartbeats, it is likely that the observed group differences can be 
partially attributed to unconscious attentional bias in ID towards sleep-related body sensations which has 
been posited to contribute to the persistence of insomnia (Harvey, 2002a). The difference in HEP amplitude 
between ID and CTRL was especially prominent during the eyes-closed condition. These results 
complement previous exteroceptive ERP findings by now demonstrating that people with ID have altered 
brain responses not only to external stimuli, but also to internal ones. 

Psychiatric conditions that are often comorbid with ID and known to influence the HEP, such as 
depression (Terhaar et al., 2012), were excluded through careful selection of the participants (Carney et al., 
2009, 2011). Moreover, previous work showed that interoceptive sensitivity and the HEP amplitude are 
actually decreased in depressed patients (Terhaar et al., 2012). Therefore, our findings cannot easily be 
attributed to unnoticed subclinical depressive symptomatology in people with ID. 
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We addressed possible group differences owing to cardiovascular artifacts in EEG associated with 
different heart rates between the two groups with careful preprocessing of data, including ICA-based 
artifact removal. Furthermore, the pulse wave and cardiac field artifacts were shown to be minimal within 
the time window of the late HEP component (Dirlich et al., 1997, 1998; Kern et al., 2013), and the 
topographical distribution of the group differences exhibited distinct spatial patterns from those typically 
observed for the pulse wave and cardiac field artifacts, suggesting the findings cannot be explained by 
differences in these cardiovascular artifacts. Possible contributions of age and sex differences were also 
minimized by matching. Additionally, it was verified that the two groups did not significantly differ with 
respect to the time of recording in terms of absolute clock time (p = .12). The time of recording relative to 
individual habitual bedtime showed a trend of group difference (p = .09), due to the fact that people with ID 
tended to go to bed earlier. However, an ancillary analysis of covariance (ANCOVA) on the mean frontal HEP 
late-component amplitude that included age, sex, recording time, recording time relative to habitual 
bedtime, and heart rate as covariates ruled out that effects were secondary to possible confounding by these 
variables (all p > .30) and confirmed the finding of altered HEP amplitude in ID (p < .03 for the group main 
effect either with or without covariate adjustment). 

A frontal positive component within similar time windows has been reported repeatedly in previous 
studies on the HEP during the resting state (Müller et al., 2015; Shao et al., 2011), during sleep (Lechinger 
et al., 2015), and during interoceptive or exteroceptive tasks (Leopold and Schandry, 2001; Montoya et al., 
1993; Pollatos et al., 2005; Pollatos and Schandry, 2004; Shao et al., 2011), supporting the idea that it 
reflects ongoing CNS processing of afferent cardiovascular information, even when one does not focus 
attention on the heartbeats (Schandry and Montoya, 1996). In the current study, within-subjects 
comparison revealed that the frontal positive HEP component was more prominent during the EC resting 
state than during EO. This result is consistent with previous characterization of EC as an “interoceptive 
state” and EO as an “exteroceptive state” (Marx et al., 2003; Xu et al., 2014). Notably, during the EO resting 
state, we found positive activity in the parieto-occipital region, a topographical distribution also observed 
in a previous study (Dirlich et al., 1998) where the participants were instructed to fixate on the presented 
visual stimuli. We thus reason that the parietal positivity may represent interaction between interoceptive 
processing and visual attention. The fact that the amplitude of the late parieto-occipital component 
appeared smaller in people with ID (Figure S4) indicates such interaction might also be altered in ID, 
although the difference was not statistically significant. The interaction between interoceptive and 
exteroceptive processing has recently been proposed as a mechanism underlying the generation of 
perceptual experience (Park and Tallon-Baudry, 2014). While future research is necessary to further 
investigate this hypothesis, our results suggest that measuring the HEP across conditions might provide a 
sensitive method to assess the interoception-exteroception interaction. 
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Source reconstruction suggested increased neural activity time-locked to heartbeats in bilateral 
anterior cingulate/ medial frontal and right lateral parietal cortices, as well as decreased activity in the left 
occipital cortex, in people with ID. A similar activation pattern was previously found in a neuroimaging 
study in which healthy participants performed a heartbeat discrimination task (Critchley et al., 2004), 
supporting the idea that people with ID may exhibit attentional bias towards interoceptive stimuli, 
especially during the pre-sleep period with eyes closed. Nevertheless, we note that the source 
reconstruction results should be interpreted with caution, due to their limited spatial resolution. Below, we 
briefly review previous neuroimaging findings on interoception and insomnia, aiming at further elucidating 
the possible links between the two. 

The major brain structures mediating interoceptive information processing include the anterior 
cingulate, insular, and orbitofrontal cortices (Craig, 2002, 2003; Critchley et al., 2004). The findings of the 
current study thus suggest that ID may involve changes in these brain structures, which is consistent with 
evidence from previous structural and functional neuroimaging studies. Specifically, we have previously 
shown that gray matter (GM) volume in part of the orbitofrontal cortex is reduced in people with ID (Altena 
et al., 2010). Several other studies support possible involvement of reduced orbitofrontal GM in insomnia 
(Joo et al., 2013; Winkelman et al., 2013), and in the vulnerability to early morning awakening (Stoffers et 
al., 2012; Weber et al., 2013) and sleep fragmentation (Lim et al., 2015), although one study could not find 
such association (Spiegelhalder et al., 2013). In addition to these suggestions of deficient orbitofrontal 
processing, increased anterior cingulate cortex volume and insular coactivation with salience network 
activity has been reported in ID (Chen et al., 2014; Winkelman et al., 2013). In sum, there is a body of 
converging evidence suggesting ID is associated with structural and functional changes in the brain circuits 
involved in interoception. Hypersensitivity to interoceptive signals, as indexed by the increased amplitude 
of the late frontal HEP component, may reflect these changes and potentially contribute to the complaints 
of people with ID. The link between resting-state HEP amplitude and structural alterations is corroborated 
by a recent study,(Müller et al., 2015) which reported positive correlations between the average late HEP 
amplitude during EC and GM volumes in the anterior cingulate and anterior insular cortices in a sample of 
patients with borderline personality disorder and healthy controls. Future research is needed to evaluate 
whether such association can be replicated in people with ID, and whether previously reported high scores 
of people with insomnia disorder or symptoms on questionnaires about self-reported body sensations 
(Hammad et al., 2001; Jansson and Linton, 2007) are associated with the increased HEP amplitude we found 
in the present study. 

The anterior cingulate, insular, and orbitofrontal cortices constitute the so-called “salience network” 
(Downar et al., 2002; Menon and Uddin, 2010; Seeley et al., 2007; Taylor et al., 2009). This network, 
especially the anterior insular cortex, is hypothesized to integrate interoceptive and exteroceptive 
information, to detect salient sensory signals for additional higher-order processing, and to control the 
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switching between activation of the default-mode and central-executive networks (Craig, 2009; Menon and 
Uddin, 2010; Simmons et al., 2013; Sridharan et al., 2008). In short, the salience network implements a 
mechanism by which irrelevant signals can be filtered out, allowing salient information (arising from the 
body or the environment) to access attentional or working memory resources (Menon and Uddin, 2010). 
Malfunction of the salience network, which results in “noisy” afferent input, has been proposed as one 
important factor underlying anxiety symptoms and disorders (Menon and Uddin, 2010; Paulus and Stein, 
2010), based on evidence that people with such symptoms or disorders also exhibit increased interoceptive 
sensitivity (Critchley et al., 2004; Domschke et al., 2010; Pollatos et al., 2007). Interestingly, not only are 
there many personality traits and symptoms commonly shared by people with ID or anxiety disorders 
(Calkins et al., 2013; Carney et al., 2011; Harvey and Tang, 2012; LeBlanc et al., 2007), but neuroimaging 
findings have also implicated aberrant activation of salience network-related structures in both types of 
disorders (Chen et al., 2014; Damsa et al., 2009; Etkin and Wager, 2007; Nofzinger et al., 2004). These 
associations motivate us to propose that the pathophysiology of ID is mediated by similar salience network 
malfunctioning. Failure of the salience network to inhibit non-salient information processing and modulate 
the default-mode and central-executive networks in people with ID can explain deficits in sensory gating of 
interoceptive and exteroceptive signals, as well as other dimensions of ID including excessive worry and 
thought intrusion at bedtime (Fichten et al., 2001; Harvey, 2002b; Wicklow and Espie, 2000), and deficits 
in various cognitive domains (e.g., working memory and vigilance) that are not attributable to sleep 
deprivation (Shekleton et al., 2010). 

The symptomatology of ID is usually interpreted within the framework of physiological and cortical 
hyperarousal (Bonnet and Arand, 1997; Harvey and Tang, 2012; Riemann et al., 2010). The physiological 
aspect of hyperarousal refers to the elevated sympathetic tone often observed with cardiac, 
neuroendocrine, and metabolic measures in people with ID (Bonnet and Arand, 2010; Spiegelhalder and 
Riemann, 2013). Cortical hyperarousal refers to enhanced information processing and cognitive activities, 
particularly at bedtime, as for instance reflected by increased high-frequency EEG power (Colombo et al., 
2016; Perlis et al., 2001). Within this context, interoception can be regarded as the link between these two 
components of hyperarousal. As has been put forward by many, the “somatic marker” hypothesis (Damasio, 
1999), and its refined versions (Craig, 2002, 2003; Critchley et al., 2013; Critchley and Harrison, 2013; 
Herbert and Pollatos, 2012), hold that afferent interoceptive signals, by allowing representation of the 
internal body state within the CNS, provide essential feedback for proper physiological homeostatic control, 
and that such representation in turn sets the foundation for self-reported sensory experience and shapes 
the affective, emotional, and cognitive processes and behavior. It is thus not surprising that in people with 
ID, autonomic dysregulation (physiological hyperarousal) is often accompanied by altered patterns in 
interoceptive and exteroceptive sensations, as well as abnormalities in the affective and cognitive domains 
(cortical hyperarousal). However, as most of the studies on ID to date have been cross-sectional or 
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retrospective, a causal relationship between physiological and cortical hyperarousal has not yet been 
established. One possibility is that the heightened sympathetic tone is driven by altered body sensation 
feedback, while it is also possible that attentive processing of external and internal stimuli increases as a 
response to autonomic dysregulation. Resolving the causal relation between physiological and cortical 
hyperarousal will be the key to better understanding the etiology of ID. 

A limitation of the current study is the fact that the EO and EC resting-state conditions were not 
counterbalanced. Our findings may not be generalized to the transition from EC to EO. However, in spite of 
limitations on generalizability we believe that the EO to EC transition is most relevant, since it is the normal 
course in preparing for sleep. Future research is needed to clarify whether reverse differences are 
observable during the EC to EO transition that is representative for getting up after a period of sleep. 
 
5 Conclusions 
In conclusion, the current findings support increased interoceptive sensitivity in ID, as indexed by the 
amplitude of the late frontal HEP component. Integration of these findings with previous reports on ID 
suggests malfunction of the salience network as a neurobiological substrate of relevance to the 
pathophysiology of insomnia. HEP assessment provides a paradigm of value to bridge research on the 
pathophysiology of insomnia and interoception, both regarded of key importance to mood disorders 
(Baglioni et al., 2011; Harshaw, 2015; Paulus and Stein, 2010). 
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6 Figures 

 
Figure 1. Comparison of the heartbeat-evoked potential (HEP) between eyes-closed (EC) and eyes-

open (EO) conditions. Data from all 64 participants are pooled. (A) Frontal HEP waveforms during EC and 
EO resting states. The average HEP time courses over the 42 frontal and prefrontal electrodes (large black 
dots) are depicted. Shaded areas indicate one standard error of the mean (SEM). The gray bar highlights the 
time window exhibiting significant difference between EC and EO (376–500 ms), as evaluated by cluster-
based permutation testing. (B) Topographic maps of the mean HEP amplitude over the 376–500 ms time 
window during the EC and EO conditions. (C) Topographic maps of within-subjects t-statistics (EC vs. EO) 
at 5 different timeframes within the 400 ± 120 ms time range. Cluster-based permutation testing revealed 
two spatiotemporal clusters indicative of significant differences between EC and EO (white dots): A 
spatiotemporal cluster at the frontal region (EC > EO, p < .004 corrected for multiple comparisons) and a 
spatiotemporal cluster (EO > EC, p < .008 corrected for multiple comparisons) at the parieto-occipital 
region.  
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Figure 2. Comparison of the mean heartbeat-evoked potential (HEP) amplitude over the 376–500 

ms time window between people with Insomnia Disorder (ID) and controls (CTRL), and waveforms 

illustrating the frontal dynamics of the HEP in the two groups. (A) Topographic maps of between-
subjects t-statistics (ID vs. CTRL) and frontal HEP waveforms of the two groups during the eyes-closed (EC) 
resting state. Significant group differences within the 376–500 ms time window as evaluated by cluster-
based permutation testing are observed at a frontal spatial cluster (white dots, ID > CTRL, p < .02 corrected 
for multiple comparisons). (B) Topographic maps of between-subjects t-statistics (ID vs. CTRL) and frontal 
HEP waveforms of the two groups during the eyes-closed (EO) resting state. A supra-threshold spatial 
cluster (black dots, ID > CTRL, uncorrected p <.05) is observed at the frontal region but does not survive 
cluster-based correction for multiple comparisons. In the waveform plots, the average HEP time course over 
the 42 frontal and prefrontal electrodes is depicted to allow for comparison with Figure 1A. The average 
amplitude over this predefined region is also used for exploratory correlation analyses (see text), to avoid 
circular inferences. Shaded areas indicate one standard error of the mean (SEM). Gray bars highlight the 
376-500 ms time window of interest. 
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Figure 3. Localization of between-group differences in source activity over the 376–500 ms time 

window after the ECG R-wave during eyes-closed. The t-statistics comparing the log-transformed neural 
activity indices (NAIs) between people with Insomnia Disorder (ID) and controls (CTRL) are displayed on 
top of the Montreal Neurological Institute (MNI) standard single-subject structural image, in accordance 
with the neurological convention (left is left). Increased source activity in people with ID is especially 
pronounced at bilateral anterior cingulate and medial frontal cortices. Decreased source activity in people 
with ID is observed at the left occipital cortex. 
 

