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NAcSh – Shell of the nucleus accumbens  

GPe – External part of globus pallidus  

SLD – Sublaterodorsal nucleus  

vlPAG – Ventrolateral periaqueductal grey area  

LPT – Lateral pontine tegmentum  

SCN – Suprachiasmatic nuclei  

PTSD – Posttraumatic stress disorder  

NE – Norepinephrine  

PSG – Polysomnography  

FT – Fourier transformation  

FFT – Fast Fourier transformation  

MTL – Medial temporal lobe  

SWRs – Sharp-wave ripples  

SHY – Synaptic homeostasis hypothesis  

SWA – Slow wave activity  

TBR – To-be-remembered  

TBF – To-be-forgotten  

SOL – Sleep onset latency  

WASO – Wake after sleep onset  

TST – Total sleep time  

mPFC – Medial prefrontal cortex  

ACC – Anterior cingulate cortex  

NA – Noradrenalin  
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NM participants – Participants with frequent nightmares  

CAP – Cyclic alternating pattern  

ICD-10 – International Statistical Classification of Diseases and Related Health Problems  

DSM-5 – Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 

NIMH – National Institute of Mental health 

RdoC – the Research Domain Criteria 
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Part 1. The evolution of sleep research 

Chapter 1. Theoretical background 

 

Sleep can be defined behaviorally as a reversible state of perceptual disengagement from the 

environment during which we are unresponsive to external stimuli (to a given extent) and usually 

entails a species specific posture (lying down in humans) combined with closed eyes and limited 

amount of movements (Pelayo, 2017). There has been multiple theories throughout the history of 

sleep science trying to unfold what could happen during this unconscious ‘black box’ which we 

spend a third of our lives with. Until the 1920s the idea of a ‘switched off brain’ during sleep was 

widely accepted. This entirely passive view of sleep has been once and for all disproved by the first 

recording of human electroencephalography (EEG) (Berger, 1929) measuring on-line brain activity 

both during wake and during sleep. Nevertheless, the activity patterns between these two 

complementary states are highly divergent. These characteristic activity patterns are the result of 

multiple complex and dynamic mutual inhibitory interactions of the so called wake promoting and 

sleep promoting systems in the brain. Even though it has been almost a hundred years, EEG is still 

the most reliable equipment to investigate information processing during uninterrupted sleep. 

Although the apparatus is the same the methods used in sleep research came a long way thanks to 

the technical developments ever since. The invention of computer and the digitalization of the 

analog EEG signal gave us numerous new tools to ‘dig deeper’ into this multidimensional signal 

acquired by the EEG and by adapting complex signal processing and statistical methods from 

neighboring scientific fields – such as mathematics and physics – we are starting to look further 

than ‘the eye can see’, over the horizon of the macrostructural level into the depth of microstructural 

and spectral sleep EEG analysis. 

 In the first part of this review I aim to summarize the biggest milestones throughout the 

evolution of sleep research focusing mainly on the specific aspects of the neurobiology of sleep 

regulation related to the processes and states investigated in the included studies (such as arousal 

regulation or REM and NREM regulation). I will primarily concentrate on the dynamic interaction 

between the sleep-promoting and wake-promoting systems since the studies presented in this thesis 

mostly draw conclusions in relation to the mutual inhibition processes between these systems. 
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Based on the evidence from neurobiology of sleep mainly provided by animal studies, in the second 

part I will highlight the most important reasons advocating for EEG as the best method of 

investigating sleep and these dynamic changes between the sleep- and wake promoting system in 

humans. Within this section I will present the two most frequently used methods of quantitative 

EEG analysis (spectral analysis and phase synchronization) and provide examples throughout the 

five studies attached, of various ways to use these methods to investigate different aspects of 

information processing (e.g. memory consolidation) and arousability during sleep. 

1. Sleep as a passive, silent state 
 

Early theories assumed that sleep is an entirely passive process – a time characterized by a 

completely ‘switched off’ brain – similar to other quiescence states such as coma or anesthesia. 

The main theory (Piéron, 1913) until the 1920s hypothesized that so called ‘hypnotoxins’ are 

responsible for falling and staying asleep. These toxins were thought to accumulate during a day 

spent awake causing higher and higher fatigue levels until at some point ‘switching the brain off’ 

and resulting in sleep. During sleep they were thought to be eliminated resulting in wake so the 

whole process could start from the beginning. Even though, this theory is more than a 100 years 

old the basis of it is really close to what we now believe to be process S (sleep-dependent process) 

in the two process model of sleep regulation (Borbély, 1982). During this time in regards of sleep 

research all the attention was directed towards dreams and the importance of dream analysis (e.g. 

Sigmund Freud and his famous work ‘The interpretations of dreams’(Freud, 1900)). 

2. Sleep as an active state 
 

One of the biggest milestone of sleep research happened in 1928 when Hans Berger (Berger, 

1929) recorded the first electrical activity from the human brain and the electroencephalography 

(EEG) was invented. For the first time in history researchers were able to investigate sleep 

continuously and quantitatively. By the time of 1930s the most robust characteristics of sleep 

measured by EEG were described and the myth of a completely turned off sleeping brain was 

overthrown. At this time sleep was mainly characterized by high-amplitude slow waves and 

spindles and wake by low-amplitude fast oscillations and mostly alpha activity (Blake & Gerard, 

1937; Blake, Gerard, & Kleitman, 1939; Davis, Davis, Loomis, Harvey, & Hobart, 1937; Loomis, 
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Harvey, & Hobart, 1937). From this point on sleep was described as an active state characterized 

by slow and highly synchronized neuronal activity. 

3. Sleep as an active, heterogeneous state 
 

The second major breakthrough in sleep research happened around 1953 when Aserinsky 

and Kleitman (Aserinsky & Kleitman, 1953) discovered rapid eye-movement sleep and confirmed 

the duality of sleep by acquiring whole night of sleep recordings. This discovery was made possible 

by invention of the electrooculography (EOG) which was first used by Aserinsky to measure eye-

movements during sleep in infants. During these experiments based on the EOG data they 

concluded, that sleep periods with rapid eye-movements were reduced in sleep depth compared to 

periods without the eye-movements and also hypothesized a connection between these periods and 

dreaming, based on irregularities of breathing associated with these periods. They named this 

specific sleep period the rapid eye-movement (REM) phase and sleep without these movements 

has been named the non-rapid eye-movement (NREM) phase. Furthermore, to investigate the 

hypothesized relationship between the REM phase and dreaming they conducted experiments 

where participants were awaken both from REM and NREM periods and based on the significant 

increase in dream recall frequency following awakening from REM state they concluded that REM 

phase is associated with dreaming (Aserinsky & Kleitman, 1953, 1955). Until the 1960s whole 

nights of sleep recordings were not available since conducting an experiment like that would have 

required too much paper to record 8 hours of sleep on. However, following the discovery of the 

REM and NREM phase whole night recordings were required to investigate the pattern of 

appearance of these stages throughout undisturbed nocturnal sleep. From these recording it became 

clear, that NREM and REM sleep (in this order) appear regularly in 90 – 120 min. long cycles and 

the ultradian rhythm of sleep was discovered (Dement & Kleitman, 1957). 

Mostly in parallel with Aserinsky and Kleitman, Michael Jouvet (1959) investigated REM 

sleep in animals. He was the first to show that muscle atonia is a fundamental part of REM sleep 

and since REM sleep is characterized by wake-like (small amplitude, mostly high-frequency 

activity) EEG oscillations, recording muscle activity by electromyography (EMG) could 

significantly improve discrimination probability between wake and REM (or paradoxical sleep as 

he named it) periods. By 1960 it was possible to differentiate sleep from wake, NREM from REM 
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and all of these stages from each other. It has been proven that sleep is an active state, especially 

REM periods during which certain areas of the brain appears to be even more active than during 

wake. Thanks to these pioneering experiments the basic characteristic of NREM and REM sleep 

have been described and – even though there has been major scientific advances in methodology – 

they have not changed ever since (Pelayo, 2017). 

4. Basic characteristics of NREM and REM sleep 
 

NREM sleep can be subdivided into 3 staged based on differences in EEG oscillatory 

patterns representing the deepening of sleep. NREM 1 is thought to be a transitory state between 

wake and sleep, which is characterized by reduction of alpha (8-13 Hz) and increase of theta (4-7 

Hz) activity. Typical signs of NREM 1 are slow, rolling eye-movements recorded by the EOG and 

vertex sharp waves. NREM 2 is mostly identified by the appearance of K-complexes (high-

amplitude, sharp waves with a length of at least 0.5 s) and sleep spindles (short, synchronous 

activities in the 10-16 Hz frequency range) both highly distinctive from background activity. The 

deepest sleep stage is NREM 3, which is characterized by strong and widely distributed cortical 

synchronization reflected by synchronous, very slow activity (1-4 Hz) hence its other name slow 

wave sleep (SWS) (Silber et al., 2007). 

REM sleep is a more homogeneous sleep stage characterized by desynchronized, low-

amplitude, mixed frequency activity (from 4-7 Hz theta up to 30-80 Hz gamma) on the EEG in 

combination with bursts of eye movements (results of ponto-geniculo-occipital (PGO) waves) 

recorded with EOG and muscle atonia identified by EMG. Based on the periodically reappearing 

bursts of eye movements it was also suggested, that a differentiation of phasic (with eye 

movements) and tonic (without eye movements) REM periods could be meaningful (Silber et al., 

2007). 

Under normal conditions sleep is entered throughout NREM sleep. During sleep NREM 

and REM periods alternate with approximately 90 – 120 minutes. The first part of the night is 

mostly dominated by SWS interrupted by short periods of REM sleep in contrast to the second half 

of nocturnal sleep which is mostly dominated by the REM phase accompanied by a very small 

amount of SWS and mostly periods of NREM 2. During an uninterrupted night of healthy sleep 

NREM sleep usually accounts for 75 – 80% of sleep which is divided into 2 – 5% of NREM 1, 45 



 
12 

 

– 55% of NREM 2 and 13 – 23% of SWS. REM sleep is usually occupying around 20 – 25% of 

nocturnal sleep divided into four to six discrete episodes. All of the above mentioned is interrupted 

with an approximately 5% of short awakenings throughout the night and also varies greatly with 

age (Pelayo, 2017). 

These distinct sleep stages are characterized by different electrophysiological, 

neurochemical and functional anatomical processes which serve as biological fundaments of wake, 

sleep, NREM and REM states. Understanding the basic mechanisms and the neurobiology of sleep 

is a necessary step towards the better understanding of the pathogenesis of sleep disorders. 

 

Chapter 2. Sleep-wake regulation: The neurobiology of sleep 
 

Multiple excitatory and inhibitory neurotransmitters take part in orchestrating sleep-wake 

regulation. The investigation of the basic neurobiological background of sleep has two major mile 

stones. The first dates back to the 1920’s, the first description of ‘Encephalitis lethargica ‘(or 

sleeping sickness) epidemic by Constantin von Economo (Von Economo, 1931). The symptoms of 

this disease is statuesque, motionless, speechless existence, a limbo between sleep and wake, 

always aware but never fully awake (Howard & Lees, 1987). This was the first of many discovery 

acknowledging the importance of hypothalamus in the regulation of sleep-wake cycle. Since it has 

been shown that patients with posterior hypothalamus damage has hypersomnolence in contrast to 

patients with anterior hypothalamus damage, who mostly suffer from insomnia. From these 

observations the conclusion have been made: anterior hypothalamus must contain sleep promoting 

neurons, while the posterior hypothalamus contain wake promoting neuros (Muza, 2018).  

The second dates back to the early 1950’s when Moruzzi and Mogoun (1949) described the 

ascending reticular activating system (ARAS), which turned out to have an eminent role in the 

neurobiological processes distinguishing wake from sleep. Large lesions at the rostral pontine and 

mesencephalic tegmentum area resulting in persistent, synchronized sleep like activity on EEG. 

Moreover, electrical stimulation to this regions result in arousal and the disruption of sleep. 

“Arousal is a continuum of sensitivity of the organism to stimuli, both external and internal” 

(Pasion, Martins, & Barbosa, 2019, page 8). This definition sheds light on an important detail, that 
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arousal is not a mere vigilance state, it is responsive to external and internal contextual cues. In 

sum ARAS cells are responsible for wakefulness and forebrain activation and the lack of this 

activation (and lack of arousal) could result in sleep-like activity in the brain.  

These early milestones showed us that arousal is not only facilitated by one system, its 

generated by a group of neurons in the pons, adjacent to the pons, in the midbrain reticular 

formation and its extensions to the hypothalamus (McGinty & Szymusiak, 2017). All together by 

now it became quite clear, that parallel yet interrelated circuits are responsible for the regulation of 

sleep, wakefulness and arousal also known as the sleep promoting and wake promoting systems 

(Venner & Fuller, 2018). 

1. Circuit 1: Wake promoting system 
 

The basal forebrain (BF) is an important part of the arousal system since inhibition of cell 

groups within culminate in sleep and selective activation of different cell populations of this area 

results in wakefulness. It receives input from the brainstem via excitatory glutamatergic neurons 

from the parabrachial nucleus (PB) and the adjacent pre-coeruleus area (PC). These projections 

from the PB and PC nuclei, relayed by the BF sent to the lateral hypothalamus and cerebral cortex 

(also known as: PB-BF-cortical pathway) is one of the backbones of the wake promoting-system 

and consciousness during wake (Venner & Fuller, 2018). Recording from these brainstem areas 

show predominantly wake and REM related activity in cats and rats (Chu & Bloom, 1973; Jun Lu, 

Sherman, Devor, & Saper, 2006). Another important part of this pathway is the parafacial zone 

(PZ) containing inhibitory, GABAergic neurons lateral and dorsal to the facial nerve, which inhibit 

the PB-BF cortical pathway. Selective activation of these neurons result in NREM sleep and 

promotion of slow oscillations, while disruption in their firing result in insomnia (Anaclet et al., 

2014). 

The second major part in the wake promoting system is the reticular formation. As part of 

the ascending reticular activating system its two main pathways have a major role in wakefulness. 

The dorsal reticular activating system (lateral dorsal tegmentum (LDT), pedunculopontine 

tegmentum (PPT)) contain mostly cholinergic neurons, which can be differentiated by activation 

preferences. Neurons activated during both wake and REM sleep are called Wake-on/REM-on 

neurons and neurons activated only during REM periods are referred to as Wake-off/REM-on 
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neurons. Both of these specialized neurons are inactive during NREM sleep. The second pathway 

is the ventral reticular activating system, which travels throughout the lateral hypothalamus and 

forebrain and terminates in the substantia innominate, medial septum and magnocellular preoptic 

nucleus. Neurons from this pathway project to the cortex resulting in cortical arousal and they 

receive input from major arousal centers such as the dorsal raphe nuclei (DRN) and the locus 

coeruleus (LC) (Muza, 2018). 

The DRN contains mostly serotonergic, wake-active neurons, which promote wakefulness 

and suppress REM sleep resulting in highest activity during wake, low activity during NREM and 

almost no activity during REM sleep. The same activation pattern also characterizes the activity of 

noradrenergic LC neurons (Aston-Jones & Bloom, 1981; Kocsis, Varga, Dahan, & Sik, 2006; 

Takahashi, Kayama, Lin, & Sakai, 2010). Acute inhibition of these neurons increase transition into 

NREM sleep, acute activation results in hyperarousal in mice. This hyperactivity can cause anxiety 

and insomnia and thought to be a major factor in post-traumatic stress disorder (PTSD) (Weston, 

Stewart Weston, Davin Norrholm, & Piece, 2014). Furthermore, the dopaminergic neurons of the 

ventral-periaqueductal grey area (vPAG), the histaminergic neurons of the tuberomammillary 

nucleus (TMN) and the orexinergic neurons of the lateral hypothalamus (LH) are also 

indispensable parts of this very complex wake promoting system (Muza, 2018).Last but not least 

the thalamus is also necessary for generating arousal-like activity on the scalp EEG and its activity 

correlates with the wakefulness, however destruction of thalamic cells does not result in reduced 

arousal activity or total wake time (Fuller et al. 2011). 
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Figure 1. A schematic representation of the highly complex wake promoting system. 