7 Tables 
Table 1—Characteristics of the participants 

 Control (N = 32) Insomnia Disorder (N = 32) p 
Age (mean ± SD) 46.8 ± 15.0 y 48.5 ± 14.1 y .64 
Sex (Female/Male) 26/6 25/7 1 
ISI (mean ± SD) 2.00 ± 1.97 17.19 ± 3.75 < 10-15 
Mean R-R interval (mean ± SD):    
 Eyes-Closed 941.5 ± 114.9 ms 860.4 ± 146.8 ms .01 
 Eyes-Open 942.1 ± 116.5 ms 846.2 ± 146.2 ms .02 

ISI, Insomnia Severity Index; SD, standard deviation; R-R interval, interval between successive ECG R-wave 
peaks. 
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 Sleep Stage Transition Dynamics Reveal Specific Stage 2 Vulnerability in Insomnia 
 

Abstract 

Study Objectives  

Objective sleep impairments in Insomnia Disorder (ID) are insufficiently understood. The present study 
evaluated whether whole-night sleep stage dynamics derived from polysomnography differ between 
people with ID and matched controls, and whether sleep stage dynamics features discriminate them better 
than conventional polysomnographic parameters. 
Methods 

Eighty-eight participants aged 21–70 years, including 46 with ID and 42 age- and sex-matched controls 
without sleep complaints, were recruited through www.sleepregistry.nl and completed two nights of 
laboratory polysomnography. Data of 100 people with ID and 100 age- and sex-matched controls from a 
previously reported study were used to validate the generalizability of findings. The second night was used 
to obtain, in addition to conventional sleep parameters, probabilities of transitions between stages and bout 
duration distributions of each stage. Group differences were evaluated with non-parametric tests. 
Results 
People with ID showed significantly higher empirical probabilities to transition from stage N2 to the lighter 
sleep stage N1 or wakefulness, and a faster-decaying stage N2 bout survival function. The transition 
probability from stage N2 to stage N1 discriminated people with ID better than any of their deviations in 
conventional sleep parameters, including less total sleep time, less sleep efficiency, more stage N1, and more 
wake after sleep onset. Moreover, adding this transition probability significantly improved the 
discriminating power of a multiple logistic regression model based on conventional sleep parameters. 
Conclusions 
Quantification of sleep stage dynamics revealed a particular vulnerability of stage N2 in insomnia. The 
feature characterizes insomnia better than—and independently of—any conventional sleep parameter. 
 
This is a pre-copyedited, author-produced version of an article accepted for publication in SLEEP  following 
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1. Introduction 

Insomnia Disorder (ID) is defined as a persistent complaint of difficulty initiating sleep, difficulty 
maintaining sleep, or early morning awakening, which subjectively impacts daytime functioning, occurs at 
least three times a week for a minimum of three months, and cannot be attributed directly to other 
coexisting medical conditions or to environmental or time constraints on sleep (Morin et al., 2015). Current 
clinical or research diagnostic criteria for ID are based solely on subjective reports (American Academy of 
Sleep Medicine, 2014; Association, 2013; Edinger et al., 2004). Although different dysregulated patterns of 
objective, polysomnographically assessed sleep have been hypothesized over the past decades to underlie 
the self-reported impairments (Åkerstedt et al., 2002; Gaillard, 1978; Parrino et al., 2004; Riemann et al., 
2012), most polysomnographic studies could find only modest differences between people with ID and 
controls (Baglioni et al., 2014; Riemann et al., 2015). According to a recent meta-analysis (Baglioni et al., 
2014), the most consistently observed polysomnographic alterations in ID across studies are: shorter total 
sleep time (TST), longer sleep onset latency (SOL) and wake after sleep onset (WASO), lower sleep efficiency 
(SE), an increased number of awakenings (NWake), and a reduced amount of slow wave sleep (SWS). The 
duration of rapid eye movement (REM) sleep did not differ significantly between people with ID and 
controls, when the meta-analysis was performed on studies using only self-reported criteria for participant 
selection (Baglioni et al., 2014). These sleep parameters, however, do not fully utilize the information that 
is present in the polysomnogram (PSG) and leave many important questions open. For example: Is the 
reduced time spent in SWS due to difficulties entering deep sleep, or rather because SWS in ID is unstable 
and rapidly switches to lighter sleep or wakefulness? Several novel methodologies have recently been 
proposed to extract information about sleep dynamics (Bianchi and Thomas, 2013). Among those methods, 
analyses of the transition probabilities between sleep stages, and of the duration distributions of sleep and 
wake bouts, can be readily applied to scored PSGs without much additional processing. Thus, findings from 
such analyses may be followed up relatively easily using data that are collected routinely in clinical practice 
and are available in existing databases. Furthermore, as several independent studies have demonstrated 
(Bianchi et al., 2010; Chervin et al., 2009; Kim et al., 2009; Lo et al., 2013; Norman et al., 2006; Swihart et 
al., 2008), indices of clinical relevance can be derived from these analyses in other sleep-related conditions 
such as sleep-disordered breathing, providing more sensitive measures of pathological sleep patterns and 
responses to interventions than the conventional sleep parameters. 

Whereas to the best of our knowledge, sleep stage dynamics have not previously been investigated in 
ID, two studies have reported on the overall dynamics between sleep and wakefulness. One study (Thacher 
et al., 2006) showed that people with ID, in addition to having more frequent and longer nocturnal 
awakenings, awake from light sleep stages (non-REM sleep stages 1 and 2) significantly more often than 
healthy controls do. A recent study (Roth et al., 2016) with a larger sample size again showed prolonged 
awakenings, and also reported significantly shorter uninterrupted sleep bouts in people with ID as 
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compared to healthy controls. Whereas the focus of these studies was on overall sleep (dis)continuity, we 
considered that the durations of individual sleep stages, as well as the transition probabilities between the 
stages, could aid to determine the key features of disturbed sleep in ID. In the present study, we therefore 
systematically investigated the transition probabilities and bout durations across all stages, and evaluated 
how well these features discriminate people with ID from matched controls without sleep complaints, 
relative to the conventional PSG summary measures. 
 
2. Methods  

2.1. Participants 

The study was approved by the ethics committee of the VU University Medical Center, Amsterdam, The 
Netherlands. Participants were recruited through advertisement and the Sleep Registry (Benjamins et al., 
2013), and were screened by telephone followed by a face-to-face structured interview with a sleep 
specialist (MSc in psychology and certified clinical psychologist, specialized in Cognitive Behavior Therapy 
for Insomnia). Screening also included the Insomnia Severity Index (ISI) (Bastien et al., 2001). All 
participants provided written informed consent. The inclusion criteria for the ID group (n = 46, age range 
23–69 y) were according to the DSM, Fifth Edition (Association, 2013), and International Classification of 
Sleep Disorders, Third Edition (American Academy of Sleep Medicine, 2014), and Research Diagnostic 
Criteria (Edinger et al., 2004) for Insomnia Disorder. The control (CTRL) group included age- and sex-
matched volunteers (n = 42, age range 22–70 y) that reported to have no sleep difficulties in the telephone 
screening and face-to-face interviews and further confirmed by an ISI score less than 8. Exclusion criteria 
for all participants were: (1) diagnosed sleep apnea, restless legs syndrome, narcolepsy, or other somatic, 
neurological, or psychiatric disorders; (2) use of sleep medications within the last 2 months up to and 
including the recording days; (3) overt shifted or irregular sleep–wake rhythms, assessed using one week 
of actigraphy (Actiwatch AW4, Cambridge Neurotechnology Ltd., Cambridge, UK or GENEActiv Sleep, 
Activinsights Ltd., Kimbolton, UK) supplemented by sleep diaries. Additionally, data from participants 
showing signs of sleep apnea or restless legs during laboratory PSG assessments were excluded from 
analyses. Table 1 summarizes participants’ demographic characteristics and self-reported sleep as assessed 
by ISI and the 7-day sleep diary. 
 

2.2. Protocol 

People with ID and matched controls completed two consecutive nights of PSG in a laboratory setting. On 
the recording days, participants were asked to refrain from alcohol and drugs, as well as to limit 
consumption of caffeinated beverages to a maximum of 2 cups, which were allowed only before noon. PSG 
was performed using a 256-channel LTM HydroCel Geodesic Sensor Net and a Polygraphic Input Box 
(Electrical Geodesic Inc., Eugene, OR), connected to a Net Amps 300 amplifier (input impedance: 200 MΩ, 
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A/D converter: 24 bits). The lights-out time for each participant was adaptively chosen according to 
individual habitual bedtime, and did not significantly differ between the two groups (mean ± standard 
deviation: ID = 23:27 ± 0:37, CTRL = 23:28 ± 0:45, p =.69). 
 

2.3. Scoring of Sleep Recordings 

All sleep recordings were visually scored offline by an experienced scorer (JRR) blind to the participants’ 
group classification. Interscorer agreement in our lab generally lies within .67 and .80 (mean = .72 and .76 
for ID and CTRL, respectively) in terms of Cohen’s kappa, that is, within the range of those reported in the 
literature (Danker-Hopfe et al., 2009). Scoring of sleep stages was based on signals obtained from six 
electroencephalogram leads (electrode # 36, 224, 72, 173, 116, 150 of the HydroCel Geodesic Sensor Net, 
approximately equivalent to F3, F4, C3, C4, O1, O2, respectively, in the 10-20 system) and two 
electrooculogram leads (1 cm below the left and above the right outer canthi) referenced to linked mastoids, 
and one bipolar chin electromyogram channel. Each 30-second epoch was scored as one of stages W, N1, 
N2, N3 or R, in accordance with the American Academy of Sleep Medicine (AASM) Manual (Iber et al., 2007). 
The first night served as an adaption night and data from the second night were used for analyses. 
 

2.4. Conventional Sleep Parameters 

Analyses of sleep parameters and sleep stage dynamics were done using custom scripts written in MATLAB 
8.3 (The Mathworks Inc., Natick, MA). Conventional PSG parameters including total sleep time (TST), sleep 
onset latency (SOL), sleep efficiency (SE), number of awakenings (NWake), and time and percentage of each 
sleep stage including wake after sleep onset (WASO) were calculated for comparison with previously 
published results (Baglioni et al., 2014). The operational definitions of these parameters adhered to 
standard clinical guidelines (Iber et al., 2007; Kryger et al., 2017). In particular, sleep onset was defined as 
the first epoch of any sleep stage, including stage N1. Additionally, stage shift index (SSI), defined as the 
number of transitions between distinct stages per hour, was quantified as an index of overall sleep 
fragmentation (Kryger et al., 2017; Laffan et al., 2010). 
 

2.5. Sleep Stage Transition Probabilities 

To quantify sleep stage dynamics, we assessed the empirical probabilities of transitions between the stages 
including wakefulness, as well as the group-level bout duration distributions of each stage. Sleep stage 
dynamics were analyzed for the period between sleep onset and final awakening. 

The (Markovian) transition probability, Pij, is defined for each pair of stages—including the 
“transition” from one stage to the same stage—as the conditional probability of an epoch being in one stage 
, given the stage  of the immediately preceding epoch. Empirically, Pij can be estimated by the observed 
proportion of epochs of stage  that were immediately followed by an epoch of stage  (where  and  can be 
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the same stage); that is, the number of epochs which were scored as stage  and immediately followed an 
epoch of stage , divided by the total number of epochs scored as stage . The empirical transition 
probabilities between all pairs of stages were determined for each participant separately. 
 

2.6. Sleep Stage Bout Duration Distributions 

Group-level bout duration distributions, first for sleep and wakefulness and subsequently for each separate 
sleep stage, were assessed with survival-analytical techniques, similar to those carried out in previous 
studies on sleep–wake transition patterns (Arnardóttir et al., 2010; Klerman et al., 2013; Lim et al., 2011; 
Lo et al., 2002). To first investigate overall sleep versus wake bouts as previously reported, we defined sleep 
bouts as consecutive epochs scored as stages N1, N2, N3, or R, and wake bouts as consecutive epochs scored 
as stage W. Next, at a more fine-grained level, we extracted bouts of individual sleep stages, i.e. consecutive 
epochs scored as the same sleep stage. For all bout categories (sleep, wake, separate sleep stages), non-
parametric recurrent-event survival analysis (Peña et al., 2001) was used to estimate the bout duration 
distribution of each group. This yielded the survival function, which gives, for each observed duration, the 
probability that a bout spans longer than that duration, while taking into account the fact that multiple bouts 
were observed from each participant. 
 

2.7. Statistical Analyses of Group Differences 

Group differences in the conventional sleep parameters were evaluated with Wilcoxon rank-sum tests. The 
rank-sum statistic W (also known as the Mann–Whitney U-statistic), is mathematically equal to the product 
of group sizes () times the area under the receiver operating characteristic (ROC) curve (Hanley and 
McNeil, 1982). Thus, the absolute deviation of W from 0.5 provides a direct measure of the 
discriminating power of each parameter. 

For empirical transition probabilities, no formal statistical tests were performed for rare stage 
transitions which occurred in fewer than half of the participants in each group (i.e. in fewer than 23 people 
with insomnia and fewer than 21 controls). The remaining values in the transition probability matrices 
were compared between the two groups using element-wise Wilcoxon rank-sum tests. To account for 
multiple comparisons, we applied Benjamini–Hochberg false discovery rate (FDR) correction, and reported 
group differences at a significant level of p < .05 and at a trend level of p < .10. 

For bout duration distributions, the within-group confidence intervals of the survival functions were 
estimated using a bootstrap approach (Gonzalez et al., 2010). Group differences in the survival probabilities 
were determined by means of permutation Mann–Whitney tests (Fay and Shih, 1998). For both bootstrap 
and permutation, resampling was done over 10,000 randomization iterations at the participant level, so 
that the intra-participant bout recurrence information was preserved in every iteration. 
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2.8. Discriminating Power of Conventional and Novel Features with Logistic Regression 

Separate logistic regression analyses were used to estimate the odds ratio (OR) of having ID per unit change 
in each parameter that showed significant group differences in the between-group comparisons mentioned 
above, adjusted for age and sex. Regression coefficients ± two standard errors were exponentiated to obtain 
ORs and their 95% confidence intervals. The relative importance of each sleep parameter in case–control 
discrimination was further investigated by means of forward stepwise logistic regression. The procedure 
started with a model including only age and sex covariates, and in a stepwise fashion added the independent 
variable that increased model fit the most, until no feature could further increase model fit significantly as 
assessed using chi-squared likelihood ratio tests. 

To evaluate whether the novel sleep stage dynamics features add ID–CTRL discriminating power to 
the information available in all possible combinations of the conventional sleep parameters, we moreover 
performed a chi-squared likelihood ratio test comparing two nested multiple logistic regression models: 
One included as independent variables age, sex, and the conventional PSG parameters showing significant 
group differences, and the other in addition included the single best discriminating bout duration or 
transition probability feature. All logistic regression analyses were performed in R (R Core Team, 2015). 
 

2.9. Validation of Generalizability 

Validation of generalizability was pursued using sleep stage data of 100 people with ID and 100 healthy 
controls from a published investigation (Feige et al., 2008) undertaken at the Freiburg University Medical 
Center, Freiburg, Germany. Both ID and CTRL groups consisted of 46 males and 54 females and the ages 
(mean ± standard deviation) were 42.6 ± 12.5 y for ID and 41.1 ± 14.0 y for CTRL. Thus, the mean age of the 
Amsterdam sample was larger than that of the Freiburg sample (Student’s t-tests: p = .002 and .03 for ID 
and CTRL, respectively), and the sex distribution was more unbalanced in the Amsterdam sample (Fisher 
exact tests: p = .001 and .01 for ID and CTRL, respectively). Details about the par- ticipants’ conventional 
PSG sleep parameters were given in the previous publication (Feige et al., 2008). For both samples, sleep 
stage data were obtained from the second night of a two-night protocol, and scoring of PSG were both done 
in 30-second epochs. However, one major difference regarding sleep scoring is that the Freiburg data were 
scored based on the Rechtschaffen–Kales criteria (Kales and Rechtschaffen, 1968), while the Amsterdam 
data were scored according to the AASM manual (Iber et al., 2007). 

Sleep stage data from the Freiburg validation sample were first preprocessed by (1) merging stages 
3 and 4 according to the Rechtschaffen–Kales criteria into a single stage to approximate stage N3 in the 
AASM criteria; and (2) converting epochs scored as movement time according to the Rechtschaffen–Kales 
criteria either to stage W if the preceding epoch was scored as stage W or to the same stage as that of the 
following epoch otherwise, in accordance with the “major body movement” rules in the AASM manual. 
Thereafter, conventional sleep parameters, empirical transition probabilities, and sleep stage bout 
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durations were extracted using the same procedure as described above. Between-group comparisons of 
transition probabilities and logistic regression analyses as described above were repeated on the Freiburg 
data. 

 
3. Results 

Table 2 summarizes the means and standard deviations of all conventional PSG parameters of cases and 
controls in the Amsterdam sample, as well as the Wilcoxon rank-sum statistics and corresponding 
significance of group differences. As compared to controls, people with ID had significantly less TST, lower 
SE, higher NWake and SSI, more WASO and stage N1 sleep (expressed in either minutes or percentages), as 
well as less stage N3 sleep (expressed in minutes). 

Table 3 presents the means and standard deviations of transition probabilities for cases and controls 
in the Amsterdam sample. Wilcoxon rank-sum tests on the transition probabilities revealed that, as 
compared to controls, people with ID had a significantly higher probability to transition from stage N2 to 
stage N1 (W = 1408, Z = 3.70, p = .004, FDR corrected), and a trend-level higher probability to transition 
from stage N2 to stage W (W = 1276.5, Z = 2.59, p = .096, FDR corrected). Figure 1 illustrates these 
differences in a Markovian state diagram. 

Figure 2 shows the estimated bout survival functions of cases and controls for sleep, wakefulness, and 
individual sleep stages along with their 90% bootstrap confidence intervals. Previously reported scaling 
behaviors of sleep and wake bouts (Lo et al., 2002; Olbrich et al., 2011) could be replicated in both groups: 
sleep bout survival curves appear almost linear on the semi-logarithmic scale, whereas wake bout survival 
curves take concave shapes. However, the precise parametric form of the bout survival functions has been 
a subject of debate in the literature (Bianchi et al., 2010; Kim et al., 2009; Lo et al., 2002; Norman et al., 
2006). Thus, in the current study, we avoided explicitly modeling the bout survival functions with 
parametric methods, and instead tested the between-group differences in bout duration distributions 
without assumptions using non-parametric procedures. Permutation Mann–Whitney tests (Fay and Shih, 
1998) revealed that, as compared to controls, people with ID exhibited a significantly faster-decaying sleep 
bout survival function (p = .009) and a non-significantly slower-decaying wake bout survival function (p = 
.07). When bouts of each sleep stage were examined, the between-group difference was significant with 
respect to the stage N2 bout survival function (p = .02), but not for the other stages (p = .24, p = .16, and p = 
.28 for stage N1, stage N3, and stage R, respectively). 

The rank-sum statistics in the above between-group analyses suggest that the transition probability 
from stage N2 to stage N1 had the largest discriminating power among all examined features, although that 
of the best discriminative conventional PSG parameter, stage N1 percentage, was only slightly lower. It is 
worth noting that the two features were only moderately correlated: A Spearman correlation coefficient of 
.58 indicates that about two-thirds of their variance was independent. The second and third columns of 
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Table 4 list the age- and sex-adjusted OR of having ID per unit increase in each significant feature and the 
associated 95% confidence interval obtained with logistic regression, as well as the corresponding P-values. 
A forward step-wise search with sequential chi-squared likelihood ratio tests, starting with age and sex 
covariates, selected the transition probability from stage N2 to stage N1 in the first step (χ²(1) = 17.78, p = 
2×10-5), WASO in the second step (χ²(1) = 10.58, p =.001), and found no other sleep parameters which 
further increased model fit significantly. Thus, the transition probability from stage N2 to stage N1 has 
larger importance in discriminating ID from CTRL compared to the other sleep parameters. 

To formally evaluate the added value of quantifying whole-night sleep stage dynamics in addition to 
conventional sleep parameters for discriminating cases from controls, two nested multiple logistic 
regression models were compared using a chi-squared likelihood ratio test. The first model included as 
independent variables age, sex, and the conventional PSG parameters showing significant group 
differences; the second also included the transition probability from stage N2 to stage N1 as an additional 
independent variable. The second model fitted the data significantly better (χ²(1) = 5.48, p = .02), confirming 
that, the transition probability from stage N2 to stage N1 indeed adds discriminating power on top of 
information available in all possible combinations of the conventional PSG parameters. 

Individual transition probabilities and their comparisons between cases and controls in the Freiburg 
validation sample are detailed in the supplemental material. The two rightmost columns of Table 4 show 
the age- and sex-adjusted ORs of having ID in the Freiburg validation sample and the corresponding P-
values. Of note, all features show the same directions of increased/decreased odds across the Amsterdam 
and Freiburg samples. Differences between the samples are however observed regarding the magnitudes 
of the effects (and statistical significance). Considering conventional sleep parameters, reduction of stage R 
in people with ID was more pronounced in the Freiburg validation sample. Stage N1 duration and the SSI 
did not significantly discriminate between cases and controls in the Freiburg validation sample, whereas 
they did in the Amsterdam sample. 

With respect to features describing sleep stage dynamics, the transition probabilities from stages W, 
R, and N2 to stage W significantly increased, and the transition probability from stage W to stage N1 
significantly decreased, in cases as compared to controls in the Freiburg validation sample, signifying a 
tendency to wake from sleep and difficulty reinitiating sleep in people with ID. On the other hand, an 
increased transition probability from stage N2 to stage N1 and a shortened mean stage N2 bout duration 
also significantly discriminated cases from controls, thus confirming stage N2 vulnerability in ID which we 
found in the Amsterdam sample. Forward step-wise logistic regression carried out on the Freiburg 
validation data selected the transition probability from stage W to stage W in the first step (χ²(1) = 19.01, p 
= 1×10-5), the transition probability from stage R to stage W in the second step (χ²(1) = 9.17, p = .002), the 
transition probability from stage N2 to stage N1 in the third step (χ²(1) = 6.86, p = .008), and found no other 
sleep parameters which further increased model fit significantly. Therefore, the transition probability from 
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stage N2 to stage N1 was consistently among the most important features discriminating people with ID 
and controls across samples. 

Finally, we also evaluated in the Freiburg validation sample whether the novel sleep stage dynamics 
features add case–control discriminating power to the information available in all possible combinations of 
the conventional sleep parameters. We found that three transition probabilities significantly improved 
model fit on top of age, sex, and the conventional PSG parameters showing significant group differences: 
from stage W to stage W (χ²(1) = 7.37, p = .007), from stage N2 to stage N1 (χ²(1) = 5.23, p = .02), and from 
stage W to stage N1 (χ²(1) = 4.51, p = .03). Intriguingly, despite a significant effect in the univariate between-
group comparison (supplemental material), the transition probability from stage R to stage W did not add 
discriminating power on top of the conventional PSG parameters (χ²(1) = 2.07, p = .15). 

 
4. Discussion 

The current study is, to our knowledge, the first to analyze and compare the whole-night sleep stage 
dynamics of people with ID and healthy controls. We found that people with ID have a higher probability 
for stage N2 bouts to terminate early and to transition from stage N2 to stage N1 or wakefulness. Notably, 
even though people with ID show less SWS, they do not show significantly altered survival probabilities of 
stage N3 bouts nor altered transition probabilities from stage N3. These findings indicate that people with 
ID have a relatively normal tendency to remain in stage N3, once they reach this stage. Finally, logistic 
regression analyses showed not only that people with ID are best distinguishable from healthy controls in 
terms of the transition probability from stage N2 to stage N1 but also that including this transition 
probability can significantly improve the goodness of fit of a discriminative model on top of the conventional 
PSG sleep parameters. 

The main findings of the current study could be replicated in an independent validation sample, 
confirming their generalizability. There are however a few differences regarding sleep architecture 
between the samples. In particular, reduced REM sleep and an increased transition probability from stage 
R to wakefulness in ID were significant in the Freiburg validation sample but not in the Amsterdam sample. 
Moreover, the higher transition probability from stage N2 to stage N1 in ID stood out more prominently in 
the Amsterdam sample than in the Freiburg validation sample. The differences may involve the different 
scoring criteria used for the two samples. In a study comparing the Rechtschaffen–Kales and AASM scoring 
criteria (Doris et al., 2009), it was found that the most pronounced differences result from Rule 5.C1.b of 
the AASM manual, which states that stage N2 terminates upon arousals. This rule leads to decreases in stage 
N2 and increases in stage N1 and number of transitions, when sleep recordings are scored according to the 
AASM criteria as compared to the Rechtschaffen–Kales criteria (Doris et al., 2009; Grigg-Damberger, 2012). 
It is thus likely that the large effect size of the transition probability from stage N2 to stage N1 observed in 
the Amsterdam sample involves elevated number of arousals in people suffering ID (Feige et al., 2008; 
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Terzano et al., 2003). Different scoring criteria have also been shown to affect the scoring of REM sleep in 
young people, but not in old people (Doris et al., 2009; Grigg-Damberger, 2012). The effect of this difference 
on transition probabilities is uncertain, although we expect it would affect controls more than ID given the 
speculated similarity between ID and aging discussed below. The transition probability from stage R to 
wakefulness was indeed significantly smaller in the Freiburg validation sample than in the Amsterdam 
sample only for controls (Wilcoxon rank-sum test: W = 1358.5, Z = –3.31 p = .0009), but not for ID (W = 
2260, Z = –0.16, p = .87). REM sleep duration and percentage however did not differ significantly between 
samples both for ID and for CTRL (all p > .11). 

The current findings about the whole-night sleep stage dynamics in ID differ from those found in other 
sleep disorders such as sleep-disordered breathing (Bianchi et al., 2010; Chervin et al., 2009; Kim et al., 
2009; Lo et al., 2013; Norman et al., 2006; Swihart et al., 2008). Studies on sleep-disordered breathing 
reported instability of stage N2, REM sleep, and wake after sleep onset—inferred from faster-decaying bout 
survival functions of these stages (Bianchi et al., 2010; Chervin et al., 2009; Lo et al., 2013) while we have 
here observed a more specific vulnerability of stage N2 in ID. 

On the other hand, it is worth noting that the overall sleep patterns of ID reported here are 
comparable to previous findings about the aged population. A series of studies showed that among normal 
sleepers, aging is associated with more stage N1 and less SWS (Dijk et al., 1999, 2001), shorter sleep bouts 
(Klerman et al., 2004, 2013), as well as relatively unstable non-REM sleep (Dijk et al., 2001; Klerman et al., 
2013) especially during stage N2 (Dijk et al., 2001), paralleling the current results about sleep patterns in 
people with ID. Aging, however, seems to involve a relative increase in the number of short over long wake 
periods (Klerman et al., 2004)—resulting in a steeper decay of the wake bout survival function (Klerman et 
al., 2013)—while we have here observed the opposite pattern in ID, albeit only at a trend level. Consistently, 
prolonged awakenings in people with ID have been reported in other studies (Åkerstedt et al., 2002; Roth 
et al., 2016; Thacher et al., 2006). It should nonetheless be noted that the faster-decaying wake bout survival 
function in aged people was only observed when data from a forced desynchrony protocol were pooled; 
when only data from sleep episodes taking place at habitual circadian phase were examined, the wake bout 
survival functions of older and younger people did not differ significantly (Klerman et al., 2013). Since the 
current protocol did not allow to discriminate possibly different contributions of circadian and homeostatic 
factors, future studies with more elaborate experimental protocols are needed to disentangle their 
influences on sleep stage dynamics in ID. The similarity between the sleep patterns of ID and those in aged 
people has been noticed in an early study which reported similar patterns in aged people and people with 
ID in the cumulative duration of each sleep stage over the night, and concluded that ID might represent 
“precocious senescence of sleep” (Gaillard, 1978). This similarity points to a possible overlap between 
neural mechanisms underlying the deterioration of sleep quality associated with ID and aging, as confirmed 
by recent neuroimaging studies. In particular, deficits of the orbitofrontal cortex have been suggested to be 
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involved in self-reported insomnia symptoms (Altena et al., 2010; Stoffers et al., 2012), and in sleep 
fragmentation quantified by actigraphy in aged people (Lim et al., 2015). The neural mechanisms of age-
related changes in sleep patterns from the cellular level up to the systems levels have been studied 
extensively (Mander et al., 2017), and may serve as “roadmaps” for future research on the 
neurophysiological underpinnings of ID. 

Our findings with respect to the conventional sleep parameters are largely congruent with a recent 
meta-analysis of polysomnographic studies on ID (Baglioni et al., 2014). Both the meta-analysis and the 
current study found reduced TST, reduced SE, increased WASO, an increased NWake, and less SWS in people 
with ID as compared to controls. The meta-analysis also reported longer SOL in ID. We did not find such a 
difference; instead, we found significantly more stage N1 in people with ID. The original publication on the 
validation sample (Feige et al., 2008) adopted a different definition of sleep onset (first epoch of stage 2) 
than that used in the current study and also reported no group difference in SOL. Further analyses 
confirmed that SOL did not differ between groups in either sample, regardless of the definition of sleep 
onset (results not shown). Finally, the meta-analysis suggested that REM sleep did not differ between 
controls and people with ID, when only studies that selected participants with self-reported criteria were 
considered. Consistently, in the current study, all of our inclusion criteria were based on self reports, and 
we did not find between-group differences in the amount or percentage of REM sleep (for the Amsterdam 
sample). REM sleep deficits were significant when the meta-analysis included also studies which selected 
participants with both subjective and PSG criteria (Baglioni et al., 2014). These studies were nevertheless 
likely to select patient groups representing only a specific phenotype of ID (Vgontzas et al., 2013). 