Straight lines represent active, excitatory connection between the areas and the color represents the 

primary neuron types within areas. (Extracted from Riemann et al., 2015) 

  



 
16 

 

2. Circuit 2: Sleep promoting system 
 

The most crucial part of the sleep promoting system is the ventrolateral preoptic area 

(VLPO). This region has mainly GABAergic, inhibitory sleep active neurons (Sherin, Shiromani, 

McCarley, & Saper, 1996) and lesion to these neurons result in severe sleep fragmentation (50% 

decrease in total sleep time), insomnia and reduction in NREM (if cell loss is in the core) as well 

as REM sleep (if cell loss is more extended) in rats (Lu, Greco, Shiromani, & Saper, 2000). The 

most important characteristics of its neurons is that they are reciprocally connected to and innervate 

several of the above mentioned arousal promoting systems via inhibition by acetylcholine, 

norepinephrine, dopamine and serotonin produced by these arousal-promoting areas.  

 The other prominent part of this circuit is the medial preoptic area (MnPO) which just as 

the VLPO has GABAergic neurons and the majority of its neurons fire during sleep. However, in 

comparison to the VLPO only 10% of its neurons differentiates between NREM and REM sleep 

(Suntsova, Szymusiak, Md. Alam, Guzman-Marin, & McGinty, 2002) and they also fire preceding 

sleep onset which could indicate a specific role in accumulated sleep pressure. Since it provides 

major input to the VLPO it has the ability to activate this system and initiate sleep in case of 

excessive sleep pressure (Saper, Fuller, Pedersen, Lu, & Scammell, 2010). 

 Last but not least the basal ganglia (BG) is also involved in the sleep promoting system. 

Patients with BG disorders (such as Parkinson disease or Huntington disease) have a high ration of 

sleep-wake disturbance as well as lesion to the shell of the nucleus accumbens (NAcSh) result in 

25% increase in wakefulness and lesion to the external part of globus pallidus (GPe) increases 

wake by 50%, all results suggesting a sleep promoting function of the BG (Muza, 2018). 
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Figure 2. A schematic representation of the GABAergic, inhibitory sleep promoting / 

NREM system. Straight lines represent active, inhibitory connection between the areas, dashed 

lines represent inactive connections under inhibition and the color represents the primary neuron 

types within areas. (Extracted from Riemann et al., 2015) 
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3. The flip-flop model 
 

Interaction between the VLPO and the arousal-promoting system have been described as a 

‘flip-flop switch’, or model of sleep (Saper et al. 2010). These systems have a mutually antagonistic 

relationship. Neurons on one side of the switch inhibit neurons on the other side and vice versa. 

The side, which have the advantage at a time point turns the neurons of the other side off, this result 

in rapid changes of activity and eventually a state switch. This transition happens over seconds to 

minutes (depending on the complexity of the brain) over thousands of antagonistic neurons and 

results in abrupt behavior and EEG changes. Once the threshold is crossed it causes a stable wake 

or sleep state by suppressing the firing of neuron populations of the counterpart. When this switch 

works efficiently it ensures a stable state which means that the person doesn’t fall asleep during a 

boring task or doesn’t wake up during the night for every tiny noise (Saper et al., 2010). 

During wakefulness the wake-promoting cholinergic (BF), monoaminergic (TMN, DR, LC) 

and orexinergic (LH) neurons are firing with high intensity. When NREM sleep sets in the 

GABAergic VLPO neurons are activated and inhibit the wake-promoting system. However, these 

GABAergic neurons are inhibited by the same cholinergic and monoaminergic systems, which 

mutual inhibition is the key of this dynamic, cyclic fluctuation of wakefulness and sleep (Saper et 

al., 2010). 
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Figure 3. A schematic representation of the flip-flop model. Figure a) Illustrates the activation of 

the wake promoting system and the simultaneous inhibition of sleep-promoting system and figure 

b) illustrates the activation of the sleep-promoting system which actively inhibits the wake 

promoting system. VLPO: ventrolateral preoptic area, TMN: tuberomammillary nucleus, LC: locus 

coeruleus (Extracted from Riemann et al., 2010) 
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3.1. REM sleep circuitry 
 

NREM sleep precedes REM sleep and occupies a bigger portion of the night, nonetheless 

REM sleep is equally important part of sleep and has its own circuitry. The hallmark of REM sleep, 

in comparison to NREM is EEG desynchronization. The previously mentioned, wake-promoting 

noradrenergic, serotonergic and histaminergic neurons are almost completely silenced during REM 

sleep and the monoaminergic and cholinergic systems are active in combination with the REM-on 

neurons (acetylcholine, glutamate, GABA) (Muza, 2018). To model the dynamic changes between 

NREM and REM sleep McCarley and Hobson (1975) created the Reciprocal interaction model for 

sleep cycle control (also known as: the predator-prey model). According to this model, just like in 

the wilderness, where the increase number of prey allows the number of predator to increase as 

well. However, this growth start to reduce the number of prey and when there is too little pray to 

feed on for all the predator, the number of predator start to decrease. This decrease at a certain point 

start to increase the number of prey starting the whole circle all over again. In this model the 

cholinergic neurons are supposed to be the prey, which neurons increase their firing during REM 

and excite monoaminergic neurons. And the predators are thought to be the monoaminergic 

neurons, which increase their firing in response to cholinergic activity increase and reciprocally 

inhibit the cholinergic activity terminating the REM phase (Pace-Schott & Hobson, 2002). As I 

mentioned it earlier the LDT and the PPT both contain Wake-on/REM-on and Wake off-REM on 

cholinergic neurons and the later interact with monoaminergic neurons to participate in the above 

mentioned REM regulation process. However, lesion to these nuclei does not disturb REM sleep 

extensively suggesting a rather modulatory than an active switching role for the cholinergic-

monoaminergic activity in the promotion of REM sleep (Saper et al., 2010). 

It is hypothesized that three main cell groups (PC, medial PB, sublaterodorsal nucleus 

(SLD)) are involved in the flip-flop switch from NREM to REM phase. These are all located in the 

brainstem – pontine area and assumed to have executive control over REM sleep. From these three 

the mostly investigated one is the SLD which elevates REM like-behavior when it is disinhibited 

(Boissard et al., 2002) and lesion to this area result in 40% decrease of REM sleep over 24 hour 

period in mice (Jun Lu et al., 2006). The SLD receives substantial input from the ventrolateral 

periaqueductal grey area (vlPAG) and the lateral pontine tegmentum (LPT). These areas are under 

reciprocal inhibition from the SDL and LH, receiving constant information from the LH 
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orexinergic neurons. This reciprocal inhibition has a crucial role in the switching in and out of 

REM state. While orexinergic activation in the vlPAG prevents the initiation of REM state, the 

silencing of these neurons allows REM sleep to set in, resulting in a similar, mutual inhibitory 

circuit which was presented earlier in case of switching from wake to NREM. Difficulties in 

sufficient inhibition by the orexinergic system will result in an ‘unstable REM switch’, which is 

the backbone of cataplexy, one of the main symptoms of narcolepsy (Jun Lu et al., 2006). 
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Figure 4. A schematic representation of the mutual inhibitory REM sleep circuitry. Straight 

lines represent active, inhibitory and excitatory connection between the areas, dashed lines 

represent inactive connections under inhibition and the color represents the primary neuron types 

within areas. (Extracted from Riemann et al., 2015) 
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3.2. Timing of the switching: Circadian clock 
 

The suprachiasmatic nuclei (SCN) of the hypothalamus is described as the master clock 

being responsible of maintaining the daily sleep-wake rhythm. It has a substantial role in 

determining the intensity, duration and propensity of sleep confirmed by lesion to this area resulting 

in disruption of the 24-h sleep-wake rhythm and reduction in NREM sleep depth in monkeys 

(Edgar, Miller, Prosser, Dean, & Dement, 1993). The leading theory on how the SCN clock 

regulates sleep timing, duration and depth is called the two process model (Borbély, 1982). It is 

based on the interaction between homeostatic sleep drive (sleep pressure building up during the 

day spent awake and reduces during night spent asleep) and the circadian process (independent of 

sleep and waking). However, as a circuitry point of view remarkably little is known about these 

pathways. Most of the evidence seems to support the idea that the SCN controls the regulation and 

release of melatonin from the pineal gland and since melatonin levels are ten times higher during 

the night it could serve as ‘biological’ signal of night time (Borbély, Daan, Wirz-Justice, & Deboer, 

2016). 

 

4. Imbalance in the sleep promoting and wake promoting processes 
 

This above mentioned regulation of sleep is quite fragile and a little imbalance within this 

reciprocal inhibitory system could result in serious sleep disturbances. Arousal promoting areas are 

organized into arousal circuits (see above: 1. Circuitry 1: Wake promoting system) and they have 

a major role in setting the arousal threshold. Dysfunction of these circuits could lead to the setting 

of too low or too high threshold, resulting in hyper- or hypoarousal. These changes are often 

considered to be in the core of many psychiatric disorders. Hyperarousal is a symptom frequently 

associated with schizophrenia, various anxiety disorders and posttraumatic stress disorder (PTSD), 

while hypoarousal is most commonly correlated with depression (de Lecea, Carter, & Adamantidis, 

2012).  

Hypoarousal or hypersomnolence can be characterized by prolonged, excessive sleep 

duration, impaired quality of wakefulness and sleep inertia (Dauvilliers, Lopez, Ohayon, & Bayard, 

2013). In rarer cases it can be the main, or even the only symptom of a sleep disorder categorized 
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as central hypersomnia, such as narcolepsy.(Barateau, Lopez, Franchi, & Dauvilliers, 2017). 

Narcolepsy is a sleep disorder characterized by increased daytime sleepiness, cataplexy, sleep 

paralysis, hypnagogic hallucinations and abrupt REM phase at sleep onset (Saper et al., 2010). 

Cataplexy is involuntary ‘sleep attacks’ during wakefulness typically provoked by emotional 

triggers. Cataplexy is hypothesized to be induced by malfunctioning of the flip-flop switch in the 

LH caused by the loss of orexinergic neurons and inadequate inhibition on the monoaminergic 

system (Liu, Tolaymat, & Avula, 2018).  

In contrast, hyperarousal during sleep is frequently researched in PTSD (Woodward, 

Murburg, & Bliwise, 2000). It is a mental disorder caused by exposure to a traumatic life-event 

lasting longer than a months after the event. Patients often experience disturbed thoughts, feelings, 

serious sleep problems (regular nightmares and insomnia) and mental and physical distress when 

meeting trauma-related cues, which leads to increased avoidance behavior and fight or flight 

response (American Psychiatric Association, 2013). This hyperarousal can be seen at the 

macrostructural level during sleep represented in reduction of SWS and increase of NREM 1 

periods and REM density (Kobayashi, Boarts, & Delahanty, 2007). Within the framework of the 

flip-flop model hyperarousal during sleep in PTSD could be understood as the following: In 

response to major stress (traumatic event) extensive norepinephrine (NE) release arise from the 

LC, which facilitates hippocampal and amygdalar encoding of this fearful event. This supposed to 

be a highly adaptive response, however repetitive NE secretion which excites the adrenoreceptors 

can become maladaptive by upregulating these receptors. This upregulation has a major role in re-

experiencing the event even during sleep (resulting in frequent nightmares) and could produce 

hyperarousal symptoms (leading to insomnia) (Mollayeva, D’Souza, Mollayeva, & Colantonio, 

2017).  

Nightmare disorder is defined by frequent nightmares disrupting sleep which are not 

connected to any other psychiatric disorder or substance abuse and result in clinically significant 

daytime distress or problems with functioning in areas of social or work life (American Psychiatric 

Association, 2013). Although the investigation of nightmare disorder is still in its early phases it 

seems more and more probable, that hyperarousal and impaired sleep regulation is in the 

background of frequent nightmares (Gieselmann et al., 2019). Insomnia is a sleep disorder 

characterized by difficulties initiating and maintaining sleep, as well as frequent early-morning 
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awakenings. It is hypothesized within the framework of the flip-flop model, that hyperarousal in 

insomnia is due to either loss of VLPO neurons and hypoactivity of this area resulting in reduced 

inhibition of the orexinergic and monoaminergic arousal circuits, or relative hyperactivity of the 

LH and orexinergic neurons which can produce increased sleep fragmentation and hyperarousal 

(Riemann et al., 2010). Animal models of stress induced insomnia seems to promote the latter 

option (Cano, Mochizuki, & Saper, 2008). During sleep in insomniac rats the VLPO is highly 

functioning (just as in healthy, control rats) however it is unable to inhibit the arousal promoting 

system, which stays as excited during sleep as it was during wake. This reduction in inhibition will 

result in a duality of sleep and wake at the same time what seems to be the backbone of the core 

symptoms of primary insomnia (Cano et al., 2008). The increased level of cortical activity during 

sleep is represented in the EEG as increased high frequency activity mostly typical for wakefulness, 

however it will be present surrounded by activity specific for sleep creating a peculiar intermediate 

state halfway between sleep and wakefulness (Cano et al., 2008). This intermediate state and the 

combination of sleep-like and wake-like EEG activity is hypothesized to be the foundation of the 

so called sleep misperception, a phenomena affiliated with paradoxical insomnia, described as a 

significant difference between subjective and objective sleep measurements (Bastien et al., 2014). 

 

Part 2. Electroencephalograph: the gold standard of assessing sleep 
 

The regulation of sleep is a highly complex and very dynamic process. It entails repetitive, cyclic 

hormonal and synaptic changes leading to changes in neural firing patterns and synchronization 

between areas resulting in the different characteristics of EEG oscillations during sleep. Even 

though it is a highly complex process and in the spatial domain a lot of different areas can be 

included into its regulation and maintenance (See Part 1. Chapter 2. Sleep-wake regulation: The 

neurobiology of sleep), the temporal structure of sleep is extremely rigid. Sleep starts with 

drowsiness, NREM 1 which is followed by more stable, deeper sleep stages (NREM 2, SWS). 

After a periods of deep sleep NREM 2 appears again and the whole cycle ends with the REM phase. 

Even though the lengths of these stages varies throughout the night the order appears to be set in 

stone and repeats over and over again during nocturnal sleep. There are multiple questions 
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regarding sleep for which we still do not know the answer to such as: What is the function of sleep? 

Or what does this rigid order enable? 

Ever since the invention of the EEG proved that sleep is an active state with typical 

characteristics of its own, it has been defined by these specific oscillations. EEG combined with 

EOG and EMG (together know as polysomnography (PSG)) became the gold standard and the only 

way of assessing sleep almost a 100 years ago and it is important to understand the reasons behind, 

why is it still the best tool to investigate and measure these complex and highly dynamic changes 

in the brain. 

1. Why EEG? 
 

First of all it is a direct measure of neural activity. EEG signal reflects the excitatory and 

inhibitory postsynaptic potentials of neuron populations producing electrical fields, which are 

picked up by the electrodes. This electrical field is caused by the membrane potential change due 

to fluctuating flow of ions in and out of the neuron. Since electrical potential generated by only one 

neuron would be too weak to capture an EEG signal represent synchronous firing of 10 000 – 50 

000 neurons. These neurons are mainly originated from the superficial areas of the cortex, because 

the strength of these generated electrical fields are exponentially decrease with distance (Cohen, 

2014). EEG signal is characterized by oscillations, rhythmic fluctuation of the excitability of 

neurons in the brain. They are mainly resulted from the interaction between excitatory pyramidal 

cells and inhibitory interneurons. At first the pyramidal cells are activated, which activates the 

inhibitory interneurons connected to these cells. The more the pyramidal cells activated, the more 

inhibition is following, until this balance is shifted and the amount of inhibition reduces the 

activation in the pyramidal cells. However, this reduced activation also reduces the activation of 

the inhibitory interneurons to the point where the balance shifts again and pyramidal cell activation 

begins to rise again. This periodical shift in the balance between excitation and inhibition is 

represented as oscillations. EEG can only indirectly measure this microscopic scale of neuronal 

activity (synaptic level, action potentials, molecular changes), since these above mentioned 

processes are modulating the mesoscopic (smaller patches of the cortical neurons) and macroscopic 

(large region of the cortex) population, available for the EEG. Since brain activity travels 
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instantaneously to the electrodes EEG has an extremely high temporal accuracy. However, the 

spatial accuracy is rather low due to volume conduction in the brain (Cohen, 2014). 