The current findings suggest that zooming in on the microstructure and phasic components of stage 
N2 (i.e. spindles and K-complexes) may be particularly helpful in elucidating the brain mechanisms of ID. 
Although previous investigations into these transient components in ID have shown mixed results (Bastien 
et al., 2009a, 2009b; Forget et al., 2011; Normand et al., 2016), these studies have limitations in that spindles 
or K-complexes were only scored in one electrode. Possible differences between ID and normal sleepers 
may lie in the topographical distribution of these microstructural events, or in the cortical or subcortical 
responses to them (de Zambotti et al., 2016; Jahnke et al., 2012). Alternatively, the mixed results in the 
literature may also involve heterogeneous subtypes within ID. Interestingly, studies that report alterations 
in characteristics of spindles and K-complexes in ID during stage N2 usually report no impairments with 
respect to conventional PSG sleep parameters (Forget et al., 2011; Normand et al., 2016), and vice versa 
(Bastien et al., 2009a, 2009b). This suggests that macrostructural and microstructural parameters might 
provide complementary insights into ID subtypes. Subtyping ID and characterizing the sleep patterns 
associated with each subtype is a continuous endeavor of sleep medicine research and may the key to the 
future development of effective, targeted treatments for the disorder (Benjamins et al., 2016). 
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5. Conclusions 

In conclusion, whole-night sleep stage dynamics reveal a particular stage N2 vulnerability in ID. 
Quantification of this vulnerability can easily be done using regularly scored polysomnographic recordings. 
Further investigations of the neurophysiological dynamics during stage N2 may potentially lead to sensitive 
biomarkers of insomnia susceptibility, severity or treatment outcome. 
 
6. Figures 

 

 
Figure 1—Markovian state diagram for sleep stage transitions. Red arrows indicate transitions with 
higher probabilities in people with Insomnia Disorder than in controls: from stage N2 to stage N1 (p = .004) 
and from stage N2 to stage W (p = .096). Gray arrows indicate transitions with no significant differences in 
transition probabilities between the groups (.11 < p < .98). The following transitions did not occur in at least 
half of the participants in each group and are not visualized: from stage W to stage N3, from stage N1 to 
stage N3, from stage R to stage N3, from stage N3 to stage N1, and from stage N3 to stage R. (All p-values 
were false discovery rate corrected.) 
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Figure 2—Estimated bout survival functions of various bout types in people with Insomnia Disorder 

(ID) and controls (CTRL). Data are shown on semi-logarithmic scales. The shaded areas indicate 90% 
within-group bootstrap confidence intervals. The survival curves of sleep bout and stage N2 bout 
significantly differ between ID and CTRL (p = .01 and p = .02, respectively, permutation Mann–Whitney 
tests). 
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7. Tables 

Table 1—Demographics and Subjective Sleep Ratings (mean ± standard deviation) 
 Control (n = 42) Insomnia Disorder (n = 46) p 
Age, y 46.9 ± 14.6 50.3 ± 13.6 .32 
Sex, female/male 32/10 38/8 .60 
ISI 1.93 ± 1.91 16.32 ± 4.26 < .0001 
Sleep diary    
  Time in Bed, min 509.3 ± 50.2 522.1 ± 66.5 .36 
  TST, min 436.5 ± 34.5 339.1 ± 65.5 < .0001 
  SOL, min 13.3 ± 6.9 39.8 ± 42.8 < .0001 
  SE, % 90.3 ± 4.5 68.8 ± 14.7 < .0001 
  NWake 1.7 ± 0.9 2.6 ± 1.6 .003 
  WASO, min 33.1 ± 19.5 113.6 ± 69.8 < .0001 
  Sleep Quality 3.9 ± 0.4 2.8 ± 0.6 < .0001 
  Restedness 3.8 ± 0.5 2.3 ± 0.7 < .0001 

ISI, Insomnia Severity Index; TST, total sleep time; SOL, sleep onset latency; SE, sleep efficiency; NWake, 
number of awakenings; WASO, wake after sleep onset. Sleep diary was kept for 7 days before laboratory 
visit. In addition to subjective sleep timing estimates, the diary includes 5-point Likert scale ratings for sleep 
quality (1: very poor to 5: very good) and restedness (1: not at all rested to 5: very well-rested). p-values 
were determined by Fisher exact test for sex and by Wilcoxon rank-sum tests for the other variables. 
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Table 2—Conventional Polysomnographic Sleep Parameters (mean ± standard deviation) 
 Control 

(n = 42) 
Insomnia Disorder 
(n = 46) 

Wilcoxon rank-
sum statistic W Z p 

TRT, min 481.4 ± 49.1 479.9 ± 57.3 879 –0.72 .47 
TST, min 431.0 ± 51.2 408.0 ± 54.5 693 –2.28 .02 

SOL, min 20.9 ± 21.7 17.3 ± 17.0 905 –0.51 .61 
SE, % 89.7 ± 7.2 85.5 ± 9.2 671 –2.46 .01 

NWake 18.5 ± 10.0 23.7 ± 11.8 1254.5 2.41 .02 

SSI, 1/h 10.2 ± 2.8 11.9 ± 3.3 1248 2.35 .02 

WASO, min 29.0 ± 21.1 52.6 ± 42.8 1308 2.85 .004 

Stage N1, min 20.4 ± 12.1 35.8 ± 23.3 1342 3.14 .002 

Stage N2, min 186.8 ± 49.2 175.0 ± 53.8 812 –1.28 .20 
Stage N3, min 113.9 ± 42.1 95.1 ± 52.7 697 –2.24 .02 

Stage R, min 109.8 ± 37.1 102.1 ± 57.7 819.5 –1.22 .22 
WASO, % 6.4 ± 4.7 11.1 ± 8.4 1312 2.89 .004 

Stage N1, % 4.8 ± 2.9 8.9 ± 6.0 1388 3.52 .0004 

Stage N2, % 43.4 ± 10.6 43.1 ± 12.6 933 –0.27 .79 
Stage N3, % 26.5 ± 9.7 23.4 ± 12.2 809.5 –1.30 .19 
Stage R, % 25.2 ± 7.0 24.5 ± 12.6 874 –0.76 .44 

TRT, total recording time; TST, total sleep time; SOL, sleep onset latency; SE, sleep efficiency; NWake, 
number of awakenings; SSI, stage shift index; WASO, wake after sleep onset. WASO percentage is relative 
to TRT – SOL. Sleep stage percentages are relative to TST. Bold font highlights significant group 
differences. 
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Table 3—Empirical Transition Probabilities Between Sleep Stages, expressed as percentage (mean ± 
standard deviation) of epochs of the stage indicated at the left side of each row that transition to epochs of 
stage indicated at the top of each column. 
a. Control (n = 42) 

 
to stage … 
W N1 N2 N3 R 

Transition 
from stage … 

W 53.12 ± 24.06 24.68 ± 16.08 16.08 ± 16.66 0.43 ± 1.38 5.69 ± 8.86 
N1 8.52 ± 6.30 54.40 ± 17.54 28.01 ± 14.83 0 9.06 ± 9.13 
N2 1.75 ± 1.31 0.64 ± 0.65 93.22 ± 2.11 2.06 ± 1.18 2.33 ± 1.13 
N3 1.16 ± 0.88 0.15 ± 0.28 1.65 ± 1.20 96.76 ± 1.11 0.28 ± 0.37 
R 2.99 ± 2.29 1.29 ± 1.09 2.41 ± 1.57 0.01 ± 0.08 93.29 ± 3.01 

 

b. Insomnia Disorder (n = 46) 

 
to stage … 
W N1 N2 N3 R 

Transition 
from stage … 

W 58.35 ± 24.69 24.97 ± 16.06 10.26 ± 10.25 0.31 ± 1.82 6.11 ± 9.78 
N1 10.45 ± 7.72 59.89 ± 16.32 24.57 ± 14.17 0 5.09 ± 6.27 
N2 2.34 ± 1.24 1.46 ± 1.19 92.05 ± 3.20 2.00 ± 1.89 2.16 ± 1.63 
N3 1.35 ± 1.34 0.17 ± 0.32 1.89 ± 1.76 96.36 ± 2.61 0.23 ± 0.57 
R 3.77 ± 7.15 2.75 ± 7.56 2.56 ± 2.05 0.01 ± 0.05 90.91 ± 14.28 

Bold font highlights significant and trend-level group differences after false discovery rate correction (see 
text for test statistics). 
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Table 4—Age- and Sex-Adjusted Odds Ratio for a Diagnosis of Insomnia Disorder. The table shows only 
sleep features that reached significance in univariate between-group comparisons on at least one of the 
samples from Amsterdam and Freiburg. 

 Amsterdam Sample Validation (Freiburg) sample 
 Adjusted OR; 95% CI p Adjusted OR; 95% CI p 
TST, min 0.990; [0.981, 0.999] .03 0.986; [0.979, 0.994] .0006 

SE, % 0.935; [0.879, 0.994] .03 0.933; [0.896, 0.971] .0007 

NWake 1.046; [1.002, 1.092] .04 1.036; [1.007, 1.066] .02 

SSI, 1/h 1.215; [1.043, 1.416] .01 1.047; [0.985, 1.112] .14 
WASO, min 1.027; [1.008, 1.045] .004 1.015; [1.006, 1.025] .0008 

Stage N1, min 1.052; [1.020, 1.085] .001 1.009; [0.991, 1.027] .32 
Stage N3, min 0.990; [0.981, 1.000] .06 0.992; [0.981, 1.003] .16 
Stage R, min 0.997; [0.988, 1.006] .49 0.975; [0.962, 0.988] .0002 

WASO, % 1.136; [1.043, 1.238] .003 1.077; [1.033, 1.124] .0005 

Stage N1, % 1.263; [1.102, 1.448] .0008 1.078; [1.004, 1.157] .04 

Stage R, % 0.995; [0.954, 1.037] .80 0.913; [0.856, 0.973] .005 

Transition probability from 
stage N2 to stage N1, % 3.522; [1.704, 7.281] .0007 1.243; [1.069, 1.444] .005 

Transition probability from 
stage N2 to stage W, % 1.471; [1.023, 2.115] .04 1.334; [1.038, 1.715] .02 

Transition probability from 
stage R to stage W, % 1.030; [0.930, 1.142] .57 1.258; [1.083, 1.462] .003 

Transition probability from 
stage W to stage W, % 1.008; [0.990, 1.027] .39 1.034; [1.018, 1.051] < .0001 

Transition probability from 
stage W to stage N1, % 0.999; [0.972, 1.026] .92 0.962; [0.941, 0.983] .0004 

Mean sleep bout duration, min 0.955; [0.921, 0.989] .01 0.964; [0.944, 0.985] .0007 

Mean wake bout duration, min 1.304; [0.912, 1.865] .15 1.276; [1.048, 1.555] .02 

Mean stage N2 bout duration, 
min 0.793; [0.650, 0.968] .02 0.874; [0.766, 0.999] .05 

OR, odds ratio; CI, confidence interval; TST, total sleep time; SE, sleep efficiency; NWake, number of 
awakenings; SSI, stage shift index; WASO, wake after sleep onset. WASO percentage is relative to TRT – 
SOL. Stage N1 percentages is relative to TST. Bold font highlights significant adjusted odds ratios. 
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Chapter 6 

Discussion 
 

This thesis investigated the endogenous neurophysiological dynamics of Insomnia Disorder and insomnia 
complaints during wakefulness and sleep, with the purpose of uncovering their underlying mechanisms. 
The present discussion first summarizes the results and the interpretations of the experiments described 
from chapter 2 to chapter 5. Subsequently, the functional implications of the findings are discussed more 
extensively, considering which neurophysiological and neuropsychological mechanisms are altered in 
Insomnia Disorder, with a particular emphasis on the construct of hyperarousal. The findings are moreover 
considered within the frameworks of (1) balanced excitatory and inhibitory signaling in the brain, and of 
(2) attentional filtering of information processing. Furthermore, parallels to other related pathological 
conditions, such as epilepsy and anxiety disorder, are proposed. Directions for future research are outlined 
contextually where issues remain unresolved. Finally, general caveats and recommendations for future 
neurophysiological research of Insomnia Disorder are discussed. 
 

1. Summary 

Chapter 2 addressed the overall strength of ongoing EEG oscillations across several frequencies and 
locations during wakefulness. Compared to controls, people suffering from Insomnia Disorder show 
stronger high-frequency oscillations in a broad beta-gamma frequency band over widespread cortical 
regions during the eyes closed condition. During the eyes open condition, they exhibit weaker low-
frequency oscillations in a narrow upper-alpha frequency band over widespread cortical regions. Insomnia 
Disorder therefore entails strong beta oscillations not only during the sleep onset period and NREM sleep, 
as previously reported (Perlis et al., 2001a), but also during eyes closed wakefulness, suggesting a round-
the-clock state of hyperarousal. The weaker upper-alpha band oscillations during eyes open could reflect 
suboptimal attentional filtering, resulting in poor suppression of irrelevant cognitive processes (Klimesch, 
2012). Oscillations in the upper-alpha band may reflect the suppression of irrelevant and interfering 
cognitions—enabling selective access to sensory and semantic memory (Klimesch et al., 2006, 2007). 
Therefore, suboptimal expression of upper-alpha oscillations could be involved in both day-time difficulty 
to concentrate (Edinger et al., 2004) and bed-time intrusion of perceptions and cognitions—two core traits 
of Insomnia Disorder. 