The other great advantage of EEG is that it produces a multidimensional signal with 

information about time, space, frequency, power and phase. EEG measures voltage values, relative 

values reflected in amplitude (µV). High voltage values reflect synchronous neuronal activity of 

the measured areas resulting in increased amplitude, whereas low voltage values reflect 

desynchronization, producing a rather flattened activity on the recorded channel (Libenson, 2010). 

However, it is important to note that reduced amplitude does not necessarily equal reduced activity 

(e.g. low-amplitude fast activity during wake and high-amplitude slow activity during sleep). In 

general voltage values are relatively difficult to interpret, since they are highly dependent on the 

reference electrode, temporal and spatial filtering techniques and inter individual differences such 

as skull shape, scalp thickness, skin preparation and the quality of the equipment used during the 

measurement (Cohen, 2014). Considering these variables are non-important factors for cognitive 

electrophysiology the original data has to be transformed in a way, that it enables comparison 

between subjects and experiments. 

2. Exploration of the frequency domain 
 

Every complex wave recorded with EEG can be decomposed by Fourier transformation 

(FT) into its frequency components. Using fast FT method the raw EEG signal can be transformed 

from the time domain (original EEG data) to the frequency domain where we obtain information 

about the frequency content of the analyzed data. From this type of analysis we gain information 

about the power (amplitude2), phase and the frequency components of the investigated state, giving 

the opportunity for within and between group comparisons (Keil et al., 2014). There are many 

advantages of the time-frequency based approach. Results acquired by using this approach can be 

interpreted as neurobiological mechanisms of neural oscillations and measuring these oscillations 

provides the most promising bridge connecting different disciplines within the area of neuroscience 

between animal and human studies. Furthermore, it allows us to measure and investigate very 

precise, dynamic changes in the human brain. 

In the field of sleep research EEG is a necessary tool being the only device that can measure 

and define sleep with a 100% accuracy. However, it is important to know how to fully exploit this 
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above mentioned multidimensional signal. The conservative way of sleep scoring (a.k.a. qualitative 

EEG analysis) leads to a massive loss of information, because the EEG signal contains a lot more 

than the synchronous and cyclic changes in the oscillatory patterns translated into rigid categories. 

This traditional view of the EEG signal compartmentalize the dynamic signal into separate stages, 

which are usually analyzed independently by the researcher. Exceeding sleep macrostructure using 

quantitative EEG analysis (microstructural and spectral analysis) can help us better comprehend 

the dynamic changes in the data and to better understand cognitive processes during sleep. 

 

Chapter 1. Utilizing the power spectral information 
 

One frequently used method regarding EEG analysis is to focus on the power information gained 

from the FFT and investigate dynamic task or group related changes in the power spectrum. During 

wake this method is often used to associate different cognitive processes with different frequency 

components, however probably none of the components are responsible for only one unitary 

function. The theta band (4-8 Hz) have been considered to play an important role in new 

information monitoring and working memory load (Jensen, Gelfand, Kounios, & Lisman, 2002). 

Increased alpha band activity (8-12 Hz) can be observed in response to almost all cognitive 

processes and has been considered to reflect a specific aspect of attention (Klimesch, 2012). The 

beta band (12-30 Hz) has been associated with decision making processes (Donner & Siegel, 2011) 

and the top-down control of attention shift (Wróbel, 2000). Last but not least the gamma frequency 

band (>30 Hz) just as the other traditional frequency bands before play a role in multiple cognitive 

processes such as attention, stimulus selection and feature as well as multisensory and sensorimotor 

integration (Donner & Siegel, 2011; Pascal Fries, Nikolić, & Singer, 2007; Tallon-Baudry, 

Bertrand, Delpuech, & Pernier, 1996). Nonetheless, this view of different frequency components 

being responsible for different functions in the brain seems as radical of an idea as different brain 

areas being responsible for unique functions.  

In sleep research power spectral analysis is one of the most frequently used spectral analyses 

method, which helps to separate spectral characteristics of NREM and REM sleep. Even though 

spectral analyses is not necessary for sleep scoring, the scoring system is based on each sleep state 
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having different distribution of the frequency components. NREM sleep is characterized by 

reduced alpha activity and increased slow activity especially in the delta band (1-4 Hz). NREM 1 

epochs contain less than 50% alpha activity with the presence of occasional vertex spikes (single 

theta spikes). NREM 2 stage is scored from the first epoch with K-complexes (characteristic delta 

spikes) often followed by sleep spindles (sigma activity (13-16 Hz)). Last but not least NREM 3 

or SWS can be scored in the presence of highly synchronized slow waves (0,5-2 Hz) over the whole 

scalp from the first epoch containing more than 20% delta activity (Berry, 2018). Furthermore, 

state or trait related increase of these frequency components hypothesized to be connected to 

different functions during sleep as well. Delta activity is assumed to have a key role in protecting 

sleep (Halász, Bódizs, Parrino, & Terzano, 2014) as well as in memory consolidation an memory 

stabilization (Rasch & Born, 2013). Since the disappearance of alpha activity is one of the scoring 

rules of falling asleep, this frequency component is mostly mentioned in regards of sleep fragility, 

reduced sleep depth (McKinney, Dang-Vu, Buxton, Solet, & Ellenbogen, 2011), arousability, 

disturbed sleep regulation (Simor, Horváth, Ujma, Gombos, & Bódizs, 2013) and alertness network 

activity (Sadaghiani et al., 2010) during NREM sleep. Sleep spindles are mostly mentioned in 

regards of memory consolidation (Schönauer, 2018) and other high frequency activities (beta and 

gamma) are considered to be signs of hyperarousal in the arousal promoting system during NREM 

sleep (E G Cape & Jones, 1998; Edmund G. Cape & Jones, 2000; van der Helm et al., 2011). 

REM sleep is characterized by low amplitude mixed frequencies, mainly in the theta, alpha, 

beta and gamma range. Theta frequency band during sleep is mostly mentioned in relation to REM 

sleep, since theta power is highest during this period and has been associated with hippocampal 

based memory consolidation (Boyce, Glasgow, Williams, & Adamantidis, 2016) and emotional 

memory consolidation (Nishida, Pearsall, Buckner, & Walker, 2009). Alpha, beta and gamma 

bands during REM phase are mostly mentioned in regards of active information processing, visual 

dream content and increased connectivity between the sleeping brain and the environment 

(Cantero, Atienza, & Salas, 2000, 2002) as well as just like during NREM sleep, signs of 

hyperarousal (E G Cape & Jones, 1998; Edmund G. Cape & Jones, 2000; van der Helm et al., 

2011). 
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1. Investigating state-like temporarily changes with power spectrum 

analysis: Sleep and memory consolidation 
 

All of the above mentioned frequency components of sleep has been investigated as 

candidate elements of sleep related memory consolidation processing. The first suggestion of sleep 

facilitating memory dates back as far as the first century Rome (introspection made by Quintillian 

roman rhetorician) (Spencer, Walker, & Stickgold, 2017) but the empirically supported connection 

between these two fields were not made until 1924 Jenkins and Dallenbach (Jenkins & Dallenbach, 

1924) reporting that memory retention was better after a night of sleep compared to the same 

amount of wake after learning. They hypothesized that sleep has a passive role in memory 

consolidation due to reduction of sensory inference during this unconscious period. Since then 

almost a 100 years past and the idea of specific physiological factors during sleep actively 

participating in these memory processes have been supported and quite thoroughly investigated.  

1.1. The heterogeneity of memory 
 

Learning can be measured as change in the behavior related to information acquired about 

the world and memory is the process what makes learning possible (McGaugh, 2000). Successful 

creation and sustaining of a memory requires multiple processes starting with encoding or 

acquisition. It is a very fast process with a duration of a couple of milliseconds, during which the 

encoded memory is highly fragile and can be easily influenced by external stimuli (such as 

interference) leading to potential information loss. The second step is consolidation the process 

responsible for stabilizing or even enhancing the fragile memory traces by making it more and 

more resistant against interference caused by competing memory traces and other distracting 

stimuli (Nader, 2003a). The third step is actively recalling or recognizing the memory encoded 

earlier, however this process can turn the memory trace vulnerable again requiring another and last 

step. Reconsolidation as a last step in this journey is another consolidation process to make the 

recalled memory trace stable and stronger again (Nader, 2003b). 

Just like creating a memory does not take only one process, the constructed memory is also 

not one unified entity. Memories can be differentiated along the duration of their storage as they 

can be stored for short-term or long-term both of which requires different changes in synaptic 
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transmission processes. Furthermore, memory can be differentiated by the type of information 

stored as well. Implicit memory can be acquired through repetition and retrieved unconsciously, 

where retrieval success can only be measured by performance (Squire, 2004). In contrast explicit 

memory can be acquired rather fast (sometimes even by one presentation of the stimuli) and be 

retrieved actively and consciously (Tulving, 1985). What also differentiates these two types are the 

brain structures involved in the consolidation and retrieval of them. While implicit memory is less 

dependent on the medial temporal lobe (MTL) explicit memory consolidation is highly MTL 

dependent (Squire, 2004). 

1.2. Sleep and memory consolidation 
 

Since Jenkins and Dallenbach (1924) sleep and memory researchers have been interested 

in the question of how sleep aids memory and which sleep stages are important for the 

consolidation of different type of memories. Earlier studies using mostly results from sleep 

macrostructure constructed a Dual-process hypothesis where the SWS rich early night sleep aids 

mostly declarative memory consolidation, whereas REM dominant late night sleep mostly helps 

with implicit and emotional memory consolidation processes (Grieser, Greenberg, & Harrison, 

1972; Plihal & Born, 1997), nonetheless this hypothesis has lost a great deal of support in the last 

twenty years (Diekelmann & Born, 2010). Building on this theory, later on by using more and more 

advance methods researchers started to investigate what makes these periods preferable for some 

types of memories over others, and what neural processes can be hidden behind these stages (Gais 

& Born, 2004) until they arrived to theory of Active system consolidation (Marshall & Born, 2007) 

one of the most famous theories of MTL, more specifically hippocampus based memory 

consolidation. 

1.2.1. Active system consolidation theory 

 

According to this theory newly acquired memories are mainly hippocampus based, however 

due to time and offline processes during sleep it becomes more and more neocortex dependent 

(Born & Wilhelm, 2012). One of the most important offline process as stated in this theory is 

reactivation. During sleep, hippocampal-neocortical associations representing newly acquired 

information are reactivated. This undisturbed reactivation process gives the possibility to integrate 

this newly acquired information into the already existing memory network and turn it into a stabile 



 
32 

 

memory trace. Furthermore, this reactivation will result in increasing number of cortico-cortical 

connections between the already existing modules in the neocortex. During this process the 

hippocampus functions as a buffer which reduces interference between the newly acquired 

information and the already existing long term memories. Reactivation is repeated to the extent 

when the hippocampus is no longer needed in this process and the new memory has been fully 

integrated into the already existing memory network in the neocortex (Marshall & Born, 2007; 

Mednick, Cai, Shuman, Anagnostaras, & Wixted, 2011).  

This reactivation is most likely to happen due to the so called process of ‘neural replay’ 

during which neural activity patterns activated throughout learning are reactivated during sleep 

(multiple times, same order, 6-7 times faster). This peculiar process seems to be independent of 

species, since it has been discovered in birds, primates, rats and also in humans. (Euston, Tatsuno, 

& McNaughton, 2007). In mammals this replay is hypothesized to happen primarily during NREM 

(mostly SWS) with the help of hippocampal sharp-wave ripples (SWRs), thalamo-cortical sleep 

spindles and slow oscillations (<1Hz) transferring the information from the hippocampus to the 

neocortex. This specific sleep phase is a perfect candidate for memory reactivation since the 

neurobiological milieu of NREM sleep reduces the capacity of neural plasticity within and the 

neocortical input to the hippocampus. This combination creates an optimal condition for both cell 

and system consolidation (Mednick et al., 2011), however there has been some evidence suggesting 

that replay is also possible during the REM phase (Pavlides & Winson, 1989). 

1.2.2. Synaptic homeostasis hypothesis 

 

In contrast to this active consolidation theory on the opposing side stands the Synaptic 

homeostasis hypothesis (SHY) (Tononi & Cirelli, 2014). Basic assumption of this theory is that one 

of the essential functions of sleep is the regulation of synaptic homeostasis. When acquiring new 

information during the day the synaptic strength of neurons increase. This process is highly energy 

consuming as well as it reduces the neural response selectivity of the cells which lower the 

probability of potential learning. This balance have to be restored to achieve the trade mark 

flexibility and plasticity of the memory network and the best candidate for renormalization of 

synaptic strength is sleep, a period without constant new information flow. Renormalization of 
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synaptic strength turns neural plasticity and selectivity into an available option again and opens the 

gate for encoding and storing of new information (Tononi & Cirelli, 2014).  

These assumptions are based on the rules of neurobiological constraints of neural activity 

patterns during wakefulness (Tononi & Cirelli, 2014) such as neurons fire sparsely and selectively, 

giving different responses to different stimuli. Also neurons should be able to detect and 

communicate ‘suspicious coincidences’ to find regular patterns in the input. Furthermore, this 

synaptic strengthening (by increased long term potentiation) should only happen during wake, 

when there is an interactive connection to the environment resulting in constant feed-back on the 

‘to be stored’ information. Last but not least renormalization of synapses should happen during 

sleep when there is reduced amount of external stimuli and new information input is highly limited 

giving rise to the opportunity of selecting and organizing memories comprehensively.  

The process responsible for the renormalization of synaptic strength during sleep is called 

synaptic downscaling. This global phenomenon is present during NREM sleep when all synapses 

reduce their synaptic strength according to a downscaling rule. Stronger synapses (the synapses 

with higher activity during wakefulness) will stay above the threshold and be stored/kept, while 

weaker synapses fell below the threshold and disappear shedding light upon forgetting as a crucial 

part of memory processes as well (Cirelli & Tononi, 2015). In mammals this downscaling is 

hypothesized to happen with the facilitation of slow wave activity (SWA), the amount of which 

determines the reduction in synaptic connectivity during SWS (Walker, 2009). Synaptic 

downscaling aids memory processing by increasing the signal to noise ratio and helps memory 

consolidation by keeping only the gist and relevant information to be incorporated into the long-

term memory system (Tononi & Cirelli, 2012, 2014).  

There are plenty of strengths and weaknesses regarding both theories, and still no consensus 

in the field of sleep and memory research whether one would be superior to the other. However, 

an important disadvantage of both is that they are highly focused on NREM period without making 

any implications about REM sleep. They treat NREM period as a separate, standalone state when 

in fact it is part of the fragile dynamics of the ultradian rhythm of sleep. NREM and REM states 

cyclically interchange during sleep in this very strict order with the amount and depth of NREM 

sleep reducing throughout the night while the amount of REM sleep increases. What can be the 
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reason for this special rhythmicity of sleep and what happens during REM phase in regards of 

consolidation? 

1.2.3. The neglected role of REM sleep in memory consolidation 

 

In a recent study Li and colleagues (2017) investigated the role of REM sleep in memory 

consolidation in mice. With the help of transcranial two-photon microscopy they identified newly 

formed and existing postsynaptic dendritic spines in the motor cortex of the mice after learning. 

They compared non-deprived, NREM-deprived and REM-deprived mice and found that in the mice 

allowed to reach REM state more than 50% of the newly acquired dendritic spines were eliminated. 

This was in contrast with the elimination of already existing spines which was no bigger than 10%. 

Furthermore, this high rate of elimination of newly acquired dendritic spines facilitated the 

formation of new spines in the same dendritic area after time spent awake. Note, that even though 

this process happens mostly during REM and not NREM phase, it seems very similar to the process 

described as synaptic downscaling within the framework of SHY (Tononi & Cirelli, 2014). 

However, Li and colleagues (2017) did not just find selective pruning of newly acquired dendritic 

spines, they also discovered that REM sleep increased the size (50 – 100%) of the remaining newly 

formed spines within 24 hours of the learning task. This aspect of their findings correspond nicely 

with the Active system consolidation theory, that hypothesizes the active strengthening of cortical 

memory elements (Marshall & Born, 2007), although according to this theory NREM sleep would 

be the key player in this process. All of these changes in dendritic spinal structure led to increased 

performance after sleep. Since the size of the spine is highly correlated with the strength of the 

synapse they concluded, that REM sleep selectively strengthens newly formed synapses while 

selectively prunes others (Li et al., 2017). The role of REM sleep presented in this study gives a 

rare opportunity to merge the best parts of both previously mentioned theories. While synaptic 

downscaling or elimination of the majority of newly acquired synapses seems indispensable for 

new synapse formation upon awakening, the strengthening of the remaining new synapses indicates 

an active and selective consolidation process in the background. However this conclusion raises 

two important questions.  

1) Given the importance of REM sleep in synaptic plasticity how can it be incorporated into 

the already existing theories? 
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2) How does the brain select which synapse to eliminate and which synapse to strengthen. 

The answers to these questions are highly interconnected. Answering the second question 

ultimately requires clarification of the first one. 

1.2.4. Dynamic interaction of NREM and REM sleep in memory consolidation 

 

Diekelmann and Born (2010) gives an intriguing suggestion – based on the idea proposed 

by the so called Sequential hypothesis of the function of sleep (Giuditta et al., 1995) – to merge the 

two main memory consolidation theories and try to take the dynamics of the ultradian rhythm of 

sleep into account. They propose that the SHY is lacking evidence on the exact description how 

SWA induces synaptic downscaling. They argue, that even though SWA has been shown to be 

associated with activating the T-type Ca2+ channels, which seem to favor long-term depotentiation 

(Czarnecki, Birtoli, & Ulrich, 2007), the nested hippocampal SWRs and thalamo-cortical spindles 

in the up-states of these oscillations have been shown to favor long-term potentiation (Buzsáki, 

Haas, & Anderson, 1987; Rosanova & Ulrich, 2005). They acknowledge synaptic downscaling as 

an important factor of neural plasticity, however they propose that downscaling not necessarily 

happens only during NREM sleep. In an attempt to take into account the dynamic structure of sleep 

and to incorporate important factors from SHY Diekelmann and Born (2010) offers a re-

conceptualized version of the active system consolidation model. In this model they propose, that 

during learning, information are encoded both into the cortex (slow-learning, long-term store) and 

the hippocampus (fast-learning, short-term store). Upon subsequent NREM sleep active system 

consolidation facilitates the replay of newly acquired memory elements in the hippocampus which 

information is transferred to the cortex throughout the synchronization of SWRs, sleep spindles 

and slow oscillations. The faster oscillations are usually nested in the up-states of the slow 

oscillations and hypothesized to prepare the system for changes in synaptic plasticity. This transfer 

from temporary to long-term store enables the reactivation of the same memory representation in 

the cortex, which helps to integrate this new information and reorganize the already existing long-

term memory network. This active system consolidation is hypothesized to happen during SWS 

with global synaptic downscaling happening in the background to avoid the saturation of synapses 

during reactivation. During the subsequent REM phase brain systems are mostly disengaged from 

each other which results in disconnection between long-term and short-term memory stores. 
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However, the biological milieu of this stage is a perfect soil for encapsulated synaptic consolidation 

of the previously reactivated memories. In general, according to this theory memory consolidation 

benefits most from the subsequent appearance of NREM and REM phases, however the wide 

distribution of systems needed for declarative memory throughout the brain makes NREM phase 

and active system consolidation more important for declarative memory consolidation, while 

implicit memory has a more discrete nature which makes REM state and the localized synaptic 

consolidation more beneficial (Diekelmann & Born, 2010). 

 Now that we see a plausible option how subsequent NREM and REM phase can work 

together to optimize active memory consolidation during sleep the next question of optimization is 

the question of selectivity. During a day we encounter millions and millions of information, 

however it would be highly ineffective to consolidate all of them (e.g. it would slow down search 

processes related to memory retrieval to an unbearable extent). It seems necessary to hypothesize 

that sleep also has a selective filtering function, which helps to decide which memories to keep and 

which should be forgotten (van Dongen, Thielen, Takashima, Barth, & Fernández, 2012). Previous 

studies found evidence supporting selective enhancement of stimuli with emotional valence 

compared to neutral stimuli (Hu, Stylos-Allan, & Walker, 2006; Payne, Stickgold, Swanberg, & 

Kensinger, 2008) and with weakly encoded memories benefiting more from sleep, than strongly 

encoded (Diekelmann, Wilhelm, & Born, 2009). Furthermore, rewarding the correctly retrieved 

words (Oudiette, Antony, Creery, & Paller, 2013), as well as expectance of future retrieval (van 

Dongen et al., 2012) also selectively increase the beneficial effect of sleep on memory 

consolidation. These results support the idea that sleep has a beneficial effect on memories that are 

considered to be relevant for the future (e.g. emotional valence, reward at retrieval). It is likely that 

the interaction between the mental state at the moment of encoding and various external stimuli 

(instruction, reward) ‘tags’ the memory element as relevant or irrelevant for the future (Diekelmann 

& Born, 2010). Tagging memory elements could be the preceding process of the earlier presented 

selective strengthening and pruning of newly acquired synapses in the study by Li and colleagues 

(2017). In conclusion, besides active consolidation and strengthening, forgetting also seem to have 

an important role in selective memory consolidation. 

Forgetting in the popular sense has always been a negative process reflecting temporary errors 

in our impeccable memory system. However, in contrast to the common popular assumption our 
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memory is not perfect, it is a highly constructive process with a lot of ‘constant flaws’, one of them 

being forgetting (Feld & Born, 2017). In the field of memory research it is mostly considered as a 

positive process that aids our memory by eliminating and inhibiting irrelevant information as well 

as by updating our ever changing memory content (Rauchs et al., 2011). There are multiple 

paradigms allowing us to evoke instructed forgetting of some learned elements over the, giving 

sleep and memory researchers the chance to further investigate the dynamic processes of selective 

memory consolidation during sleep. These paradigms are collectively called inhibition paradigms 

and typically contain an explicit or implicit cue regarding retention intent of the newly acquired 

information. This cue assigns the presented stimuli into either the to-be-remembered (TBR) or the 

to-be-forgotten (TBF) subgroups (Bjork & Bjork, 2003). Due to the forget cue the TBF stimuli will 

be inhibited and during retrieval of the TBR elements this inhibition will reduce the interference 

ensuring a more successful retrieval. However, these inhibited elements do not vanish entirely from 

our memory since some of them can be still accessed and recalled if needed (Bjork & Bjork, 2003). 

These paradigms give us the opportunity, to measure task related, state-like power spectral changes 

during sleep in healthy population in-between the learning and retrieval phase.  

1.2.5. Study 1 

 

We adopted this idea in Study 1 where our aim was to examine the consolidation of relevant 

and irrelevant information – determined by the directed forgetting paradigm (one of the most 

commonly applied inhibition paradigms) – after a 2-hour delay spent either awake or with an 

afternoon nap. We found, that the so called directed forgetting effect – relative decrease in the 

retention of the first list and relative increase in the retrieval of the second list – appeared after the 

2 hour delay spent awake. This effect was even more pronounced when the participants spent the 

2 hours between learning and recall with an afternoon nap. Furthermore, power spectral analysis 

of the sleep EEG within the nap group showed significant differences between the forget 

(distinction between relevant and irrelevant stimuli) and remember subgroups (no difference in 

future relevance between the stimuli) in specific oscillatory patterns during NREM sleep and REM 

duration. We found that the recall rate of to-be-remembered (future relevance tagged) words in the 

forget group was predicted by higher amplitude of sleep spindles and higher sigma power during 

NREM sleep as well as longer REM duration, whereas the recall rate of the to-be forgotten words 

(irrelevant for the future tagged) only correlated with higher sleep spindle amplitude. These results 
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seem to be consistent with the re-conceptualized version of the active system consolidation theory 

presented above (see section: Dynamic interaction of NREM and REM sleep in memory 

consolidation) advocating for the idea of NREM and REM sleep playing different but equally 

important roles in declarative memory consolidation. NREM sleep being primarily important for 

reactivating and ‘tagging’ newly acquired memories which processes could be captured in the 

correlations with sleep spindle activity and REM sleep being responsible for the selective retention 

or ‘rejection’ of these previously tagged memory elements. 

 

2. Investigating trait-like chronic changes with power spectrum analysis: 

Cortical hyperarousal during sleep 
 

Submerging below the surface level of macrostructure during sleep can also help to investigate trait 

like differences related to various disorders. Hyperarousal related disorders such as Insomnia, 

PTSD or Nightmare disorder could serve as perfect candidates for this type of analysis. As I 

presented earlier (Part 1, Chapter 2, 4. Imbalance in the sleep and wake promoting processes) all 

three of these disorders are hypothesized to have a disrupted balance in arousal – sleep promoting 

system in the background, however these theories are mostly based on animal studies or subjective 

reports of patients. The reason for lack of evidence for a long time was, that signs of hyperarousal 

during sleep are rarely and only in the most serious cases are represented throughout the whole 

sleep period already making differences on the macrostructural and microstructural levels. In the 

following part I will try to present through these three disorders, how using the multidimensionality 

of the EEG signal and the dynamic time-frequency information gained from it can help to uncover 

subtle but consistent changes in sleep architecture giving opportunity for more objective 

measurements of previously subjectively defined sleep related disorders as well as to novel 

prevention and treatment opportunities. 

2.1. Post-traumatic stress disorder 
 

Persistent hyperarousal as the backbone of PTSD has been a widely accepted theory 

(Weston et al., 2014). Nonetheless evidence from recent studies also support the idea that sleep, 

more precisely the lack of restorative, healthy nocturnal sleep plays a crucial role in the 
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development and persistence of PTSD (Gehrman et al., 2013; Seelig et al., 2016). According to a 

new conceptual model of PTSD, sleep disturbances prior to and/or following a traumatic 

experience increases the risk for developing this disorder (van Liempt, Van Zuiden, Westenberg, 

Super, & Vermetten, 2013). In contrast, restorative sleep preceding and/or closely following the 

trauma event can serve as a major resilience factor against persistent PTSD (Germain, McKeon, & 

Campbell, 2017). Sleep disturbances are an extremely important factor to consider since they are 

one of the few biologically relevant and still adjustable, flexible variables within this condition 

which should be in the focus of prevention and treatment suggestions. It has already been shown 

that targeted treatment of sleep disturbances in PTSD not only improved sleep, but also resulted in 

clinically relevant improvement of daytime symptoms (Khachatryan, Groll, Booij, Sepehry, & 

Schütz, 2016).  

Kobayashi and colleagues (2007) in a meta-analytic review showed that differences in sleep 

architecture as a result of PTSD are already present on the macrostructural level. PTSD patients 

generally experience increased amount of NREM 1 sleep and reduced amount of SWS as well as 

increased REM density when compared to healthy controls. Some studies investigating signs of 

cortical hyperarousal with quantitative EEG analysis also found a tendency towards reduced low-

frequency power during NREM (most prominently during SWS) and increased beta power in REM 

compared to NREM phase and in NREM phase compared to healthy controls (Germain, Hall, 

Shear, Nofzinger, & Buysse, 2006; Woodward et al., 2000). Others found reduced beta power 

during REM sleep in comparison with healthy participants (Mellman, Pigeon, Nowell, & Nolan, 

2007). Recently Wang and colleagues (2019) tried to identify reproducible differences in sleep 

spectral characteristics of PTSD patients and found a consistent reduction in delta power during 

NREM sleep and increase in gamma power during both NREM and REM phases.  

All of these results indicate cortical hyperarousal during sleep in PTSD, however there is a 

huge inconsistency in this field in regards of different sleep stages and frequency bands. This 

inconsistency could be due to the common misperception that sleep disturbances during PTSD are 

only secondary symptoms. Ever growing amount of evidence supports the idea that sleep disorders 

should be investigated as separate disorders highly comorbid with PTSD (Spoormaker & 

Montgomery, 2008). Insomnia and frequent nightmares are two of the core-symptoms of this 

disorder, however due to a huge variability in symptomatology between PTSD patients, untangling 
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the purely sleep related changes and the effects of daily distress on sleep architecture is a highly 

challenging task (Germain et al., 2017). Nonetheless, it is possible to investigate these sleep 

disorders without the confounding effects of persistent PTSD and later on use treatments most 

effective for insomnia or nightmare disorder on PTSD patients not just to improve sleep quality 

but also to improve daytime symptoms. Furthermore, it is possible that the genetic vulnerability 

(Mehta & Binder, 2012) and imbalanced sleep and wake promoting systems hypothesized in 

regards of each disorder are highly overlapping (Nielsen, 2017; Riemann et al., 2010; Weston et 

al., 2014). 

2.2. Primary insomnia 
 

In the field of insomnia research it is clearly represented what happens, when only basic 

PSG analysis is acquired, which shows a rather undisrupted sleep macrostructure in insomnia 

patients which clearly contradicts their subjective experience (Feige et al., 2008; Voderholzer, Al-

Shajlawi, Weske, Feige, & Riemann, 2003). These contradictory findings resulted in PSG not 

becoming a diagnostic measure in insomnia (in comparison with other sleep related disorders), 

which left primary insomnia with only subjective report-based (e.g. sleep questionnaires, sleep 

diaries) diagnosis. Moreover, cognitive behavior therapy being the most successful treatment of 

insomnia further strengthened the case of insomnia being a primarily psychological disorder 

resulting in a field-wide general neglect of investigating biological factors related to this disorder 

(Riemann et al., 2010). However, thanks to the Hyperarousal theory of insomnia the concept of an 

interaction between psychological and physiological processes as the backbone of the 

pathophysiology of primary insomnia has not been forgotten. This model hypothesize two main 

domains (cognitive-behavioral and neurobiological) acting in synchrony occasionally resulting in 

a chronical association between a psychosocial stressor and a neutral environment (bedroom). This 

process is described as a classical conditioning with the long-term result of increased cortical 

hyperarousal in the presence of the previously neutral context. Behaviorally this process can be 

captured in increased worrying about sleep, selective attention towards sleep related stimuli, 

extended sleep opportunity or remaining in bed upon awakening. Also in the behavioral domain 

but on sleep macrostructural level this hyperarousal could lead to increased sleep onset latency 

(SOL) and awakenings after sleep onset (WASO) as well as reduced total sleep time (TST). 

However, these are very indirect measurements of cortical hyperarousal and they vary highly due 
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to symptom severity and other inter-individual differences which make the replication of these 

more objective measurements very challenging. Thanks to the technological advances in the last 

ca. 20 years now it is also possible to investigate the neurobiological domain and gather more direct 

indications of this hypothesized cortical hyperarousal (M. Perlis, Gehrman, Pigeon, Findley, & 

Drummond, 2009; M. L Perlis, Giles, Mendelson, Bootzin, & Wyatt, 1997). 

Using spectral power analysis multiple studies found compelling evidence of increased 

cortical arousal during sleep in insomniac patients when compared to good sleeper controls. 