Chapter 3 addressed dynamical aspects of ongoing EEG oscillations during wakefulness, in particular 
their Long-Range Temporal Correlations (LRTC). The strength of LRTC in Insomnia Disorder and controls 
did not differ; however, within both groups, LRTC during eyes open increased with the severity of insomnia 
complaints. In Insomnia Disorder, the severity of insomnia complaints—ranging from moderate to severe—
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correlated with LRTC in low frequencies. In controls, on the other hand, the severity of insomnia 
complaints—ranging from absent to mild—correlated with LRTC in high frequencies. Hence, the severity 
of subjective insomnia complaints increase with LRTC both in Insomnia Disorder and controls, but in 
different spectral ranges. Previous studies using EEG (Kantelhardt et al., 2015) or fMRI (Tagliazucchi et al., 
2013) have shown LRTC to decrease with sleep. Therefore, if the interindividual differences in the strength 
of LRTC during daytime persist during the night, it would be conceivable that those with an insufficient 
decrease of LRTC experience low sleep quality. LRTC strengthen when increasing the excitation to 
inhibition ratio in simulated networks dominated by inhibition, and reach a maximum when excitation and 
inhibition are balanced (Poil et al., 2012). Further increasing the ratio beyond the balance point weakens 
LRTC. Several studies suggest that—while excitation and inhibition in cortical networks are approximately 
proportional over time—the exact excitation to inhibition ratio changes in time and across neurons 
(Bennett et al., 2013; Dehghani et al., 2016; Gao et al., 2016; Isaacson and Scanziani, 2011; Rudolph et al., 
2007). Overall, cortical networks may be on average more skewed towards inhibition (Haider et al., 2013; 
Priesemann et al., 2014; Rudolph et al., 2007). Under this condition, a network showing stronger LRTC 
would be less biased towards inhibition. Our LRTC findings suggest that, on average, the balance between 
excitation and inhibition does not differ between people with Insomnia Disorder and controls. However, 
the associations between individual differences in insomnia complaints and LRTC within each group may 
still suggest an association of the subjectively experienced severity of sleep complaints with the balance 
between excitation and inhibition, but in brain processes specific to each population. 

Chapter 4 addressed the EEG response to one's own heart-beat as a possible marker of interoceptive 
sensitivity. The Heart-beat Evoked Potential (HEP) during eyes closed showed a stronger late (± 500 ms) 
frontal component in Insomnia Disorder than in controls. Future studies may address whether the 
interoceptive hypersensitivity may involve insufficient attentional filtering and regulation of the brain's 
salience network (Menon and Uddin, 2010). Indeed, people with insomnia have increased coactivation of 
the salience network with the insula, a structure of key importance to interoception (Chen et al., 2014). The 
finding of interoceptive hypersensitivity supports the notion that hyperarousal in Insomnia Disorder 
persists during wakefulness.  

Chapter 5 addressed the macrostructure of EEG dynamics during sleep. We observed a steeper 
decline of the survival functions of sleep bouts, specifically for stage non-REM 2 (N2), in Insomnia Disorder. 
Stage N2 was more likely to be followed by N1 and wakefulness in Insomnia Disorder as compared to 
controls. Furthermore, in Insomnia Disorder light-sleep N1 was more frequent, whereas deep sleep N3 was 
less frequent. The findings point to a specific vulnerability of stage N2 in Insomnia Disorder, with shorter 
bouts that tend to be interrupted by lighter sleep or wakefulness. This specific sleep structure may be 
indicative of the night-time hyperarousal in Insomnia Disorder. Indeed, shallower and fragmented sleep 
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can result from the activation of wake-promoting structures simultaneously with sleep promoting 
structures (cf. Riemann et al., 2015).  
 
2. Hyperarousal 

Hyperarousal of the central nervous system is proposed to play a key role in the pathophysiology of 
Insomnia Disorder (Bonnet and Arand, 2010a; Riemann et al., 2010). Our findings on the endogenous EEG 
dynamics during wakefulness and sleep corroborate the construct of neurophysiological hyperarousal. 
Indeed, Insomnia Disorder is characterized by stronger oscillations in the beta-gamma band and increased 
interoceptive sensitivity during wakefulness; and by shallower and more fragmented sleep. Overall, the 
results converge to suggest that neurophysiological hyperarousal is characteristic of Insomnia Disorder 
across wakefulness and sleep. 
 
2.1. Strong Oscillations in a Broad Beta range 

In chapter 2 we observed that, during eyes-closed wakefulness, the power of high-frequency oscillations 
relative to the background spectral power was stronger in Insomnia Disorder as compared to controls. As 
a novelty of the study, we showed that such alteration is spatially and spectrally widespread, thereby 
suggesting a rather global alteration of high-frequency spontaneous neurophysiological oscillations, in a 
broad beta range that reached the gamma range. Strong high-frequency oscillations, in the beta and gamma 
range, constitute a classical signature of neurophysiological hyperarousal (Freedman, 1986), which is 
typically observed around sleep onset and in NREM sleep in Insomnia Disorder (Perlis et al., 2001b). Strong 
beta oscillations in Insomnia Disorder have also been observed in wakefulness epochs during bed-time 
prior sleep onset (Corsi-Cabrera et al., 2012; Freedman, 1986; Wolynczyk-Gmaj and Szelenberger, 2011), 
and in resting-state wakefulness (Freedman, 1986), though the finding was not replicated by others 
(Buckelew et al., 2009; Cervena et al., 2014; Hauri, 1981). One study failed to find strong beta oscillations 
in insomnia throughout different vigilance states, which was interpreted as lack of hyperarousal in the 
selected sample (Wu et al., 2013). The study also showed moderately strong correlations of spectral power 
in the beta range during wake and sleep, which suggested that the strength of beta oscillations could 
represent a trait with individual differences represented in both sleep and wakefulness. Furthermore, sleep 
quality modulates the overnight decline of power in high frequencies: people with Insomnia Disorder show 
a smaller overnight decline in EEG beta and gamma power as compared to controls (Corsi-Cabrera et al., 
2016). Of note, individual differences in subjective sleep quality correlated with the strength of their 
overnight decline in EEG beta and gamma power. Strong beta oscillations might be a stable trait of people 
with Insomnia Disorder, since these have been observed during sleep as early as adolescence (Fernandez-
Mendoza et al., 2016). 
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In conclusions, the relatively stronger beta oscillations that we observed during evening wakefulness 
with eyes closed support the idea that insomnia is a 24 hour disorder characterized by round-the-clock 
hyperarousal.  
 
2.2. Interoceptive Hypersensitivity 

Besides the abnormalities in spontaneous oscillations, we observed neurophysiological signatures of 
heightened sensitivity to interoceptive signals in Insomnia Disorder. As detailed in chapter 4, people with 
Insomnia Disorder displayed a larger neurophysiological response to the heart-beat, in a late frontal Heart-
beat Evoked Potential component during eyes closed wakefulness. Such finding is consistent with a state of 
hyperarousal, inasmuch interoceptive hypersensitivity may hamper the disengagement from bodily signals 
that normally accompanies the process of falling asleep (Ogilvie, 2001). In order to further confirm this 
hypothesis, the analysis of the HEP should be extended to the sleep onset period. 

A larger cortical response to the heart-beat extends previous finding of altered autonomic balance in 
Insomnia Disorder, with increased sympathetic activity and reduced parasympathetic activity (Bonnet and 
Arand, 1998, 2010a), thus linking hyperarousal of the central and peripheral branch of the nervous system. 
It remains to be addressed how the peripheral and central components of hyperarousal influence and 
reinforce each other. 
 
2.3. Shallow and Fragmented Sleep 

Evidence consistent with hyperarousal was also found in the macrostructure of sleep dynamics of Insomnia 
Disorder, as mentioned in chapter 5. Classic PSG indexes indicated an overall shallower sleep: light sleep 
N1 was more frequent, and deep sleep N3 was less frequent. The dynamics of NREM sleep, and in particular 
of sleep stage N2, were characterized by shorter bouts and more frequent transitions to more vigilant stages 
(either lighter sleep or wakefulness). Stage-N2 sleep was fragmented. A similar shallow and fragmented 
sleep was reported as a result of simultaneous activation of wake and promoting circuits of the brain (Cano 
et al., 2008; Riemann et al., 2015; Saper et al., 2005). Future studies should investigate the EEG 
microstructure during N2 sleep, to observe possible irregularities in the recurrence of spindles, k-
complexes and cyclic alternating patterns. Investigating the dynamics of EEG microstructural components 
could aid our understanding of the neurophysiological mechanisms underlying N2 sleep fragmentation in 
Insomnia Disorder. 
 
3. Weaker inhibitory bias in cortical networks? 

The hyperarousal model of insomnia posits that heightened neurophysiological activity hampers the sleep 
of people with Insomnia Disorder. Heightened neurophysiological activity may result from increased 
activation of arousal mechanisms (Bonnet and Arand, 2010b), as well as from reduced activation of 'de-
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arousal' mechanisms (Espie, 2002). Conceivably, Insomnia Disorder may result from increased excitatory 
and/or reduced inhibitory signaling in cortical networks (Bastien, 2011), even during wakefulness. Under 
normal physiological conditions, inhibitory and excitatory signaling are almost in proportion: they exhibit 
wide coordinated fluctuations, while maintaining an overall slight bias towards inhibition (Hahn et al., 
2017; Haider et al., 2013; Priesemann et al., 2014; Rudolph et al., 2007). This baseline net inhibitory bias 
may therefore be reduced in Insomnia Disorder.  

Molecular, cellular and network mechanisms act jointly to shape the amount of excitatory and 
inhibitory signaling, while maintaining their ratio approximately constant across spatial and temporal 
scales. The two main regulatory neurotransmitters of the balance between excitation and inhibition in the 
central nervous system are glutamate and GABA. The glutamatergic system promotes arousal and inhibits 
sleep; vice versa the GABAergic system promotes sleep and inhibits arousal (Saper and Fuller, 2017). Even 
though the proportion of glutamatergic neurons is 4 to 5 times larger than that of GABAergic neurons, the 
latter form stronger synapses and fire more frequently than the former (Isaacson and Scanziani, 2011; 
Peyrache et al., 2012). Together, glutamatergic and GABAergic systems constitute the majority of neuronal 
signals mediated by receptors and require most of glucose metabolic expenses in cortical grey matter 
(Chowdhury et al., 2007). Cortical arousal is also modulated by diffuse projections from monoaminergic, 
cholinergic and peptidergic neurons in the brainstem (Saper and Fuller, 2017). 

The balance between excitation and inhibition in cortical networks is favored structurally by two 
prototypical connectivity patterns. Feedforward and feedback inhibitory circuits ensure that incoming and 
local excitatory neurons also recruits inhibitory interneurons (Isaacson and Scanziani, 2011) with a time 
lag of few milliseconds. This lag is crucial for gating activity transients (Kremkow et al., 2010). 

Balanced excitation and inhibition has been observed during both spontaneous- and stimulus 
induced- neuronal activity, as measured by intracellular recordings of postsynaptic potentials in 
neighboring excitatory neurons (Atallah and Scanziani, 2009; Okun and Lampl, 2008). Furthermore, 
excitation and inhibition in a cortical network vary widely over time, but they remain approximately 
balanced through all stages of the wake-sleep cycle (Dehghani et al., 2016). 

Still, excitation and inhibition are not in a perfect static balance throughout the brain. Despite the 
overall proportionality of excitation and inhibition, their ratio varies dynamically over time and spatially 
across neurons (Isaacson and Scanziani, 2011; Rudolph et al., 2007). Although the ratio of excitation and 
inhibition (E/I) in a cortical network is instantaneously determined by incoming synaptic inputs, it displays 
highly rich dynamics across multiple temporal scales. Temporary deviations from a perfect balance happen 
at short-time scales—within a single oscillation cycle (Gao et al., 2016)—and on longer-time scales—at least 
up to the scale of ten seconds (Dehghani et al., 2016). Furthermore, the strength and amount of excitatory 
and inhibitory connections are shaped on even longer-time scales by synaptic plasticity (Hennequin et al., 
2017; Turrigiano and Nelson, 2004). 
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The ratio of excitation and inhibition influences how neural activity propagates across a neural 
network. Subtle change in the E/I facilitates or suppresses the propagation of neural firing rates (Vogels 
and Abbott, 2009). With a bias towards excitation, the network loses the capacity to give specific responses 
to inputs—due to excessive background noise; with a bias towards inhibition, the network loses sensitivity 
to inputs—due to suppression of propagating activity (Shew et al., 2009). Extreme non-physiological 
modulations of the E/I strongly affect the propagation of neural activity. Selective pharmacological 
suppression of inhibitory or excitatory activity can lead to a hyper-excitable or silent state, respectively 
resembling epileptiform or comatose activity (Dudek and Sutula, 2007). Consistently, a pathological 
imbalance towards inhibition is observed during general anesthesia (Gao et al., 2016); and an imbalance 
towards excitation promotes epileptic seizures (DiNuzzo et al., 2014; Scharfman, 2007). Thus, modulating 
the E/I provides a gating mechanism that is crucial for information processing, action selection, and it sets 
the dynamical state of the network between two extremes. 

Balanced excitation and inhibition confer many advantageous properties to a neural network. When 
inhibitory and excitatory mechanisms are balanced, network activity can be sustained: it does not fade away 
nor it propagates explosively across the network (Vogels et al., 2005). An approximate balance of excitation 
and inhibition in cortical and simulated networks yields spontaneous cascades of activity that do not have 
a prevalent spatial or temporal scale, such that spatial and temporal correlations take a power-law form 
(Poil et al., 2012; Shew et al., 2009). Balanced excitation and inhibition enables a rich dynamical repertoire 
(Shew et al., 2009), and maximal information and transmission capacity (Beggs, 2008; Shew et al., 2011). 
However, awake cortical networks may actually be somewhat biased towards inhibition—as observed in 
spontaneous and sensory-evoked activity (Haider et al., 2013; Priesemann et al., 2014; Rudolph et al., 
2007)—while retaining the possibility of transiently getting closer to a balanced state (Hahn et al., 2017).  

In sum, cortical networks may operate in a state slightly biased towards inhibition (E/I < 1), which at 
once prevents runaway activity and retains the computational and transmission benefits of approaching a 
balanced state. Therefore, maintaining the E/I of cortical networks within a functional range is of the utmost 
importance for the whole organism. Sleep is hypothesized to homeostatically maintain the E/I of cortical 
networks within a functional range (Meisel et al., 2015; Pearlmutter and Houghton, 2009). Poor sleep 
quality reported by people with Insomnia Disorder could therefore involve a different functional range of 
the E/I. Since the hyperarousal model posits that Insomnia Disorder is a 24 hours disorder, we hypothesized 
that in Insomnia Disorder the E/I may be  higher than in controls even during wakefulness—specifically, 
while the ratio may still be lower than 1, the net balance may be less biased towards inhibition in Insomnia 
Disorder. In chapter 2 and chapter 3 we obtained EEG indexes during spontaneous wakefulness that 
provide indirect evidence of the excitation to inhibition ratio over large-scale cortical networks on the time-
scale of minutes. 
 