Freedman (1986) found increased EEG beta power in the insomniac group during wake, NREM 1 

and REM sleep, however this increased high-frequency activity was missing from sleep stages with 

less arousal activity and deeper sleep (NREM 2 and SWS). In contrast Perlis et al. (2001) found 

increased beta and gamma activity in primary insomnia patients during both NREM and REM 

sleep. Other studies (Israel et al., 2012; Maes et al., 2014; Spiegelhalder et al., 2012) found a more 

NREM and SWS specific increase in beta activity. In another experiments Merica and colleagues 

(1998) also found decreased slow frequency activity which accompanied the increased beta activity 

during NREM and REM sleep similar to Krystal and colleagues (2002) who found decreased delta 

and increased alpha, sigma and beta power however only during NREM sleep. Nonetheless, there 

are also studies showing no difference in beta power during sleep between control and insomnia 

patients (Corsi-Cabrera et al., 2012; Wu et al., 2013). Since it has already been shown that high-

frequency activities (beta, gamma band) have a prominent role in cortical sensory information 

processing (Engel, König, & Singer, 1991; Llinás & Ribary, 1993), increase in high-frequency 

activity presented by these results could be interpreted as signs of cortical hyperarousal captured 

during sleep. 

Understanding the neurobiological aspects of insomnia is highly important since it can help 

to better understand the origin of this disorder. Evidence from molecular and genetic studies seem 

to suggest, that genetic components have a role in vulnerability to stressful life events, which can 

result in chronic insomnia and cortical hyperarousal. Using more sophisticated, fine-grained EEG 

analysis can help capture cortical hyperarousal indicated by the increase of high-frequency power, 

which suggests a rather mixed-state with ongoing wake-like arousal activity during sleep. These 

results have led to the conclusion that primary insomnia is the result of an imbalance between the 

sleep and wake promoting systems. Integrating the psychological and neurobiological findings led 
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to a psychoneurobiological approach of insomnia which currently help to increase the effect of 

treatments and in the future aim to offer personalized treatment pathways based on the clinical and 

neurobiological profile of the patients (Riemann et al., 2015). 

2.3. Nightmare disorder 
 

Nightmares are characterized as extremely unpleasant mental experiences during sleep 

which typically end in abrupt awakening. Upon awakening individuals quickly regain 

consciousness and alertness resulting in detailed, vivid recall of these highly negative dream 

experiences. Frequent occurrence of these events not attributed to substance abuse or any other 

mental or medical disorders resulting in clinically significant distress or impairment during 

wakefulness is diagnosed as nightmare disorder (American Psychiatric Association, 2013; Sateia, 

2014). Nightmare disorder – just as insomnia disorder – has been mostly diagnosed based on purely 

subjective reports from patients and since it is highly comorbid with many pathological conditions 

(such as PTSD and anxiety disorders) it has been immensely underdiagnosed, treated as a 

secondary symptom of these primary disorders (Spoormaker, Schredl, & Bout, 2006). The 

prevalence of nightmare disorder is around 5% in the general population (Sandman et al., 2013), 

more common among women than men (S. X. Li, Zhang, Li, & Wing, 2010) and extremely 

common among psychiatric patients (16 – 67%) (Swart, van Schagen, Lancee, & van den Bout, 

2013). Although nightmare disorder is finally categorized as a separate sleep-wake disorder 

(American Psychiatric Association, 2013; Sateia, 2014) it generally receives very small amount of 

attention among health professionals (Schredl, Dehmlow, & Schmitt, 2016) even though it has been 

shown to be a prominent risk factor for suicide attempts (Sjöström, Hetta, & Waern, 2009) and 

PTSD (van Liempt et al., 2013). 

2.3.1. Aetiology of nightmare disorder 

 

The aetiology of frequent nightmares is still an open question in the field with multiple working 

theories such as: 

a) Impaired fear extinction: 

Fear extinction is part of the classical, Pavlovian fear conditioning paradigm. After a fear 

memory have been acquired, the elements of the memory can be isolated and represented 
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without the fearful stimuli or context, which leads to a new re-contextualized fear extinction 

memory representing safety. It has been hypothesized that healthy sleep has a highly positive 

effect on the neutralization of fear memory and consolidation of fear extinction (Levin & 

Nielsen, 2007). According to this theory frequent reoccurring nightmares can enable the 

isolation of the fear memory elements which can lead to reduction in the re-contextualization 

process during sleep resulting in an intact and highly negative fear memory. It is also possible 

that the consolidation of fear extinction memory is disrupted by hyperarousal driven sleep 

fragmentation, which again leads to the reinstatement of the original fear memory (Vervliet, 

Baeyens, & Van den Bergh, 2013). Fear extinction mainly involves the interaction of the 

amygdala, the medial prefrontal cortex (mPFC) the hippocampus and the anterior cingulate 

cortex (ACC). This theory hypothesizes that the downregulation of amygdala activity by 

mPFC, hippocampus and ACC during sleep is disrupted which results in a particularly intense 

fear response due to the hyper-responsive amygdala activity to negative, fear-related dream 

contents (Levin & Nielsen, 2007). These assumptions are mostly based on the more extensive 

literature on the neurocircuitry underlying extinction processes in PTSD (Rauch, Shin, & 

Phelps, 2006). Although this theory has a well-built foundation in neuroscience it has not been 

frequently tested to conclude whether it can also be applied to nightmare disorder. There was 

one study investigating prefrontal cortex based executive function in individuals with 

nightmare disorder using emotional Go/NoGo and emotional Stroop tasks and showed and 

overall impairment in executive functions which could be interpreted as an indirect evidence 

supporting this theory (Simor, Pajkossy, Horváth, & Bódizs, 2012). 

b) Hyperarousal 

Another theory is the hyperarousal theory of nightmare disorder, which is also highly based on 

findings in PTSD and insomnia research. This theory states that there is an increased 

accumulation of hyperarousal during the day in nightmare disorder patients which is maintained 

during the night as well resulting in a disrupted balance between the sleep-promoting and wake 

promoting systems (Gieselmann et al., 2019). This imbalance between the two systems results 

in abnormal cortical hyperarousal during sleep which could indicate increased LC-NA activity 

presented previously (Germain, 2013). Hyperactivity in the sleep of PTSD patients are 

proposed to be caused by a weaker prefrontal cortex control over the amygdala, which results 
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in increased tonic LC activity after stress exposure (Arnsten, Raskind, Taylor, & Connor, 

2015). Studies in rats showed a clear causal relationship between elevated LC activity, 

noradrenalin (NA) levels and increased high frequency (beta and gamma) power accompanied 

by a decrease of low frequency (delta) activity in the prefrontal cortex (Berridge & Foote, 1991; 

E G Cape & Jones, 1998). It is possible that this cortical hyperarousal is very similar between 

PTSD insomnia and nightmare disorder, however the behavioral outcomes (such as increased 

SOL in insomnia or increased REM density in PTSD) are different. There are many facilitating 

factors which could result in increased hyperarousal such as: genetically predisposed sensitivity 

to childhood adversity, early life adversity (Nielsen, 2017), traumatic experiences, 

susceptibility changes due to these adverse experiences (Carr & Nielsen, 2017), deliberate 

thought suppression (Bryant, Wyzenbeek, & Weinstein, 2011) and other physiological factors 

(comorbid sleep disorder breathing periodic limb movements) (Krakow et al., 2001). 

 Nightmare disorder – just as primary insomnia was – is currently a sleep complaint which 

is entirely defined and treated based on subjective reports collected from patients. The most 

commonly used therapies such as desensitization and exposure therapy and imagery rehearsal 

therapy are highly successful behavioral therapies however, the success of these are measured 

in subjective reports (Gieselmann et al., 2019). In the field of insomnia – as I presented earlier 

– the shift from the subjective level to a more objective one helped us to better understand the 

pathophysiology of insomnia and its daytime consequences (Riemann et al., 2015). Using 

objective measurements investigating nightmare disorder could also help to better understand 

psychopathology of this phenomena and could result in possible biomarkers (such as cortical 

oscillations or arousal events) which could help to objectively measure treatment success in the 

long run. 

2.3.2. Study 2: Sleep pathophysiology of nightmare disorder 

 

Objective measurements of cortical hyperarousal are highly limited in humans since 

measuring activity of a small deep brain structure such as LC is almost impossible with most of the 

currently used imaging techniques. However, quantitative EEG analysis can help to measure 

changes in the high (beta, gamma) and low- frequency (delta) power which based on animal studies 

(Berridge & Foote, 1991; E G Cape & Jones, 1998) could be interpreted as indicators of cortical 
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hyperarousal. In our mini review we aimed to summarize previous literature using quantitative 

EEG analysis supporting the hyperarousal account of nightmare disorder to advocate for a 

paradigm change in the diagnosis and definition of nightmare disorder just as it has been happening 

in the field of insomnia research. Even though the majority of the quantitative EEG studies on the 

field of nightmare disorder seems to point congruently in the direction of hyperarousal, the indirect 

measures of cortical hyperarousal within these studies seems to be pretty incongruent. 

Some studies find detectable changes already on the macrostructural level in reduced 

amount of SWS and increased nocturnal awakenings (Simor, Horváth, Gombos, Takács, & Bódizs, 

2012), increased tendency to skip the first REM period, increased REM latency, cycle length and 

amount of REM periods (Nielsen, Paquette, Solomonova, Lara-Carrasco, Popova, et al., 2010), 

others find no such difference comparing participants with frequent nightmares (NM participants) 

and healthy controls (Paul, Schredl, & Alpers, 2015). Going one step below macrostructure Simor 

and colleagues (2013) used a method called cyclic alternating pattern (CAP) – which method was 

invented to better capture the periodically repeating dynamic fluctuations in sleep – to investigate 

possible microstructural changes in the sleep architecture of NM participants. They found relatively 

reduced delta bursts and synchronicity of slow activity (A1 subtype) accompanied by increased 

mixed-high frequency activity (A2 and A3 subtypes) during NREM sleep compared to controls. 

Other studies using more conservative scoring methods for arousals (e.g. AASM scoring manual) 

found no such difference on the microstructural level (Germain & Nielsen, 2003; Paul et al., 2015). 

And when looking into the spectral characteristics of sleep in NM participants results seem to show 

very diverse changes regarding different sleep stages and different frequency bands depending on 

the focus of the study. Even two studies focusing on similar questions and using similar methods 

can find different patterns. Focusing on the REM phase separately showed increase ‘slow-theta’ 

(2-5 Hz) activity (Marquis, Paquette, Blanchette-Carrière, Dumel, & Nielsen, 2017), while in the 

other study in addition to this slow-theta/high-delta activity, high-alpha (10-14 Hz) power was also 

significantly elevated in NM participants compared to controls (Simor, Horváth, et al., 2013). 

Focusing on NREM sleep also shows some differences between NM and control participants such 

as increased low alpha (7.75 – 9 Hz) (Simor, Horváth, et al., 2013) or theta (4 – 5.8 Hz), high beta 

(22 – 32 Hz) and high alpha (12 – 15 Hz) (Marquis et al., 2017).  

2.3.3. Inconsistencies in the literature 
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The reason behind this high variability in the results could be manifold. First of all, in the 

methods there is a huge difference in significant frequency bins weather they represent absolute or 

relative power values and there is no coherent agreement in the field which would suggest one over 

the other. Solution to this could be either to report both relative and absolute spectral differences 

or to choose a specific period during sleep, which has the same length (e.g. the last 10 minutes of 

every NREM or REM periods) in which case it is enough to only present the absolute spectrum. 

Second, it is possible that different samples of participants have different symptom patterns, which 

can cause these small shifts in the frequency domain during sleep. This variable could be captured 

in the participant selection methods. Studies using strict DSM-5 (American Psychiatric 

Association, 2013) or ICSD (Sateia, 2014) criteria can only include participants with a clinically 

significant daily distress caused by the frequent nightmares. In these studies (Blagrove, Farmer, & 

Williams, 2004; Levin & Fireman, 2002; Nielsen, Paquette, Solomonova, Lara-Carrasco, 

Colombo, et al., 2010; Simor, Bódizs, et al., 2013; Simor, Horváth, et al., 2012, 2013; Simor et al., 

2014) there seems to be also a significant difference in psychometric measures such as increased 

depression (BDI scores) and anxiety (STAI scores) symptoms in the NM group compared to the 

control group. As Levin and Fireman (2002) showed nightmare prevalence and nightmare distress 

are not necessarily correlated. They found that nightmare distress is the variable which can explain 

most of the variance in psychopathology and concluded, that increased distress could result in 

confounding effect such as increased probability of depression and anxiety disorder comorbidity. 

This could mean that if the strict diagnostic criteria are uphold, than we risk measuring these 

confounding comorbidities in our spectral analysis as well, which naturally bring a lot of 

uncontrolled variability in the data. One way to handle this problem is to measure depression and 

anxiety symptomatology and control for them at every step of the statistical analysis. Another way 

could be to treat nightmare disorder and frequent nightmares as a spectrum-like disorder and 

acknowledge the existence of people with frequent nightmares but without clinically significant 

daily distress. By measuring a bigger portion of this scale can potentially average out the 

confounding effects of distress present only in some nightmare participants.  

The stress acceleration hypothesis (Nielsen, 2017) is one of the newest theory about 

frequent nightmares, which hypothesize a more spectrum-like structure of this disorder. Nielsen 

suggests, that trauma experience during life is more of a scale. Repeated exposure to life-time 

adversity or an extremely adverse event could result in PTSD and often post-traumatic nightmares. 
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However, it is also possible that a traumatic event happen during the so called ‘childhood-amnesia’ 

phase (first 3 years of life) in which case the individual cannot recall this event anymore although 

it can result in frequent idiopathic nightmares. Furthermore, the label of traumatic event could also 

be questionable, since to people with higher ‘genetically determined’ sensitivity to adverse 

experiences a mundane event (such as birth of a sibling) could feel traumatic. Within this 

framework Nielsen hypothesizes, that a genetic disposition of sensitivity to adverse events and 

early life-hood ‘trauma’ could result in frequent idiopathic nightmares and the increase in quantity 

or quality of these traumas could end up resulting in full blown PTSD. This hypothesis also 

suggests, that controlling only for anxiety and depression is not enough, we would need to measure 

life time traumatic experiences as well as PTSD-like symptomatology to be able to navigate better 

within the complex and very vulnerable changes measured during sleep. 

Last but not least the problem could also be, that we are looking at signs of hyperarousal in 

the wrong places. Some studies are looking at REM phase specifically (Nielsen, Paquette, 

Solomonova, Lara-Carrasco, Colombo, et al., 2010; Nielsen, Paquette, Solomonova, Lara-

Carrasco, Popova, et al., 2010), since nightmares are hypothesized to occur mostly during REM 

phase, this period should be the one showing a considerable amount of changes in its spectral 

characteristics. Other studies are looking at the NREM phase, since there seem to be a reduction in 

SWS in PTSD and in nightmare disorder patients as well, which should also be present in the 

microstructural and spectral level of sleep (Simor, Bódizs, et al., 2013; Simor, Horváth, et al., 

2013). However, these two states are not completely separate, they rhythmically follow each other 

throughout the night. As I presented earlier (Part 1, Chapter 2. Sleep-wake regulation: The 

neurobiology of sleep) sleep is a result of a dynamic but very fragile balance between the sleep 

promoting and the arousal systems (Halasz & Bodizs, 2013). During the descending slope of sleep 

(REM, post-REM and deepening NREM) the sleep promoting system inhibits the wake promoting 

system, resulting in the deepening of sleep. However, this reduction in arousability and vigilance 

during the whole night would not be adaptive, since there can be relevant incoming information 

during sleep, which can be signaling danger to the organism. To reassure, this external connection 

during the ascending slope of sleep (NREM after SWS, pre-REM until REM phase) the sleep 

promoting system reduces its inhibition over the wake promoting system, allowing a higher activity 

to the arousal system, which results in higher vigilance state during sleep. This fragile antagonistic 

reciprocal influence of these two systems underlines the traditional sleep states and the ultradian 
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rhythm of sleep (for more detailed information see: Halász, Terzano, Parrino, & Bódizs, 2004). 

Due to these dynamic changes in arousability pre-REM periods (approximately 5-10 minutes of 

NREM sleep directly before REM period) offer a unique window into the period where the 

inhibition of the sleep promoting system is the weakest over the arousal promoting system. Based 

on the above mentioned assumptions, the smallest changes in the activity of the arousal system 

should be essentially present during this window. In contrast, post-REM periods (5-10 minutes of 

NREM sleep directly after the REM phase) are supposed to be the periods where the inhibition of 

sleep promoting system is the strongest over the arousal system, resulting in a very stable and 

uninterrupted period. Comparing and contrasting activity during these smaller, more specific time 

windows could be highly beneficial when investigating imbalance between the sleep and wake 

promoting systems resulting in cortical hyperarousal. So far only one study (Simor et al., 2014) 

have used this method to investigate EEG and autonomic alterations in participants with nightmare 

disorder. Focusing specifically only on alpha band activity and found significant enhancement of 

alpha power as well as reduced heart-rate variability (HRV) during pre-REM periods in NM 

participants compared to healthy controls. 

2.3.4. Study 3 and Study 4 

 

In Study 3 and Study 4 we aimed to investigate cortical hyperarousal in participants with 

frequent nightmares by trying to account for most of the above mentioned variables. To include a 

bigger part of the ‘scale’, clinically significant nightmare distress was not a necessary criteria of 

inclusion. Furthermore, we acquired information about life-long traumatic experiences and PTSD 

symptomatology to be able to see more nuanced differences in spectral characteristics possibly 

resulting from increased PTSD probability. And to be able to use our data to its fullest potential we 

focused our attention on NREM to REM transition (pre- REM) and compared them with REM to 

NREM transitions (post-REM) to be able to capture the smallest imbalance between the sleep- and 

wake promoting systems. In Study 3 we analyzed sleep macrostructure, psychometric and spectral 

characteristics of NM participants and based on the above mentioned literature hypothesized a 

globally distributed reduction in slow-frequency (delta) power during NREM sleep which 

difference was expected to be present primarily during pre-REM periods. On the macrostructural 

level we found significantly reduced SWS in NM participants compared to controls. On the spectral 

level this result was supported by a significant reduction of low-frequency (within delta band) 
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power which was accompanied by increased high-frequency activity (within beta, gamma bands) 

during pre REM phase compared to post-REM periods in the NM group. This sharp difference 

between the two groups completely disappeared during post-REM phase. Furthermore, the only 

significant difference in psychometric measurements were in PTSD symptomatology (measured 

by PCL-5), which showed significantly higherPCL-5 scores in the NM group and with combination 

of the LEC-5 answers a potential subgroup of NM participants with high probability of PTSD. 

Ancillary analysis comparing the spectral characteristics of the three groups (control, NM with 

high probability of PTSD and NM without high probability of PTSD) indicated, that the reduction 

of low-frequency power during these vulnerable pre-REM states was associated with having 

frequent nightmares and the additional increase in high-frequency power was attributed to high 

PTSD probability. In accordance with this finding we also observed a significant correlation 

between gamma power during pre-REM periods and PCL-5 scores only in the NM group. Since an 

increase in higher frequencies during NREM sleep and pre-REM sleep is only indicative of 

increased activity of the arousal system, and therefore of increased arousal in Study 4 we aimed to 

investigate sleep microstructure characteristics of individuals with frequent nightmares by 

calculating arousal (number and length) the most conservative, well accepted and commonly used 

measurement of hyperarousal. We found that when compared to control participants, increased 

amount of arousal events only characterize the sleep of NM participants during the vulnerable pre-

REM periods. All in all arousal seem to be a much more straightforward marker, even visible to 

the human eye, and as a consequence, a robust validation of the previous indirect lines of evidence 

in Study 3. 

 

Chapter 2. Capitalizing on the potential provided by phase information 
 

Another way to exploit the multidimensional nature of the EEG signal is to take the phase 

information from the FFT to investigate the dynamic communication between groups of neurons. 

The basic assumption behind this communication is the following: So called neural assemblies 

have reciprocal connections within and between areas organized in a web-like fashion (connections 

to the same and different levels as well). These connections have a dynamic nature (feed-back and 

feed-forward relations emerging and disappearing). The information is hypothesized to be encoded 
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by the firing patterns of these assemblies and the communication assumed to happen through 

synchronization between the separate regions in the web (Varela, Lachaux, Rodriguez, & 

Martinerie, 2001). 

Phase synchronization between neuronal groups participating in certain mechanisms is the 

most favorable candidate for temporarily binding multiple areas together in order to create a 

coherent percept. This phase synchronization is a process that overarches on multiple temporal and 

spatial scales in our nervous system and can be observed on two different levels. First, on the level 

of local integration within areas distributed only ca. 1 cm from each other with monosynaptic 

connections and small transmission delays (4-6 ms) ensuring fast information flow (Girard, Hupé, 

& Bullier, 2001). And second, on a large-scale, resulting in global integration between assembles 

further apart (e. g. Occipital and frontal lobes, across hemispheres) with large transmission delays 

(>8-10 ms) enabling a slower information flow. These processes are mostly dependent on the 

cortico-cortical or thalamo-cortical pathways (Bressler, 1995) interacting with the feedforward and 

feedback connections linking the different levels of this complex network together (Phillips & 

Singer, 1997).  

1. Various frequencies might transport different aspects of integration 

process 
 

Phase synchronization in electrophysiology represents temporal differences between two 

sites within the frequency of interest and it is measured by the degree of time lag difference between 

the two signals (0˚ = no time lag difference; 180˚ = opposite polarity) (Keil et al., 2014). It has 

been hypothesized that synchronization between different areas within various frequency bands are 

responsible for different functions. Alpha power during wake is mostly viewed as an active 

inhibitory mechanism, which gates sensory information processing in relation to cognitive 

relevance. Investigation of local and global alpha phase synchrony shed light on an active, task-

relevant role of this frequency band (S. Palva & Palva, 2011; Sadaghiani et al., 2012). This type of 

transient functional coupling of distant brain regions has an important role in attention, cognition 

and action all related to the fronto-parietal network responsible for top-down modulation and 

conscious experience during wake (Doesburg, Green, McDonald, & Ward, 2009; S. Palva & Palva, 

2007), as well as maintaining tonic alertness (Sadaghiani et al., 2010). Beta frequency band has 
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been observed to take part in long-distance integration (von Stein, Rappelsberger, Sarnthein, & 

Petsche, 1999). Increased long range beta synchronization also has been related to maintaining 

tonic alertness and attention just like alpha activity (Sadaghiani et al., 2010). Moreover, long-range 

phase synchrony in the beta band have a role in system level coordination and the maintenance of 

neuronal representations (J. M. Palva, Monto, Kulashekhar, & Palva, 2010). Last but not least 

gamma coherence – in contrast to alpha and beta synchronization – have been shown to be more 

involved with local integration (von Stein et al., 1999) such as feature integration during perception 

(E. Rodriguez et al., 1999) or selective attention (P Fries, Reynolds, Rorie, & Desimone, 2001). It 

also has been associated with learning and memory related processes (R. Rodriguez, Kallenbach, 

Singer, & Munk, 2004) as well as intense limbic and sensorimotor activity (Pivik, 1991).  

These above mentioned fast activities have to be examined in relation to slow oscillations. 

Since synchronization in slow frequency bands (e. g. theta) is more common in the limbic system 

during memory consolidation (Tesche & Karhu, 2000) or classical fear conditioning (Popa, 

Duvarci, Popescu, Léna, & Paré, 2010) they are assumed to provide a contextual framework for 

fast activations to work within (Varela et al., 2001). All in all there is growing evidence from 

microscopic (single-cell recordings) (Kopell, Ermentrout, Whittington, & Traub, 2000), 

mesoscopic (LFP studies in animals) (Destexhe, Contreras, & Steriade, 1999) and macroscopic 

(EEG and MEG studies in humans) (E. Rodriguez et al., 1999) scales indicating a crucial role of 

phase synchrony in large-scale information integration. 

2.  Different synchronization characteristics distinguishing different states 
 

Wake, NREM and REM states can be differentiated not only by power spectrum but also 

by changes in cortical synchronization. Wake is mostly characterized by high synchronization in 

the alpha and gamma bands (Achermann, Rusterholz, Dürr, König, & Tarokh, 2016). It has also 

been shown in cats that gamma coherence (strength of the functional interaction between two areas) 

between intra-hemispheric cortical areas is the highest during wake and reducing during sleep 

(especially in the high gamma frequency band during REM state) (Castro et al., 2014). 

In contrast to wake – during sleep – loss of consciousness is expected to result in decreased 

functional connectivity between brain regions (Achermann et al., 2016) however, there is also 

evidence showing an overall increase in interhemispheric synchronization during sleep compared 
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to wakefulness (Pérez-Garci, del-Río-Portilla, Guevara, Arce, & Corsi-Cabrera, 2001). All in all, 

coherence in delta and sigma bands tend to be higher during NREM compared to REM sleep. 

Interestingly, even though delta power decreases throughout the night during NREM, delta 

coherence did not change, which shows that power and phase are truly independent variables and 

that sleep pressure does not affect synchronization between brain areas (Achermann & Borbély, 

1998). NREM is a heterogeneous state with different synchronization characteristics for each sub-

state. For example spindle frequency (in the sigma band) synchronization seems to be the highest 

during NREM 2 compared to all the other stages (Achermann et al., 2016). Notwithstanding, 

differentiating between NREM 1, NREM 2 and SWS is a highly accepted and mostly necessary 

part of sleep research and sleep analysis. 

REM sleep is often described as the most desynchronized state during sleep, however there 

is evidence supporting the contrary. Alpha, beta and gamma coherence seems to be actually higher 

during the REM phase than during the NREM phase when measuring global field synchronization 

index (Achermann et al., 2016) and even though long-range intra hemispheric fast activity (27-48 

Hz) seems to reduces during REM phase, short range intrahemispheric fast activity stays at the 

same synchronization level as during wakefulness (Pérez-Garci et al., 2001). Furthermore, it has 

been proposed, that REM – just as NREM – should not be considered a homogeneous phase.  

2.1. The heterogeneous REM phase 
 

There has been multiple studies presenting bases for a meaningful and necessary distinction 

between phasic and tonic REM periods. Molinari and Foulkes (1969) in their experiment focusing 

on the quality of the last pre-awakening mental experience showed that during tonic REM phases 

the quality of mental activity is highly similar to NREM phase (secondary cognitive elaboration), 

whereas sleep mentation after phasic REM period (primary visual experience) was significantly 

different in quality from both NREM and tonic REM periods. It has also been shown that during 

tonic REM sleep the sleeping brain is more ‘open’ for external auditory stimulation (increased ERP 

response), however it ‘closes’ during phasic REM periods (reduced ERP response to external 

stimuli) (Sallinen, Kaartinen, & Lyytinen, 1996). This differentiated ‘closeness’ and ‘openness’ 

can be also described with measuring arousal thresholds during different sleep stages. Ermis and 

colleagues (2010) showed, that just as there is significant difference in arousal threshold between 
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NREM 2 and SWS, there is one between phasic and tonic REM as well. SWS and phasic REM 

seems to be more similar in regards of arousability just as NREM 2 and tonic REM. Furthermore, 

using power spectral analysis, they also showed characteristic differences between the two REM 

phases, with tonic REM showing higher power in theta, beta and gamma frequencies as well as 

lower activation in the traditional delta frequency compared to phasic REM. These results can be 

interpreted as differences in sleep depth with phasic REM being a deeper sleep stage than tonic 

REM due to increased arousal threshold and low-frequency activity (Ermis et al., 2010). To further 

investigate functional sub-states within REM sleep Wehrle and colleagues (2007) used combined 

fMRI-EEG technique to examine possible thalamic and cortical reactivity changes during phasic 

and tonic REM sleep. They were the first to show (within human REM sleep) selective increase in 

synchronized neural activity of thalamo-cortical networks (thalamus, amygdala, entorhinal cortex, 

anterior cingulate) during phasic REM compared to tonic REM sleep states. This thalamo-cortical 

connectivity increase was accompanied by a decrease in sensory processing during phasic REM 

states both of which can be interpreted as indicators of a closed loop activation during which 

external stimuli is hardly processed focus being mainly on internal information processing (Wehrle 

et al., 2007).  

2.2. Study 5 
 

Our aim in Study 5 was to further investigate the differences between phasic and tonic REM 

states by examining inter-areal (inter- and intrahemispheric) EEG synchronization. Based on the 

aforementioned studies we hypothesized, that tonic REM sleep has more wake-like characteristic 

such as enhanced alertness, reinstated attentional processes, which make it more susceptible for 

environmental stimuli. We were expecting this ‘system level openness’ to be reflected in increased 

long-range alpha synchrony, which has been shown to play key role in arousal, alertness and 

attention during awake (Sadaghiani et al., 2010; Varela et al., 2001). We found increase in long-

range inter- and intrahemispheric synchronization in both alpha and beta frequency bands during 

tonic REM compared to phasic REM. Furthermore, there was an increase in short-range gamma 

synchrony during phasic REM periods, which also differentiated the two REM sub-states. 
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The Benefit of Directed Forgetting Persists After a Daytime Nap: The Role of 
Spindles and Rapid Eye Movement Sleep in the Consolidation of Relevant 
Memories
Borbála Blaskovich, MA1; Ágnes Szőllősi, MA1; Ferenc Gombos, MA2; Mihály Racsmány, PhD1,3; Péter Simor, PhD1,4 
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Study Objectives: We aimed to investigate the effect of  directed forgetting instruction on memory retention after a 2-hour delay involving a daytime nap or an 
equivalent amount of  time spent awake. We examined the associations between sleep-specific oscillations and the retention of  relevant and irrelevant study 
materials.
Methods: We applied a list-method directed forgetting paradigm manipulating the perceived relevance of  previously encoded lists of  words. Participants were 
randomly assigned to either a nap or an awake group, and to a remember or a forget subgroup. The remember and the forget subgroups were both instructed to 
study two consecutive lists of  words, although, the forget subgroup was manipulated to forget the first list and memorize only the second one. Participants were 
112 healthy individuals (44 men; Mage = 21.4 years, SD = 2.4).
Results: A significant directed forgetting effect emerged after a 2-hour delay both in the awake and sleep conditions; however, the effect was more pronounced 
within the sleep group. The benefit of  directed forgetting, that is, relatively enhanced recall of  relevant words in the forget group, was evidenced only in those 
participants that reached rapid eye movement (REM) phase. Non-rapid eye movement (NREM) sigma power was correlated with memory performance for the 
relevant (second) list, and sleep spindle amplitude was associated with the retention of  both lists. These associations, however, were detected only within the 
forget subgroup. REM duration correlated with recall performance for the relevant (second) list within the forget subgroup, and with recall performance for the 
first list within the remember subgroup.
Conclusions: A directed forgetting effect persists after a 2-hour delay spent awake or asleep. Spindle-related activity and subsequent REM sleep might selec-
tively facilitate the processing of  memories that are considered to be relevant for the future.

Keywords: sleep, memory, directed forgetting, REM, oscillations.