117 
 

3.1. Distribution of Spectral Power 

In chapter 2, we observed that the ratio between the EEG power of the lower (1.5–16 Hz) over that of the 
upper (16–40 Hz) part of the spectrum (LO/HI RATIO), was reduced in Insomnia Disorder as compared to 
controls, both during eyes open and eyes closed wakefulness. In agreement with spectral changes related 
to different vigilance states, this finding suggests that in Insomnia Disorder the E/I is less biased towards 
inhibition. When vigilance drops during drowsiness and sleep onset, the power in the range of low 
frequencies increases and the power in the range of high frequencies decreases (De Gennaro et al., 2001). 
During deeper states of pharmacological sedation, these two spectral changes can be exploited to track 
anesthetic depth, using the median frequency, spectral edge frequency and related spectral indexes (Tonner 
and Bein, 2006). Compelling support for weaker inhibition in Insomnia Disorder comes from a study on 
patients undergoing surgery to treat an unrelated hepatic condition, cholelithiasis (Erden et al., 2016). In 
this study, sevoflurane levels were continuously adjusted during surgery according to the bispectral index, 
a common proprietary measure derived from the EEG. People with chronic insomnia needed a larger 
amount of anesthetic agent as compared to controls, in order to maintain an appropriate state of anesthesia 
during surgery. 

Thus, according to the distribution of the spectral content among spontaneous neurophysiological 
oscillations, the E/I in Insomnia Disorder appears to be higher than that of controls, yielding a balance 
where the net inhibitory bias is weaker. However, when looking at the evidence obtained from the temporal 
organization of these spontaneous neurophysiological oscillations, the picture gets more complicated. 
 
3.2. Stronger Long-Range Temporal Correlations in People with More Severe Insomnia Complaints 

In chapter 3, we investigated the autocorrelation structure of fluctuations in the power of EEG oscillations 
during wakefulness; specifically Long-Range Temporal Correlations (LRTC). Simulations of neuronal 
networks operating near a critical transition between order and disorder (Bak et al., 1987) have revealed 
that LRTC increase with the E/I as long as the neuronal network is not dominated by excitation (Poil et al., 
2012)—a condition that holds across multiple species and vigilances states (Priesemann et al., 2013, 2014). 
This provided the conceptual framework to test our hypothesis that insomnia involves a net weak inhibitory 
bias. We hypothesized that the E/I—while remaining <1—would be larger in Insomnia Disorder as 
compared to controls, and that this ratio would positively correlate with insomnia severity. Results however 
showed a similar strength of LRTC between Insomnia Disorder and controls. This finding may suggest that 
the E/I is does not differ between the two groups, an interpretation which is at odds from the 
interpretations drawn in chapter 2. 

To conciliate the seemingly discordant findings, obtained from group comparisons on different 
properties of spontaneous EEG oscillations, we should consider how LRTC relates to individual differences 
in insomnia complaints. In spite of the absence of group differences, within each group, more severe 
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insomnia complaints occurred in people with stronger LRTC. The relationship held specifically in low 
frequency oscillations among people with Insomnia Disorder, and specifically in high frequency oscillations 
among controls. Since a distinct spectral range is involved in each group, subjective insomnia complaints 
may therefore involve distinct dynamical processes in people with Insomnia Disorder and controls. 

Overall, within the populations of Insomnia Disorder and controls, sleep complaints may be worse in 
individuals where the E/I is less biased towards inhibition. This interpretation is in agreement with the 
hypothesis that sleep allows the brain to regulate its critical balance between excitation and inhibition, 
thereby recovering from the net build-up of excitability during wakefulness (Pearlmutter and Houghton, 
2009). The hypothesis also states that sleep prevents the formation of self-reinforcing excitatory loops to 
reduce the risks associated with excitation dominating over inhibition: uncontrolled propagation of large 
cascades of activity and runaway oscillations that could spread in the form of seizures. Accordingly, 
sustained wakefulness yields progressively larger cascades of neuronal activity—indicative of a bias toward 
excitation—whereas sleep recovers previous power-law distribution of neuronal activity—indicative of a 
balance between excitation and inhibition (Meisel et al., 2013). Prolonged sleep deprivation can promote 
epileptiform activity (paroxysms) among susceptible non-epileptic, non-alcoholic people and, rarely, it can 
even promote seizures in predisposed subjects without a previous history of seizures—particularly if in 
combination with seizure-provoking procedures or with stress and fatigue (Ellingson et al., 1984; Friis and 
Lund, 1974; Gunderson et al., 1973; Rodin et al., 1962). The wealth of sleep deprivation studies that have 
been performed without reporting any adverse event however show that sleep deprivation is unlikely to 
trigger paroxysmal activity. Rodin eat al. (1962) suggested that this could involve the decreasing cerebral 
excitability with further progressing sleep loss. Conceivably, mechanisms other than the proportion of 
excitatory and inhibitory signaling—such as intrinsic membrane excitability or the time-constants of 
excitation and inhibition—help to minimize the risk of seizures following sleep loss in healthy subjects.  
 
3.3. Insomnia Disorder, Excitation/Inhibition Balance and Epilepsy  

In people with epilepsy, sleep loss and altered sleep-wake patterns are a well-known trigger of seizures 
(Matos et al., 2013; Samsonsen et al., 2016). The study of the electrocorticogram in people with intractable 
epilepsy revealed that cortical excitability fluctuates over the sleep cycle, increasing with time awake and 
decreasing during sleep (Meisel et al., 2015). The authors concluded that sleep has the homeostatic role to 
rebalance cortical excitability, thereby influencing the initiation and spread of seizures. In this account, 
altered sleep-wake patterns, excitability and seizure proneness are tightly linked together. Yet, the 
relationship between insomnia and epilepsy remains largely unknown (Manni and Terzaghi, 2010). While 
insomnia involves a certain amount of sleep loss, it’s important to stress that insomnia is not equal to sleep 
deprivation. We now turn to consider the relationship between Insomnia Disorder and epilepsy. 
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Studies assessing the incidence of epilepsy in Insomnia Disorder are scarce or lacking, possibly due 
to the lower prevalence of epilepsy in the general population as compared to that of insomnia. However, a 
recent study found that 12 out of 24 patients diagnosed with primary idiopathic insomnia showed abnormal 
EEG patterns with irritative activity during sleep, displaying sharp-wave paroxysms and phase inversion 
spikes, with a predominantly left frontal and fronto-central origin (Lechuga et al., 2011). Furthermore, the 
sub-group of patients with EEG abnormalities displayed a worse insomnia phenotype, as measured by PSG 
parameters: less total sleep time, worse sleep efficiency, increased sleep-onset latency, longer and more 
frequent awakenings. This study suggests that idiopathic insomnia and epilepsy might have a close 
connection, which is still largely under-investigated and deserves more attention. On the other hand, 
Insomnia Disorder is the most common sleep/wake disorder among people with epilepsy (Grigg-
Damberger and Ralls, 2014); in one study 55% of epilepsy patients had severe insomnia complaints 
(Vendrame et al., 2013). 

People with epilepsy share similar PSG architecture to those with Insomnia Disorder: reduced total 
sleep time and sleep efficiency, reduced amount of REM sleep and fragmented sleep, as marked by a large 
number of awakenings, arousals and stage shifts (Manni et al., 1990; Montplaisir et al., 1987; Touchon et al., 
1991). Particularly, patients with medically refractory epilepsy, as compared to those with well-controlled 
seizures, had less total sleep time, worse sleep efficiency, increased wake after sleep onset, and greater 
number of arousals (Zanzmera et al., 2012). Although nocturnal seizures often induce arousals and sleep 
fragmentation (Chokroverty and Nobili, 2017), sleep in epilepsy can be fragmented even in absence of 
seizures or anti-epileptic-drugs, suggesting that in certain forms of epilepsy sleep is inherently unstable 
(Foldvary-Schaefer and Grigg-Damberger, 2009; Manni et al., 1990). Furthermore, both people with 
epilepsy and Insomnia Disorder tend to overestimate the time required to fall asleep and to underestimate 
the total time spent asleep (Ng and Bianchi, 2014). This phenomenon, called sleep state misperception, 
appears in both groups by a similar amount. 

Importantly, treating sleep disorders can improve seizure control; conversely, treating epilepsy can 
ameliorate sleep disorders co-occurring with epilepsy (Malow and Vaughn, 2002; Vaughn and Ali, 2012; 
Vendrame et al., 2011). For instance, sedating anti-epileptic drug gabapentin ameliorates both seizures and 
sleep in epilepsy patients with insomnia (Lo et al., 2010; Placidi et al., 2000). 

Little is known about the potential interactions between Insomnia Disorder and epilepsy and about 
potential common neural correlates. Although the etiology of Insomnia Disorder and epilepsy are different, 
in both conditions a higher E/I may entail worse insomnia symptoms and more proneness to seizures. The 
findings of chapter 3 suggest that individuals with more severe insomnia complaints could have higher 
cortical excitability.  

Globally increased cortical excitability appears to be a stable trait of Insomnia Disorder—since 
absolute motor evoked potentials, induced by single and paired TMS pulses, were higher in Insomnia 
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Disorder and remained high even after successful therapy (van der Werf et al., 2010). Interestingly, the 
relative responses to paired pulses at long inter-pulse intervals were reduced in Insomnia Disorder, such 
that the large TMS response could not be facilitated further, resembling a ceiling effect. Paired-pulse TMS 
studies in juvenile myoclonic epilepsy revealed reduced intracortical inhibition. These epileptic patients 
also showed a greater increase in cortical excitability, as compared to normal subjects, following a night of 
sleep deprivation (Manganotti et al., 2006). Repetitive low frequency (1 Hz) TMS pulses is a technique used 
to treat disorders of hyper-excitability. Repetitive low-frequency TMS was applied over daily sessions 
throughout 10 days in a cohort of insomnia with EEG abnormalities (Sánchez-escandón et al., 2014), and 
also in a cohort of patients with focal epilepsy (Sánchez-Escandón et al., 2016). In both cohorts, the 
treatment resulted in large improvements in most PSG parameters related to insomnia. Specifically, the 
treatment increased total sleep time by 90 minutes in the first cohort and by 120 minutes in the second 
cohort; it enhanced sleep efficiency by 20% in the first cohort and by 24% in the second cohort; it reduced 
sleep-onset latency by 30 min in the first cohort and by 45 min in the second cohort. In addition, the sleep 
epileptiform abnormalities decreased in both cohorts. Repetitive TMS seems a very promising treatment 
for insomnia, for it has proven more efficacious than medication or psychotherapy treatments in improving 
subjective severity of insomnia and neuroendocrinological indexes of adrenal and thyroid functioning, as 
well as in reducing relapse and 3-month recurrence rates (Jiang et al., 2013).  

GABA is the main inhibitory substance in the brain, promoting sleep by inhibiting arousal systems 
(Mendelson and Martin, 1992). GABAergic deficiency is thought to underlie both Insomnia Disorder and 
epilepsy (Mohler, 2006). Global expression of GABA, as measured by Magnetic Resonance Spectroscopy 
(MRS), was found to be reduced in Insomnia Disorder (Winkelman et al., 2008). Regional expression of 
GABA was also found to be reduced in the rostral anterior cingulate cortex as well as in the occipital cortex 
(Plante et al., 2012a); although an increase in the occipital cortex has also been observed (Morgan et al., 
2012). Contradictory results may arise from methodological differences, different sample profiles and time 
of measurement across the two studies (Plante et al., 2012b). Further evidence that insomnia severity 
involves weaker net inhibition comes from a MRS study in a cohort of people exposed to trauma, with- or 
without- posttraumatic stress disorder. People with more severe insomnia complaints had significantly 
higher glutamate and lower GABA levels in parieto-occipital cortex, and a tendency to have lower GABA in 
the anterior cingulate. Interestingly, the relationship between parieto-occipital GABA and Post-Traumatic 
Stress Disorder was mediated by insomnia severity (Meyerhoff et al., 2014). 

MRS observations in people with epilepsy determined that there is an increase in the concentration 
of Glutamate near the epileptic focus, and an increase of the GABA concentration in cortical areas away from 
the epileptic focus (Petroff et al., 2002; Petroff and Spencer, 2005). Cortical GABA concentration is 
associated with the quantity of epileptic seizures (Petroff et al., 1996) and increasing GABA cortical 
concentration via GABAergic drugs allows for a dose-dependent benefit in preventing seizures (Petroff et 
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al., 1999). The observed alterations in neurotransmitters concentration act jointly to promote seizures, 
since enhanced excitatory and reduced inhibitory signalling would increase excitability and facilitate the 
spread of epileptic activity across the brain (DiNuzzo et al., 2014). 

In sum, Insomnia Disorder and epilepsy share some of the PSG characteristics, misperception of sleep, 
and an E/I that is less biased towards inhibition—resulting in enhanced excitability, as revealed by TMS 
and MRS studies. Furthermore, in people with epilepsy, treating insomnia symptoms benefitted epileptic 
symptoms and vice versa. Future studies should elucidate whether a higher E/I worsen insomnia 
complaints and proneness to seizures in both conditions.  
 
4. Deficient Attentional Filter  

Insomnia Disorder seems to involve a deficiency of the attentional filter, according to the observations of 
ongoing EEG oscillations (chapter 2) and of the heartbeat evoked potential (chapter 4). In chapter 2 we 
observed low amplitude of the upper-alpha oscillations during eyes open wakefulness. Long-standing 
theoretical and empirical work links alpha oscillations, particularly in their upper frequency-range, to the 
suppression of irrelevant and interfering cognitions (for reviews, see Klimesch, 2012; Klimesch et al., 2007). 
Accordingly, the observed low amplitude of upper-alpha oscillations during resting-state in Insomnia 
Disorder could reflect suboptimal attentional filtering, suggesting that upper-alpha oscillations may be 
crucially involved in blocking intrusive cognitions during bed-time. 

Initial neurofeedback studies provided some support for a role of low-amplitude upper-alpha 
oscillations in insomnia symptoms. Neurofeedback studies in Insomnia Disorder targeted a frequency range 
between 12-15 Hz, slightly higher than the band where Insomnia Disorder displayed weaker oscillations 
(11-12.7 Hz)—as determined in chapter 2. Whereas suboptimally controlled studies suggested 
improvement of objective and subjective sleep quality (Cortoos et al., 2014; Hauri, 1981; Hauri et al., 1982; 
Hoedlmoser et al., 2008; Schabus et al., 2014), a recent better controlled study showed that effects are no 
better than placebo (Schabus et al., 2017). 