INTRODUCTION
During the last decade, a considerable body of evidence has been 
accumulated regarding the beneficial influence of post-learning 
sleep on memory reprocessing.1–5 Sleep-dependent memory pro-
cessing has been conceptualized as an adaptive mechanism to 
replay, consolidate, integrate, and reorganize past experiences6; 
however, it can also be viewed as a kind of preparatory process 
in order to anticipate future events and to control future behav-
ior.7 Accordingly, recent studies indicate that sleep-related off-
line memory consolidation prioritizes emotionally salient8–10 and 
potentially self-relevant materials.11 Moreover, post-sleep mem-
ory performance is enhanced if the material is associated with an 
expected future reward.12,13 Other studies14,15 showed that sleep 
selectively facilitates the consolidation of those materials that are 
expected to be retested upon awakening. For instance, Wilhelm 
and colleagues15 showed that sleep exclusively benefited mem-
ories that were expected to be tested after sleep. Importantly, 
this selective memory benefit was strongly associated with 
sleep-specific electroencephalographic (EEG) oscillations (low 
frequency activity and sleep spindles), suggesting that an active 

sleep-specific mechanism might contribute to the exclusive rein-
forcement of memory elements tagged “to be relevant.”16

A widely used behavioral task, the directed forgetting paradigm,17 
applies simple verbal instructions to manipulate the relevance of a 
previously encoded material, and hence, this paradigm seems to 
be an efficient tool to investigate the selectivity of sleep-related 
memory processing. The directed forgetting paradigm is a model 
case of intentional learning, where a participant has to keep in an 
active form of relevant information while has to suppress irrele-
vant information. Participants are able to produce an intentional 
suppression of successfully studied information by being informed 
which information is relevant and which is irrelevant from all the 
information they met during the entire experiment.18

The robust effect of the directed forgetting instruction (supe-
rior retention of elements cued to be remembered in contrast to 
ones cued to be forgotten) was evidenced by two different pro-
cedures: the item-based and the list-based methods. In the item-
based version of the task,19 the instruction (forget or remember) 
is presented after each and every item (usually word pairs), 
whereas in the list-method paradigm,17 the forget instruction 

Statement of Significance
Off-line memory consolidation is influenced by emotional, reward-related, and cognitive processes during encoding. Research indicates that sleep 
selectively facilitates the consolidation of  memories that are relevant for the future. The directed forgetting paradigm is an efficient tool to manipulate the 
perceived relevance of  previously encoded material; however, studies regarding the influence of  sleep on directed forgetting are scarce. We applied the list-
method directed forgetting paradigm to compare the effect of  a forget instruction after 2 hours involving wakefulness or a daytime nap. To the best of  our 
knowledge, our study is the first to examine this paradigm in relation to sleep-specific cortical oscillations. Our findings indicate that spindle-related activity 
of  NREM sleep and subsequent REM sleep seem to play a prominent role in the selective consolidation of  relevant memories.
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is presented after a list of items (usually words). In this latter 
case, participants are usually assigned into either of two groups: 
a “remember” or a “forget” group. In the former group, two lists 
of words are displayed with the instruction to memorize as many 
words as possible. In the “forget” group, the same two lists are 
shown, but after the presentation of the first list, participants are 
instructed to forget the whole list and only memorize the sub-
sequently displayed list. At the recall phase, irrespective of the 
instruction, both groups are tested on the first and the second list 
as well. Typically, the forget instruction has two main effects: (1) 
attenuated recall of the to-be-forgotten list (ie, the first list) that 
is termed as the “cost” of the directed forgetting instruction and 
(2) enhanced recall of the to-be-remembered list (ie, the sec-
ond list) in the forget group than in the remember group—also 
known as the “benefit” of the directed forgetting instruction.20

Using the item-based directed forgetting paradigm, two 
studies have shown that both a daytime nap and a nocturnal 
sleep, relative to an equivalent time spent awake, selectively 
enhanced the consolidation of the to-be-remembered items.21,22 
Furthermore, the successful differentiation between relevant 
and irrelevant items was associated with specific activations 
in hippocampal areas during encoding within the sleep group21 
and with fast (12–15 Hz) spindle activity over parietal regions 
during a post-learning daytime nap.22 These results suggest that 
during encoding, verbal instructions defining memory elements 
as relevant or irrelevant activate hippocampal structures that 
in turn might determine the selectivity of subsequent memory 
consolidation during post-learning sleep.21

Using the list-method directed forgetting paradigm, Abel 
and Bäuml23 found that a nocturnal sleep between learning 
and retrieval eliminated the directed forgetting effect; however, 
the effect was present within the wake group where learning 
occurred in the morning and testing occurred on the same day 
in the evening. The inconsistency of findings between stud-
ies using the item- and list-based methods might be related to 
differences in sleep as a measured variable (daytime nap vs. 
nighttime sleep) but also to differences in cognitive processes. 
Whereas in case of item-based forgetting a selective rehearsal 
effect is assumed,17 list-based forgetting is presumed to be 
driven by contextual effects24,25 or goal-directed retrieval inhi-
bition.26–28 Abel and Bäuml23 argued that sleep promoted the 
elimination of contextual information (to be remembered vs. 
to be forgotten) and endured the previously acquired memo-
ries irrespective of their learning context. Although some find-
ings support that such decontextualization of memories might 
occur during sleep,29,30 more recent studies reported maintained 
contextual effects on memory after one night of sleep.31,32 
Additionally, other studies showed that sleep and sleep-specific 
oscillations facilitate the consolidation of contextual and “epi-
sodic-like” memories33–35 and the consolidation of the contex-
tual (episodic) aspects of encoded memories.36

Given the paucity and inconclusiveness of previous studies, 
using the list-method directed forgetting paradigm, we examined 
memory for relevant and irrelevant words, after a 2-hour delay 
that involved a daytime nap or an equivalent amount of time spent 
awake. We assumed that the directed forgetting effect (ie, better 
recall performance for the relevant words) would be more pro-
nounced after sleep relative to an equivalent time spent awake. 
Furthermore, in light of previous studies,37 we hypothesized 

that sleep-specific oscillatory activity (low frequency activity 
and fast spindles) would predict memory performance for the 
word list tagged as relevant. Previous investigations clearly dis-
tinguished slow and fast sleep spindles as two separate electro-
physiological phenomena in relation to regional brain activity 
and cognitive performance.37–40 Importantly, fast spindles were 
consistently related to off-line memory consolidation22,41; there-
fore, in our analyses apart from spectral power measures, we 
focused exclusively on fast sleep spindles.

METHODS

Participants
Participants were selected from a large pool of undergraduate 
students (native Hungarian speakers) recruited at the Budapest 
University of Technology and Economics or the Eötvös Loránd 
University (Budapest). Participants were enrolled after com-
pleting an online test battery that included the following ques-
tionnaires: the Athens Insomnia Scale (AIS),42,43 the sleep 
disturbance subscale (5th item) of the Pittsburgh Sleep Quality 
Inventory (PSQI),44,45 items about previous psychiatric, neuro-
logical, and chronic somatic diseases as well as questions about 
their regular medication consumption. The enrollment was 
based on the participants’ scores on these tests (AIS score < 
5, PSQI sleep disturbance [raw] score < 12, no prior history of 
neurological, psychiatric, or chronic somatic disorders and no 
regular medication [except contraceptives]).

Following the scoring of the online tests, 131 students partici-
pated in the experiment for partial course credits. Before statisti-
cal analysis, the data of participants exhibiting less than 20% of 
sleep efficiency (approximately <20 minutes spent asleep) were 
removed from the sample (N = 4). Participants who discovered 
or suspected that they will be tested on the “to-be-forgotten” list 
(unsuccessful “forget” instruction in the forget subgroup; N = 5), 
or learned less than 15% of the words (remembered 3 words or 
less out of 20; N = 9) were excluded from subsequent analy-
ses. Additionally, one outlier—with an extremely long rapid eye 
movement (REM) duration of 43.67 minutes (>2 SD from the 
mean)—was excluded from the forget subgroup. The behav-
ioral data of 112 students (44 men; age range = 18–35 years; 
M = 21.41, SD = 2.42) were analyzed. Participants were ran-
domly assigned into either of four groups: nap (N = 58) or wake 
(N = 54) groups and remember (N = 57) or forget (N = 55) 
subgroups. Four participants were excluded from the sleep 
EEG analyses due to technical issues. Half of our participants 
(N = 27) slept through a full sleep cycle, entering REM sleep. 
Given that a daytime nap with or without REM sleep might not 
be functionally equivalent, and REM sleep could influence pro-
cesses of sleep-specific memory consolidation,37,46,47 we have 
also explored the behavioral differences between the partici-
pants who did and those who did not reach REM sleep.

The study was approved by the United Ethical Review 
Committee for Research in Psychology, Hungary, and written 
informed consents were obtained.

Procedure and Stimuli
The experiment took place at the sleep laboratory of the 
Cognitive Science Department of the Budapest University of 
Technology and Economics. Experimental sessions run between 
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12.00 pm and 4.00 pm. Participants came to the lab and were 
queried about their adherence to the requirements of the exper-
iment (no caffeine and alcohol consumption for 24 hours prior 
to testing and at least 7 hours long sleep at the previous night). 
Only subjects who complied with these requirements partici-
pated in the study phase. Prior to testing, the Groningen Sleep 
Quality Scale48 was assessed to measure previous night’s sleep 
quality in each participant. None of the participants reported 
poor quality of sleep reaching the threshold required for exclu-
sion (above 5 points).

A list-method directed forgetting paradigm was used (for 
similar arrangement, see49) with two lists of Hungarian words as 
stimuli both containing 10 nouns, these being neutral, seman-
tically unrelated within lists, and having unique initial letters. 
The two lists were presented on a computer screen, and the lists 
were combined with specific instructions for each subgroup: 
list A (as to be remembered or to be forgotten), list B (as to be 
remembered or to be forgotten). The order of the two lists (A 
and B) was counterbalanced across participants.

In the remember subgroup, the experimenter told the same 
instruction before both lists: “You are going to see words on the 
screen. Each word will be presented for 3 seconds (with a 3 sec 
delay between them) and then the program will proceed auto-
matically. Your task is to memorize as many words as you can. 
Please push any button on the keyboard to start.” Thereafter, 
they were presented with the first “to-be-remembered” list, and 
then, with the same to-be-remembered instruction, the second 
list was shown.

In the forget subgroup, the same instructions were provided 
as in the remember condition before both study lists, but a 
forget instruction was administered after List 1. More specif-
ically, after the presentation of the first (“to be forgotten”) list, 
a simulated error message appeared on the screen (“ERROR 
program is out of reach”). The experimenter did not interfere 
until the participants called for help to proceed. From this on 
the experimenter had a role to play, and the instruction before 
the second list was the following: “I don’t know what happened. 
I have never seen this error message before, and I am afraid that 
I won’t be able to fix this problem. I think my only option is to 
give you another list to study (which was working for the last 
participant, so it should work for you as well). So the next list 
will be the important list, please try to forget the previous one, 
because you won’t need it later.” After this forget instruction the 
second list was presented preceded by a remember instruction 
(same as in the remember subgroup).

After the study phase the participants of the wake group 
could return to their daily activities outside the lab. During this 
period they were asked not to repeat or recall the learned words. 
Following a 2-hour delay they came back to the lab and were 
tested on their memory performance (free recall of List 1 and then 
recall of List 2 orally). Before the recall of the lists participants of 
the forget subgroup were informed about the simulated program 
crash and were asked to recall both study lists, irrespective of 
the prior instruction to forget the first list. All of the participants 
were asked to recall List 1 first and then List 2. The experimenter 
recorded participants’ responses. In the sleep group, the proce-
dure had the following order: (1) the attachment of the electrodes, 
(2) study phase (similar to the wake group), (3) opportunity to 
spend a maximum of 2-hour long nap in the sleep laboratory 

(during which EEG activities were registered), and finally (4) the 
recall phase (free recall, similar to the wake group). If partici-
pants woke up before the end of the nap period, the resting ses-
sion was usually not interrupted: participants stayed in bed and 
were given the opportunity to fall asleep again. However, record 
duration was not fixed: whenever a participant woke up after a 
longer recording period (>90 minutes), and was unable to fall 
back asleep for more than 10 minutes, the recording was inter-
rupted and participant waited until the end of the delay period, 
and then proceeded with the recall session. To avoid the effects of 
sleep inertia, we have followed the recommendations of Ferrara 
and colleagues50: sleep was not interrupted at slow wave sleep 
(SWS), only at stages N1, N2, or REM, alerting factors were 
used (eg, lights, social interaction with the assistant), and recall 
session was always scheduled 10 minutes after awakening. On 
the other hand, if the participant slept through a full sleep cycle 
(including non-rapid eye movement [NREM] and REM sleep), 
sleep was interrupted before the initiation of a new sleep cycle.

Polysomnography
Before the study phase, participants of the sleep group were fitted 
with 9 EEG electrodes (F3, F4, Fz, C3, C4, Cz, P3, P4, Pz) accord-
ing to the 10–20 electrode placement system,51 as well as (bipo-
lar) electrooculography (EOG) and electromyography (EMG) 
electrodes to measure eye- and muscle-related movements dur-
ing sleep. Gold-coated Ag/AgCl EEG cup electrodes were fixed 
with EC2 Grass Electrode Cream (Grass Technologies, Natus 
Manufacturing Ltd., Galway, Ireland) and referred to the math-
ematically linked mastoid (A1, A2) electrodes. Impedances were 
kept below 8 kΩ. The electrophysiological data were recorded 
with Micromed SD LTM 32 Bs (Micromed S.p.A., Mogliano 
Veneto, Italy) and SystemPLUS 1.02.1098 software (Micromed 
Srl, Roma, Italy). Signals were collected, prefiltered (0.33–1500 
Hz; 40 dB/decade anti-aliasing hardware input filter), amplified, 
and digitized with 4096 Hz/channel sampling rate with 16-bit 
resolution. Thereafter, the digitized and filtered EEG was down-
sampled at 256 Hz.

Spectral Power and Sleep Spindle Analyses
Sleep stages and conventional parameters of sleep macrostruc-
ture were manually scored according to standardized criteria.52 
Additionally, recordings were visually inspected on a 4-second 
basis in order to exclude technical- or muscle-related artifacts. 
Artifact-free 4-second epochs were Hanning-tapered and Fast 
Fourier Transformed (FFT) in order to calculate the absolute 
power spectral densities (µV2/0.25 Hz) for NREM (including 
Stage 2 and SWS) and REM sleep periods, separately. Since 
the absolute power values may be biased due to differences in 
the thickness—and thus the conductivity—of the skull, leading 
to disproportionate discrepancies between males and females,53 
we normalized our data by computing relative spectral power. 
Relative spectral power values were obtained for each fre-
quency bin (width: 0.25 Hz) by dividing the absolute power of 
the given frequency bin with the total spectral power (the sum of 
the absolute power of the whole range of analysis between 1 and 
31 Hz). For each channel the spectral power of the 0.25 Hz bins 
were summed up into traditional frequency ranges. Henceforth, 
relative spectral power values were extracted for the delta (1–4 
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Hz), theta (4–8 Hz), alpha (8–13 Hz), sigma (13–16 Hz), and 
beta (16–31 Hz) bands.

In order to analyze sleep spindles, the individual adjustment 
method (IAM)54 was applied for NREM (Stage 2 and SWS) 
sleep. This method was chosen because of the robust and sta-
ble interindividual differences in spindle activity (9–16 Hz). 
Instead of relying on fixed amplitude and frequency criteria, 
the IAM considers individual spectral peaks to detect spin-
dles in each subject.55 Additionally, the IAM defines frequency 
boundaries for slow and fast spindles separately. These individ-
ualized boundaries are used as frequency limits for slow and 
fast spindle band-pass filtering (FFT-based, Gaussian filter, 
16 s windows) of the EEGs. Thresholding of the envelopes of 
the band-pass filtered recordings are performed by individual 
and derivation-specific amplitude criteria (see in more detail  
in 54–56). Spindle analyses were performed by a custom-made 
software tool for full night sleep EEG analysis (FerciosEEGPlus,  
© Ferenc Gombos 2008–2016). The software uses the 
above-mentioned IAM for spindle analysis and returns the indi-
vidual spindle frequency borders (min. Hz, max. Hz), the spin-
dle density (spindles/min), the average amplitude (μV), and the 
duration (average length in seconds) for slow and fasts spindles 
separately.