 However, the sharply narrow-band alterations observed in chapter 2 suggest that neurofeedback 
for insomnia should target a rather precise frequency range—that of upper-alpha oscillations. Recently, 
neurofeedback therapy successfully enhanced upper-alpha oscillations during training and task-related 
activity, with subsequent improvements in working memory, concentration and impulsivity in children 
with attention deficit hyperactivity disorder (Escolano et al., 2014). In another neurofeedback study with 
healthy subjects, the more people benefitted from the training—as seen by the increase in the relative 
amplitude of the upper-alpha band during training—the larger they improved their working-memory 
performance (Nan et al., 2012). Working-memory and concentration capacity are cognitive domains 
particularly disturbed in Insomnia Disorder (Edinger et al., 2004; Fortier-Brochu et al., 2012). Hence, future 
neurofeedback studies should seek to enhance upper-alpha oscillations in Insomnia Disorder. Yet, people 
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with Insomnia Disorder may need more neurofeedback sessions than healthy controls, since low resting 
state alpha power—as observed in Insomnia Disorder in chapter 2—correlates with subsequent impaired 
learning capacity across individuals (Wan et al., 2014). It remains to be evaluated whether neurofeedback 
could enhance upper-alpha oscillations among individuals with Insomnia Disorder, and if so, whether it 
would ameliorate insomnia complaints, particularly intrusive cognitions during bedtime and working 
memory deficits.  

 
4.1. Deficits in Attentional Tasks 

A systematic review of the cognitive deficits in insomnia suggests subtle impairments in attention tasks 
with a high cognitive load, and in working memory (Shekleton et al., 2010). A meta-analysis of cognitive 
impairments in Insomnia Disorder concluded as well that individuals with Insomnia Disorder have a mild 
to moderate impairment in working memory (manipulation and retention), episodic memory and problem 
solving (Fortier-Brochu et al., 2012). The authors of the meta-analysis also stated that people with Insomnia 
Disorder tend to have a mild to moderate impairment in complex tasks probing attention—although the 
meta-analysis support did not reach the .05 significance threshold. These tasks included the digit symbol 
substitution test, the complex reaction time test and other tasks involving response inhibition and selective 
responses. Interestingly, other basic facets of attention remain unaltered: divided attention, sustained 
attention, vigilance and alertness. Furthermore, other perceptual, psychomotor, verbal, mnemonic, 
executive processes and general cognitive functioning remain intact in Insomnia Disorder. It remains to be 
evaluated by means of dedicated psychomotor tasks whether the relatively consistent deficiencies in 
working memory and problem solving specifically involve attentional impairment or other information 
processing requirements of these cognitive domains. 
 
4.2. Salience Network Malfunctioning? 

In chapter 4 we observed an enhanced EEG response to the heart-beat. Specifically, as compared to 
controls, people with Insomnia Disorder showed a larger amplitude of the later part of the Heart-beat 
Evoked Potential (HEP) during eyes open wakefulness at frontal electrodes. This later part of the HEP at 
frontal electrodes was moreover larger during eyes closed as compared to eyes open wakefulness. Since 
eyes closed can be conceived as promoting interoception, and eyes closed exteroception (Marx et al., 2003), 
the increased amplitude of the later part of the HEP during eyes closed in people with Insomnia Disorder 
suggests enhanced interoceptive processing, in line with previous questionnaire studies (Hammad et al., 
2001; Jansson and Linton, 2007). Interoceptive hypersensitivity has also been reported in people suffering 
from anxiety disorders (Domschke et al., 2010; Paulus and Stein, 2010), where it has been suggested to 
result from a deficient attentional filter, underpinned by alterations in the anterior insula and anterior 
cingulate (Damsa et al., 2009; Menon and Uddin, 2010). These two regions together form the salience 
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network, which is involved in switching between executive network and default-mode network activation. 
Salience network is involved in evaluating the emotional or motivational salience of stimuli, thus integrating 
features from the external environment according to internal drives (Menon and Uddin, 2010; Seeley et al., 
2007). 

Enhanced intrinsic connectivity between nodes of the salient network has been found in insomniacs 
as compared to controls, while participants were at rest or trying to fall asleep in the scanner (Chen et al., 
2014). Specifically, the ventral and dorsal anterior insula showed greater coactivation with bilateral 
anterior insula. The coactivation of the ventral anterior insula with the anterior insula moderately 
correlated with ratings of alertness and negative affect among insomniacs, thus constituting a plausible 
neural correlate of interoceptive dysregulations in Insomnia Disorder. Dedicated studies would be required 
to investigate whether interoceptive hypersensitivity in Insomnia Disorder involves altered salience 
network functioning. One approach to do so could be microstate analysis of EEG signals. Microstates are 
brief (60-120 ms) quasi-stable periods that display a characteristic voltage topography, rapidly forming, 
dissipating and reforming over time (Lehmann et al., 1987). Microstates cluster into four classes, highly 
consistent across time, individuals and even across vigilance states (Brodbeck et al., 2012; Khanna et al., 
2015). Different classes of microstates were found to be linked to specific resting state networks obtained 
from fMRI (Britz et al., 2010), enabling researchers to perform simple and interpretable neuroimaging with 
EEG, in a comfortable environment suited for long sleep recordings (Michel and Murray, 2012). In 
particular, the crossmodal approach could link the microstate class C to insular-cingulate ‘salience’ network 
activation (Britz et al., 2010). It would be interesting to evaluate whether Insomnia Disorder involves a 
specific alteration in microstate class C.  
 
5. Caveats and Recommendations for Future Insomnia Research 

As compared to the severe subjective complaints about sleep and daytime functioning in people suffering 
from Insomnia Disorder, neurophysiological and neuropsychological alterations reported here and in the 
literature are relatively small in size. Neurophysiological features currently do not allow to discriminate 
accurately people with Insomnia Disorder from controls, despite the extensive search for biomarkers 
performed up to date. Quite likely, neurophysiological alterations of Insomnia Disorder show a large inter-
individual variability. Insomnia Disorder inherently covers a large heterogeneity of night-time and daytime 
symptoms, of etiologies and of psychological profiles. Indeed, Insomnia Disorder is highly comorbid with 
other psychopathological conditions, such that insomnia complaints constitute the most central symptom 
in the network of associations between psychopathological symptoms (Borsboom et al., 2011). Due to the 
different inclusion criteria and the population samples used across studies, the positive findings in the 
literature are difficult to replicate and do not always get confirmed. 
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According to a long-standing hypothesis, Insomnia Disorder results from the internalization and 
somatization of psychological distress; moreover Insomnia Disorder self-sustains itself through a vicious 
cycle between maladaptive cognitive and behavioral factors, peculiar to the individual (Hauri et al., 1982). 
The neurophysiological substrate for the somatized distress and for this vicious cycle could therefore also 
vary on an individual basis, making it hard to observe a common mechanism across individuals. Future 
research of Insomnia Disorder should investigate the involvement of integrative regions with diffuse 
projections. A neural correlate of the integration of multiple somatic stressors is the insula (Domschke et 
al., 2010; Menon and Uddin, 2010). Interestingly, the insula is also the single cortical region most often 
involved in the generation of the slow waves of sleep (Murphy et al., 2009); thus the insula seems a 
particularly relevant region for Insomnia Disorder.  

Given the high inter-individual variability in Insomnia Disorder, it is crucial to advance the research 
for sub-types and factors, respectively aimed at clustering persons with- and symptoms of- Insomnia 
Disorder. This would allow subsequent research to identify core neurophysiological alterations in relatively 
homogeneous subtypes of Insomnia Disorder, according to stringent inclusion and exclusion criteria. 

Research on neurophysiological alterations in Insomnia Disorder will also benefit from careful data-
processing. Some analysis techniques are crucial to enhance the signal to noise ratio, such as reducing noise 
from muscular, cardiac and ocular origins, or considering the power of a frequency band relative to the 
spectral background instead of the absolute power. Advanced analysis techniques of EEG dynamics may be 
combined with computational modelling to disentangle excitatory from inhibitory cortical signaling. Finally, 
adequate sample sizes and rigorous methods to correct for multiple comparisons are strongly 
recommended to further explore the neurophysiological alterations of Insomnia Disorder. 
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6. Main points 

 People suffering from Insomnia Disorder show signs of round-the-clock 
hyperarousal, as indexed by relatively stronger beta oscillations, larger late 
frontal reactivity to the heart-beat, and a shallower and more fragmented 
sleep architecture with a particular vulnerabilty of stage N2, warranting 
further analysis of its microstructure. 

 A shift of the spectral power distribution of wake EEG towards high 
frequencies suggested that Insomnia Disorder involves an increased 
excitation to inhibition ratio in cortical networks (E/I). 

 Subsequent analyses showed that the interpretation of an increased E/I is an 
oversimplification. Estimates of this ratio based on Long-Range Temporal 
Correlation (LRTC) analyses showed no group differences between cases 
with Insomnia disorder and controls. Only within groups, individual with 
more severe sleep complaints showed stronger LRTC. Under physiological 
conditions where cortical networks are not dominated by excitatory 
signaling (E/I <1), stronger LRTC index a higher E/I, less biased towards 
inhibition. More severe insomnia complaints thus likely entail a net weaker 
inhibitory bias. 

 Future studies should assess whether, in people with Insomnia Disorder and 
in people with epilepsy, a higher E/I worsen insomnia complaints and 
increase proneness to seizures. 

 The wake EEG of people suffering from Insomnia Disorder shows signs of 
enhanced late processing of sensory input resulting from their own heart-
beat, suggesting altered interoceptive processing.  

 The wake EEG of people suffering from Insomnia Disorder shows a relatively 
weak amplitude of oscillations in the upper-alpha range. Although alpha has 
widely been implicated as supporting attention by inhibiting irrelevant 
information processing, it remains to be investigated whether there is indeed 
such a cognitive counterpart to the low amplitude in Insomnia Disorder. 
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Chapter 7 

Summary 
 
Insomnia symptoms are the most common medical complaints, affecting up to a third of the general 
population. Insomnia symptoms include sleep problems (initiating or maintaining sleep) as well their 
repercussions on wake-time functioning. Acute insomnia symptoms tend to remit spontaneously over the 
short term (days or weeks) in most individuals. Insomnia Disorder can be diagnosed when insomnia 
symptoms are recurrent (i.e. at least 3 times a week), persistent (i.e. more than 3 months), cannot be 
attributed to sleep-disrupting circumstances, and are subjectively experienced as affecting daytime 
functioning. Insomnia Disorder affects approximately 10% of the population and tends to persist over 
months or years. Insomnia Disorder severely reduces the quality of life and carries an increased risk of 
severe, long-lasting health problems, including cardiovascular and mood disorders. Given its high 
prevalence, persistence and impact on health, it is highly important to study the pathophysiology of 
Insomnia Disorder. 

Insomnia Disorder is conceived as a disorder of hyperarousal—i.e. heightened cognitive, emotional, 
somatic and neurophysiological activation that interferes with the initiation and maintenance of sleep. 
However, the current understanding of hyperarousal from the neurophysiological perspective is still 
preliminary. A better understanding of the neurophysiology of people with Insomnia Disorder free from 
sleep-medications would allow to evaluate the long-term effects of sleep-medications and to help develop 
better biomarkers and treatments for the disorder. We therefore investigated the neurophysiological 
dynamics of Insomnia Disorder in people free from sleep-medications, so as to highlight which 
neurophysiological processes are altered and potentially underlie the disorder. In particular, we focused on 
the large scale endogenous (i.e. not experimentally manipulated) neurophysiological dynamics; the study 
of which is rapidly emerging as a promising field of research.  

Large-scale endogenous neurophysiological dynamics were investigated by means of high-density 
electroencephalography (HD-EEG), during wakefulness and subsequent sleep, in a moderately large cohort 
of people in early to late adulthood. Participants included people diagnosed with Insomnia Disorder and 
age- and sex– matched controls. We considered how electroencephalographic (EEG) features differ between 
groups and how these features are associated with individual differences in the severity of insomnia 
complaints. First, we investigated the spontaneous ongoing cortical oscillations during resting-state 
wakefulness in the evening. Specifically, we considered the strength of oscillations (through power spectral 
analysis, in chapter 2) and the temporal autocorrelation of the amplitude fluctuations of oscillations 
(through the analysis of Long-Range Temporal Correlations—LRTC, in chapter 3). In chapter 4 we 
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considered the EEG response evoked by the heart-beat, as a marker of interoceptive sensitivity. In chapter 

5 we considered the stability of each sleep stage and the transitions between sleep stages.  
Results from Chapter 2 revealed that people with Insomnia Disorder show relatively strong beta 

oscillations, not only during the sleep onset period and NREM sleep, as previously reported, but also during 
eyes closed wakefulness, suggesting a round-the-clock state of hyperarousal. People with Insomnia 
Disorder moreover show relatively weak upper-alpha band oscillations during eyes open, which could 
reflect poor suppression of irrelevant and interfering cognitive processes—a trait characteristic of 
Insomnia Disorder during bed-time wakefulness. Future studies should evaluate whether weak upper-
alpha oscillations during resting state in Insomnia Disorder also involve poor selectivity of the attentional 
filter, by means of a dedicated psychomotor task. 

Results from Chapter 3 revealed that the strength of LRTC do not differ between people with 
Insomnia Disorder and controls. However, within each group, the severity of insomnia complaints increases 
with LRTC during eyes open, albeit in different spectral ranges. Previous studies using EEG and fMRI have 
shown LRTC to decrease with sleep, suggesting that—if the interindividual differences in the strength of 
LRTC during daytime persist during the night—those with an insufficient decrease of LRTC may experience 
low sleep quality. Moreover, recent studies of simulated neural networks have found that, under the 
physiological conditions where excitation does not dominate over inhibition, LRTC increase with the 
excitation to inhibition ratio. In light of these findings, our result suggest that people with Insomnia Disorder 
and controls have a similar balance between excitation and inhibition; however, insomnia complaints may 
be worse in people whose cortical networks are less biased towards inhibition. Other studies linked reduced 
inhibitory bias to seizure-proneness in people with epilepsy. Future research should assess whether, in 
people with Insomnia Disorder and in people with epilepsy, a higher excitation to inhibition ratio worsen 
insomnia complaints and increase proneness to seizures. 

Results from Chapter 4 revealed that in Insomnia Disorder, as compared to controls, the Heart-beat 
Evoked Potential (HEP) during eyes closed shows a stronger late (± 500 ms) frontal component. The late 
frontal component likely indexes interoceptive sensitivity, since it is larger during the interoceptive state of 
eyes closed than in the exteroceptive state of eyes open. This finding thus suggests that people with 
Insomnia Disorder show heightened interoceptive sensitivity. 

Results from Chapter 5 revealed the sleep of people with Insomnia Disorder is unstable and 
fragmented, particularly during sleep stage non-REM 2 (N2). To quantify the fragmentation, we analyzed 
the survival functions of sleep bouts, i.e. the distribution of the amount of time consecutively spent in the 
same sleep stage. People with Insomnia Disorder showed a steeper decline of the survival functions of sleep 
bouts, specifically for stage N2. Moreover, people with Insomnia Disorder spent a larger portion of the night 
into light sleep N1, and a smaller portion into deep sleep N3. The intermediate stage of sleep, N2, seems 
particularly vulnerable in Insomnia Disorder, with shorter bouts that tend to be interrupted by lighter sleep 
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or wakefulness. Even though deep sleep is less in Insomnia Disorder, once it is reached, it remains relatively 
stable. The finding suggests that it may be most fruitful for future studies on insomnia to investigate the 
EEG microstructure during N2 sleep. The vulnerability of N2 might for example show in the shape of 
spindles and k-complexes, or in the consequences of these sleep events for the ongoing EEG. 

Overall, the study of the endogenous EEG dynamics in Insomnia Disorder revealed that hyperarousal 
occurs not only during sleep but also during wakefulness. During wakefulness, Insomnia Disorder is 
characterized by stronger cortical oscillations in a broad beta band and by increased cortical sensitivity to 
cardiac activity. Furthermore, people with more severe insomnia complaints show stronger Long-Range 
Temporal Correlations of the amplitude fluctuations of cortical oscillations; which is consistent with a 
weaker inhibitory bias in the cortical balance between excitation and inhibition. During sleep, the shallow 
and more fragmented sleep that characterizes Insomnia Disorder may particularly involve N2 instability. It 
remains to be investigated whether a shallow and fragmented sleep architecture could interfere with the 
homeostasis of the excitation and inhibition balance in cortical networks. Alternatively, or in parallel, when 
this balance is less biased towards inhibition, sleep architecture may become shallow and fragmented. 
Resolving the causal relationship between sleep fragmentation and weak inhibitory bias in the cortical 
balance between excitation and inhibition will be crucial for a deeper understanding of the etiology of 
Insomnia Disorder. 



135 
 

Insomnie en endogene neurofysiologische processen  

Samenvatting 

De symptomen van insomnie of chronische slapeloosheid (moeite met in slaap vallen en doorslapen), 
treffen ongeveer een derde van de algehele populatie.  Het zijn de meest voorkomende medische klachten, 
die gevolgen hebben voor het dagelijks functioneren. Acute symptomen van insomnie verminderen 
doorgaans spontaan na een korte periode (dagen tot weken). Insomnie als stoornis daarentegen wordt 
gediagnosticeerd als symptomen die terugkeren (minstens 3x per week) en aanhouden (minstens 3 
maanden) en die niet toegeschreven kunnen worden aan omstandigheden die de slaap verstoren. Tenslotte 
worden deze symptomen als belastend ervaren tijdens dagelijks functioneren. De stoornis insomnie treft 
ongeveer 10% van de bevolking en kan maanden dan wel jaren aanhouden. Het is bekend dat insomnie de 
kwaliteit van leven negatief beïnvloedt en verhoogt het risico op ernstige en langdurige 
gezondheidsproblemen inclusief cardiovasculaire en stemmingsstoornissen. Gezien de hoge prevalentie, 
duur en invloed op gezondheid is het van belang om de pathofysiologische processen van insomnie nader 
te bestuderen. 

Insomnie wordt gekenmerkt door een staat van hyperarousal. Hiermee wordt een staat van 
verhoogde cognitieve, somatische en neurofysiologische activatie bedoeld die interfereert met slaap, zowel 
bij aanvang als ook tijdens slaap. Het huidige begrip van hyperarousal vanuit het neurofysiologische 
perspectief is echter nog steeds beperkt en vergt nader onderzoek. Een beter begrip van de neurofysiologie 
in slaapmedicatievrije insomnianten draagt bij om de lange termijn effecten van slaapmedicatie beter te 
evalueren. Tevens kan het helpen betere biomarkers te ontwikkelen om uiteindelijk insomnie beter te 
kunnen behandelen. Wij hebben daarom neurofysiologische processen in insomnie onderzocht in 
insomnianten die vrij zijn van slaapmedicatie. We hebben ons in het bijzonder gericht op large scale 
endogene (dus niet experimenteel gemanipuleerde) neurofysiologische processen; een tak van de 
wetenschap die zich snel ontwikkelt en als veelbelovend wordt gezien. 

Large scale endogene neurofysiologische processen zijn onderzocht met behulp van hoge dichtheids 
electroencefalografie (HD EEG) tijdens waak en slaap in een redelijk groot cohort met deelnemers van alle 
leeftijden. Deelnemers bestonden uit chronische slapelozen die officieel gediagnosticeerd zijn met insomnie 
en goede slapers, ofwel gezonde controles die overeenkomen in leeftijd en geslacht. Wij onderzochten in 
hoeverre EEG karakteristieken verschilden tussen beide groepen en hoe deze karakteristieken 
geassocieerd konden worden met inter-individuele verschillen en mate van gerapporteerde 
slaapproblemen. Als eerste hebben we de spontane corticale oscillaties (hersengolven) onderzocht in een 
moment van rust tijdens waak in de avondduren. Wij waren in het bijzonder geïnteresseerd in de sterkte 
van de oscillaties die onderzocht is met power spectraal analyses, zie hoofdstuk 2, en de autocorrelatie van 
de amplitude fluctuaties gevonden in oscillaties als functie van tijd geanalyseerd met Long-Range Temporal 
Correlations analyses (LRTC), zie hoofdstuk 3. In hoofdstuk 4 richtten we ons op een, door de hartslag 
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opgewekte, EEG-respons die als marker voor interoceptieve sensitiviteit wordt gezien. Tenslotte hebben 
we in hoofdstuk 5 de stabiliteit van elk slaapstadium onderzocht waarbij de transities tussen slaapstadia 
nader bekeken zijn.  

De resultaten uit hoofdstuk 2 lieten zien dat insomnianten een verhoogde mate van beta oscillaties 
vertoonden niet alleen bij slaap aanvang en lichte + diepe slaap (NREM slaap), zoals eerder aangetoond in 
studies, maar ook tijdens een rustmoment tijdens waak waarbij de ogen gesloten zijn. Dit suggereert dat de 
staat van hyperarousal alom vertegenwoordigd is. Insomnianten laten tevens een verminderde activatie 
zien in de bovenste regionen van de alpha band gedurende een rustmoment met de ogen open, wat zou 
kunnen duiden op een zwakkere onderdrukking van irrelevante en interfererende cognitieve processen, 
een karakteristiek dat typisch aanwezig is in insomnie gedurende waak in de avonduren. Toekomstige 
studies moeten uitwijzen of zwakkere alpha band oscillaties gedurende rust in insomnianten ook 
betrekking hebben op zwakkere selectiviteit in de attentionele filter, wat verder onderzocht kan worden 
door gebruik te maken van bijvoorbeeld een psychomotorische taak.  

De resultaten uit hoofdstuk 3 lieten zien dat de sterkte van LRTC niet verschilde tussen insomnianten 
en gezonde controles. Echter, binnen beide groepen bleek de sterkte van insomnie klachten positief te 
correleren met LRTC tijdens rust met de ogen open, zij het in verschillende spectrale banden. Eerdere EEG 
en fMRI studies hebben aangetoond dat LRTC afneemt tijdens slaap, wat suggereert dat degenen met 
onvoldoende afname in LRTC ook slechte slaapkwaliteit ervaren (op voorwaarde dat inter-individuele 
verschillen in LRTC overdag ook `s nachts aanhouden). Recente studies die neurale netwerken simuleerden 
hebben aangetoond dat in de fysiologische omstandigheid waarin excitatie niet domineert over inhibitie, 
LRTC toeneemt met excitatie/inhibitie ratio. Vanuit dit perspectief laten de resultaten zien dat 
insomnianten en gezonde controles een soortgelijke balans tussen excitatie en inhibitie bezitten; echter 
insomnia klachten kunnen verergeren in mensen bij wie de corticale netwerken minder neigen naar de kant 
van inhibitie. Andere studies hebben deze neiging tot verminderde inhibitie gerelateerd aan de sterke 
neiging tot epileptische aanvallen in epileptici. Toekomstig onderzoek zou moeten uitwijzen of 
insomnianten en epileptici een hoger excitatie-inhibitie ratio vertonen en of er een verband is met insomnia 
klachten en een verhoogde neiging tot epileptische aanvallen. 

In hoofdstuk 4 is aangetoond dat insomnianten een aan hartslag gerelateerde opgewekte potentiaal 
laten zien in het EEG (HEP) gedurende rust met de ogen dicht. Dit potentiaal wordt op een later tijdstip (± 
500 ms) opgewekt in het frontale gedeelte van het brein in insomnianten vergeleken met gezonde controles. 
Dit late frontale component zou hoogstwaarschijnlijk gerelateerd kunnen zijn aan interoceptieve 
sensitiviteit dat vergroot is tijdens een intereceptieve moment van ogen dicht vergeleken met hetzelfde 
moment maar met de ogen open. Dit zou erop kunnen duiden dat insomnianten een verhoogde toestand 
van interoceptieve sensitiviteit vertonen, hoogstwaarschijnlijk ook gerelateerd aan hyperarousal. 
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De resultaten in hoofdstuk 5 tonen aan dat de slaap van insomnianten instabiel en gefragmenteerd is 
in het bijzonder tijdens slaapstadium 2 (N2). We hebben om deze fragmenten te analyseren de survival 
functie van slaap bouts (periodes) berekend ofwel de distributie van de hoeveelheid tijd die aaneengesloten 
gespendeerd is in een slaapstadium. Insomnianten lieten vooral voor N2 een grotere afname in de survival 
functie van sleep bouts zien. Insomnianten tijdens slaap bevinden zich vaker in doezel-lichte slaap, ofwel 
slaapstadium 1 (N1) en minder vaak in diepe slaap (N3). Het tussengelegen stadium 2 lijkt bijzonder 
gevoelig te zijn in insomnie met kortere bouts die verstoord worden door lichtere slaap of waak. Alhoewel 
diepe slaap minder vaak voorkomt in insomnie blijft deze wel stabiel wanneer deze eenmaal bereikt is. Een 
lichtere en gefragmenteerde vorm van N2 kan veroorzaakt worden door de activatie van waak- en 
slaapgestuurde structuren die simultaan aan het werk zijn. Dit resultaat toont aan dat de EEG 
microstructuur gedurende N2 in insomnie een vruchtbaar terrein van onderzoek kan zijn. De gevoeligheid 
van N2 zou kunnen liggen aan de vorm van K-complexen of de gevolgen van deze N2 karakteristieken in het 
EEG. 

Concluderend laten deze studies naar de endogene EEG-processen in insomnie zien dat hyperarousal 
niet alleen tijdens slaap, maar ook tijdens waak aanwezig is. Gedurende waak wordt insomnie 
gekarakteriseerd door sterkere corticale oscillaties in de brede beta band en door verhoogde corticale 
sensitiviteit gerelateerd aan hartslag activiteit. Verder hebben insomnianten met sterkere 
insomnieklachten een hogere LRTC in de amplitude van de oscillatie fluctuaties. Dit komt overeen met een 
zwakkere inhibitoire neiging in de corticale balans tussen excitatie en inhibitie. Gedurende slaap laten lichte 
en gefragmenteerde slaap die insomnie karakteriseren een duidelijke instabiliteit van N2 zien. Onderzocht 
zou moeten worden of lichte en gefragmenteerde slaaparchitectuur interfereert met de homeostase van de 
excitatie en inhibitie balans in corticale netwerken. Tegelijkertijd zou als alternatief bekeken moeten 
worden of wanneer de balans minder geneigd is naar inhibitie, slaaparchitectuur ook verandert naar licht 
en gefragmenteerd. Het oplossen van de causale relatie tussen slaapfragmentatie en zwakkere inhibitie bias 
in de corticale excitatie/inhibitie balans zal cruciaal zijn om de etiologie van insomnie beter te begrijpen. 
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List of Abbreviations 
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ANCOVA 
ANOVA 
BAI 
BDI-IA 
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CTRL 
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ECG 
EEG 
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EO 
ESS 
fMRI 
GABA 
GUT 
HADS 
HD-EEG 
HEP 
ICA 
ID 
ISI 
LCMV 
LPC 
LRTC 
MNI 

American Academy of Sleep Medicine 
Analysis of Covariance 
Analysis of Variance 
Beck Anxiety Inventory 
Beck Depression Inventory (revised) 
Blood-Oxygen-Level Dependent 
Central nervous System 
Controls 
Diagnostic and Statistical Manual of Mental Disorders 
Eyes-Closed resting condition 
Electrocardiogram 
Electroencephalography 
Event-Related Potential 
Ratio between Excitation and Inhibition 
Eyes-Open resting condition 
Epworth Sleepiness Scale 
functional Magnetic Resonance Imaging 
Gamma-Aminobutyric acid 
Get-Up Time 
Hospital Anxiety and Depression Scale 
High Density-EEG 
Heart-beat Evoked Potential 
Independent Component Analysis 
Insomnia Disorder 
Insomnia Severity Index 
Linearly Constrained Minimum Variance 
Late Positive Component 
Long-Range Temporal Correlations 
Montreal Neurological Institute 
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MRS 
NREM  
NWake 
NAI 
NWB 
PSG 
RecT 
REM 
SD 
SE 
SEM 
SOL 
SSI 
SWS 
TFCE 
TIB 
TMS 
TST 
WASO 

Magnetic Resonance Spectroscopy 
Non-Rapid Eye Movements 
Number of Awakenings 
Neural Activity Index 
Number of Wake Bouts 
Polysomnography 
Time of Onset of EEG Recordings 
Rapid Eye Movements 
Standard Deviation 
Sleep Efficiency 
Standard Error Of The Mean 
Sleep Onset Latency 
Stage Shift Index 
Slow Wave Sleep 
Threshold-Free Cluster-Enhancement 
Time In Bed 
Transcranial Magnetic Stimulation 
Total Sleep Time 
Wake After Sleep Onset 
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2015 
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2016 

 
40 hours 
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36 hours 
 
24 hours 
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2016 

 
2016 

 

Parameters of Esteem 

Grants Years funded 

• Erasmus Mudus program, NeuroTime EMJD, Neural processing of time, 2nd 
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writing.   Published in December 2015 in SLEEP 

• More severe insomnia complaints in people with stronger long-range 

temporal correlations in wake resting-state EEG 

1St author. Contributions: Partial data collection, data cleaning and analysis, 
writing. Published in November 2016 in Frontiers in Fractal Physiology.  

• I keep a close watch on this heart of mine: increased interoception in 

insomnia 

 2015 
 
 
2016 
 
 
 
2017 
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