Statistical Analyses
Statistical analyses were carried out with SPSS 15.0 (Statistical 
Package for the Social Sciences, IBM) and R.57 Normality of data 
distribution was verified by the skewness and kurtosis indexes 
as well as one-sample Kolmogorov−Smirnov tests. A 2 × 2 × 
2 mixed-design analysis of variance (ANOVA) was applied to 
analyze recall performance with INSTRUCTION (Remember/
Forget) and SLEEP (Nap/Wake) as between-subjects variables 
and LIST (List 1/List 2) as a within-subjects factor. An addi-
tional 2 × 2 × 2 mixed-design ANOVA was applied to contrast 
participants with and participants without REM phase within 
the sleep group. Independent samples t tests were performed for 
post hoc analysis between the forget and remember groups and 
also between nap and wake conditions. Additionally, Pearson’s 
correlations and (if the normality assumption was violated) 
Spearman’s rank-order correlations were computed to verify if 
delta/sigma power as well as fast sleep spindles were associated 
with memory performance. To control for type 1 error produced 
by multiple correlations, we applied the Benjamini–Hochberg 
procedure to estimate false discovery rate (FDR)58 for the 
correlations with spectral power bands and for different elec-
trodes within each spindle parameter. EEG measures at mul-
tiple electrodes are expected to correlate positively, rendering 
a Bonferroni correction overly conservative. The Benjamini–
Hochberg procedure, on the other hand, is appropriate for both 
independent and positively correlated tests.

RESULTS

Behavioral Data
For recall rate, we found a significant LIST (List 1/List 2) × 
INSTRUCTION (Forget/Remember) interaction (F

1,108
 = 16.96, 

p < .001, partial η2 = 0.14), indicating that the applied manipu-
lation—the instruction to forget the first list—was successful in 

terms of differentiating the two subgroups by the recall perfor-
mance of the two lists. Post hoc tests showed that this interac-
tion was mainly driven by higher recall of List 2 words within 
the forget subgroup (Mean

remember
 = 36%, SD

remember
 = 23.6, 

Mean
forget

 = 47.8%, SD
forget

 = 23.1; t
110

 = −2.69, p = .008). The dif-
ference in recall rates for the List 1 words between the remember 
and the forget subgroups showed a trend (Mean

remember
 = 47.4%, 

SD
remember

 = 20.8, Mean
forget

 = 40.5%, SD
forget

 = 19.9; t
110

 = 1.77, 
p = .08) (Figure 1). This pattern indicates that the benefit 
was more pronounced than the cost of the directed forget-
ting instruction. No significant main effects of SLEEP (Nap/
Wake) and INSTRUCTION (Forget/Remember) emerged. The 
LIST × SLEEP interaction and the three-way LIST × SLEEP 
× INSTRUCTION interaction were not statistically significant.

In order to further explore the effect of directed forgetting 
within groups, we examined the Nap and Wake groups by two, 
separate 2 × 2 ANOVAs. The LIST × INSTRUCTION interac-
tion was significant in both the Wake (F

1,52
 = 4.24, p < .05) and 

Nap (F
1,56

 = 14.21, p < .001) groups. Within the Wake group the 
interaction explained a small portion, only 7% (partial η2) of 
the variance, whereas in the Nap group the explained variance 
reached 20%. Post hoc comparisons showed that the only sig-
nificant difference between the forget and remember subgroups 
emerged within the Nap group concerning the recall of List 2 
items (Mean

remember
 = 29%, SD

remember
 = 19.7, Mean

forget
 = 47.9%, 

SD
forget

 = 22.8; t
56

 = −3.37, p = .001). Difference in recall rate of 
List 1 within the Nap group (Mean

remember
 = 45.3%, SD

remember
 = 21, 

Mean
forget

 = 40.4%, SD
forget

 = 20.8; t
56

 = 0.91, p = .37) was not 
significant. In the Wake group, differences regarding List 1 
(Mean

remember
 = 49.6%, SD

remember
 = 20.8, Mean

forget
 = 40.7%, 

Figure 1—The amount of  recalled words (%) from List 1 and List 
2, after the 2-hour delay in the wake (in the left) and the sleep 
groups (in the right), and within these groups in the remember 
(dark gray bars) and forget subgroups (light gray bars). Significant 
interaction between the recall of  the two lists and the instructions 
(forget or remember) indicates the directed forgetting effect after 
a 2-hour delay in both groups (sleep and wake). The effect is 
mainly driven by the benefit of  directed forgetting—better recall 
for List 2 in the forget than in the remember subgroup—within 
the sleep group. Error bars represent 95% confidence intervals. 
Asterisks represent significance (p) of  independent samples t 
tests: **p < .001.
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SD
forget

 = 19.4; t
52

 = 1.622, p = .111) showed a trend, whereas 
the difference in the recall rate of List 2 (Mean

remember
 = 43.7%, 

SD
remember

 = 25.4, Mean
forget

 = 47.8%, SD
forget

 = 23.7; t
52

 = −0.61, 
p = .546) was not significant.

Directed Forgetting and Sleep Macrostructure
As shown in Table 1, there were no significant differences 
between the sleep architecture of the two subgroups (Forget 
and Remember). After examining the sleep macrostructure we 
found that only half of the participants reached REM state dur-
ing the nap. Given that naps with or without REM sleep might 
be functionally different, we performed an additional analy-
ses within the Nap group in order to compare the subgroup of 
participants who reached (N = 27) with the subgroup who did 
not (N = 27) reach REM phase by a 2 × 2 × 2 mixed-design 
ANOVA. The presence of REM (With REM/Without REM) and 
INSTRUCTION (Forget/Remember) served as between-sub-
ject variables and LIST (List 1/List 2) as a within-subject fac-
tor. The interaction of LIST × INSTRUCTION (F

1,50
 = 13.03, 

p < .001, partial η2 = 0.21) as well as the three-way interac-
tion of LIST × INSTRUCTION × REM (F

1,50
 = 5.41, p = .024, 

partial η2 = 0.10) were significant. The interaction was mainly 
due to higher recall rate of List 2 in the REM subgroup (see in 
Figure 2). In the subgroup without REM, the recall performance 
between the forget and remember subgroups did not differ (List 
1: Mean

remember
 = 46.2%, SD

remember
 = 26.6, Mean

forget
 = 40.7%, 

SD
forget

 = 21; t
25

 = 0.59, p = .55; List 2: Mean
remember

 = 36.2%, 
SD

remember
 = 21, Mean

forget
 = 38.6%, SD

forget
 = 22.1; t

25
 = −0.29, 

p = .77), whereas in the group with REM phase significant dif-
ference was found between the List 2 recall performance of the 
forget and remember subgroups (List 1: Mean

remember
 = 45%, 

SD
remember

 = 15.1, Mean
forget

 = 36.9%, SD
forget

 = 1.93; t
25

 = 1.22, 
p = .24; List 2: Mean

remember
 = 27.1%, SD

remember
 = 16.4, 

Mean
forget

 = 55.4%, SD
forget

 = 19.8; t
25

 = −4.05, p < .001). These 
effects remained significant irrespective of the duration of sleep 
as verified by a 2 × 2 × 2 analysis of covariance (ANCOVA), in 
which sleep duration was entered as a covariate in the model.

This pattern of results indicates that the directed forgetting 
effect was more pronounced within the group of participants 
that reached REM phase during the nap. Given that REM sleep 

seemed to be associated with the benefit of directed forgetting, 
we performed a correlation analyses within the REM group. 
Specifically, we examined the correlations between REM 
duration (min) and recall performance in the remember and 
forget subgroups. Significant correlation emerged between the 
time spent in REM and the recall rate of List 1 (r

14
 = 0.597, 

p = .024) in the remember subgroup. In the forget subgroup, 
REM duration positively correlated with the retention of List 

Table 1—Sleep Architecture in the Remember and Forget Subgroups.

Sleep measures (in minutes) Remember (N = 27) Forget (N = 28) Independent samples t test

Mean SD Mean SD t53 value p value

Sleep duration 70.27 24.54 70.87 23.95 −0.091 .928

Wake duration 31.05 19.94 32.13 21.57 −0.193 .848

Wake after sleep onset 22.68 17.86 20.69 16.28 0.432 .668

NREM duration 63.37 19.92 65.33 21.46 −0.351 .727

N1 duration 9.64 6.17 10.15 6.33 −0.304 .762

N2 duration 30.38 15.05 33.23 15.62 −0.687 .495

N3 duration 23.35 14.04 21.95 15.54 0.349 .729

REM duration 6.9 8.46 5.54 9.24 0.571 .571

NREM = non-rapid eye movement; REM = rapid eye movement.

Figure 2—The amount of  recalled words (%) from List 1 and List 
2 within the sleep group, of  those participants who reached both 
NREM and REM phase (With REM group), and of  those who only 
slept in NREM state (Without REM group). Dark gray bars repre-
sent the performance of  the remember subgroup and light gray 
bars the performance of  the forget subgroup, within each groups. 
Significant three-way interaction between the recall of  the two lists 
(List 1 and List 2), the instruction (forget or remember), and REM 
phase (with REM or without REM) emerged. As visualized, the 
directed forgetting effect was mainly due to the benefit of  directed 
forgetting—better recall for List 2 in the forget than in the remem-
ber subgroup—within the with REM group only. Error bars repre-
sent 95% confidence intervals. Asterisks represent significance (p) 
of  independent samples t tests: **p < .001. NREM = non-rapid eye 
movement; REM = rapid eye movement.
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2 (r
13

 = 0.625, p = .022) (see Figure 3). Duration of total sleep 
time, NREM sleep, S1, S2, or SWS duration were not asso-
ciated to memory performance. Correlations with REM dura-
tion remained significant after FDR correction for multiple 
comparisons.

Spectral Power and Sleep Spindles
To reduce the number of statistical tests, we performed a prin-
cipal component analyses for each traditional frequency band 
(delta, theta, alpha, sigma, beta) within the frontal (F3, F4, Fz), 
central (C3, C4, Cz), and parietal (P3, P4, Pz) sites, separately. 
Relative spectral power values weighted by their respective 
factor loadings were summed up in each region and frequency 
band. We analyzed correlations between relative spectral power 
and List recall within the two subgroups. No significant corre-
lations emerged within the remember subgroup, whereas in the 
forget subgroup sigma activity was associated with recall per-
formance. Central (r

27
 = 0.492, p = .011), Parietal (r

27
 = 0.489, 

p = .011), and Frontal (r
27

 = 0.364, p = .067) sigma power were 
positively correlated with the recall of List 2 words. Delta power 
was not correlated with memory performance. Correlation with 
the other frequency bands was not significant with the retention 
of List 1 or List 2 after the correction for multiple compari-
sons, but correlations with Central and Parietal sigma power 
remained significant after FDR correction.

Regarding sleep spindles, no significant correlations were 
found between fast spindle activity (duration, density, and 
amplitude) and word retention of any of the lists within the 
remember subgroup. Within the forget subgroup, however, 
the amplitude of fast spindles was positively correlated with  
the recall performance of both lists. In case of List 1, this cor-
relation was more pronounced at midline areas (Fz, C3, Cz, Pz 
[r

27
 ~ 0.367–0.441, p ~ .021 to .06]), and for List 2 it centered 

mainly around parieto-central sites (C3, Cz, P3, Pz, P4 [r
27

 ~ 
0.375–0.531, p ~ .004 to .054]). However, after the correction 
for multiple comparisons, these correlations (except from the 
association between spindle amplitude at P3 derivation and List 

2) showed only trends. Correlations with spindle amplitude at 
prominent electrode sites are visualized in Figure 4.

Gender Effects
Due to the substantial gender differences in our sample, we 
verified if these effects were influenced by the distribution 
of gender. No interaction of GENDER × INSTRUCTION 
× LIST (F

1,104
 = 0.002, p = .966) or GENDER × SLEEP × 

INSTRUCTION × LIST (F
1,104

 = 0.693, p = .407) emerged 
indicating that gender did not modulate to the effect of directed 
forgetting. Moreover, due to previously reported sexual dimor-
phism concerning the relationship between cognitive function-
ing and sleep spindles,48 we examined the correlations between 
spindle amplitudes and word retention in males and females, 
separately. Gender did not influence the correlations between 
fast spindle amplitudes and memory performance.

DISCUSSION
The aim of the present study was to examine the consolidation 
of relevant and irrelevant memories after a 2-hour delay that 
involved a daytime nap or an equivalent amount of time spent 
awake with the aid of the list-method directed forgetting para-
digm. Our results indicate that the directed forgetting effect—
relatively decreased retention of the first list and increased 
retention of the second list in the forget group compared to the 
remember group—emerges after a 2-hour delay spent awake. 
This effect was also evident and even more pronounced (on a 
descriptive level) if participants spent an afternoon nap between 
the learning and recall sessions. Moreover, memory perfor-
mance within the forget subgroup was associated with specific 
oscillatory patterns (sigma power and posterior fast spindle 
amplitude) of NREM sleep as well as with the duration of REM 
sleep. More specifically, the recall rate of the to-be-remembered 
words was predicted by higher spindle amplitude, higher sigma 
power, and longer REM duration. Whereas the recall rate of the 
to-be-forgotten words was only correlated with higher spindle 
amplitude. Interestingly, in case of the remember subgroup in 
which participants considered both lists equally relevant for sub-
sequent recall, only REM duration was associated (positively) 

Figure 3—The association between the number of  recalled words 
from List 1 and REM duration (min) within the remember group 
(on the left), and the association between the number of  recalled 
words from List 2 and REM duration (min) within the forget sub-
group (on the right). p values indicate significance values before 
FDR correction. FDR  =  false discovery rate; REM  =  rapid eye 
movement.

Figure  4—The relationship between number of  recalled words 
from List 1 (on the left) and List 2 (on the right) and fast spindle 
maximum amplitude on two prominent electrodes, within the forget 
subgroup. p values indicate significance values before FDR cor-
rection. FDR = false discovery rate.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article-abstract/40/3/zsw

076/2732008 by M
ax Planck Inst Fur Psychiatrie user on 16 D

ecem
ber 2019



7SLEEP, Vol. 40, No. 3, 2017 Benefit of Directed Forgetting—Blaskovich et al.

with the recall of the first list. Given that in our sleep group only 
half of our participants reached REM sleep, we inspected the 
behavioral data of participants that did with the ones that did 
not exhibit REM sleep during the nap. These additional analy-
ses revealed that the benefit of the directed forgetting instruc-
tion, that is, relatively enhanced recall of the to-be-remembered 
(relevant) words, seemed to be dependent on the presence of 
REM phase, irrespective of the total amount of sleep.

Our results are in line with earlier findings indicating that 
memories may not equally benefit from sleep. Off-line memory 
consolidation seems to be a selective process prioritizing certain 
memories over others.50 Recent studies indicate that sleep-de-
pendent memory consolidation is facilitated if the memory is 
perceived as relevant.14–16,59,60 Accordingly, participants within 
the forget subgroup considered exclusively the second list as 
relevant, and the benefit of the directed forgetting instruction, 
that is, relatively higher recall of relevant words, only emerged 
within the sleep group, specifically in the subgroup that reached 
REM phase. This finding corroborates results of previous stud-
ies focusing on the consolidation of relevant material and 
emphasizes the role of REM sleep in the process of selective 
memory consolidation.37

Our results indicate that the forget instruction within the sleep 
group has no significant effect on the retention of the to-be-for-
gotten list (ie, the recall of the first list, reflecting the “cost”), 
only on the to-be-remembered list (ie, the second list, reflecting 
the “benefit”). These findings indicate that sleep protects rele-
vant memories from forgetting, but does not seem to increase 
forgetting of irrelevant memories. This pattern of recall perfor-
mance is in line with earlier studies using different memory 
paradigms, indicating that sleep exerts a positive influence on 
the retention of to-be-remembered items, but does not reduce 
the accessibility of to-be-forgotten ones.22,60

Given that sigma power and spindle amplitude reflect overlap-
ping sleep EEG indices, their positive correlation with memory 
performance is in line with previous data showing that sleep spin-
dles are associated with memory consolidation and related cog-
nitive abilities.56,61–63 Moreover, these results are coherent with 
studies indicating that fast spindle activity—mainly at the poste-
rior areas—has a prominent role in the consolidation of relevant 
information.22,64 However, we should note that spindle amplitude 
within the forget group was also correlated with the recall of the 
to-be-forgotten list, suggesting that the relationship between selec-
tive memory consolidation and sleep spindling is more complex.

To the best of our knowledge, only one previous study applied 
the present procedure (the list-method directed forgetting par-
adigm) to examine the influence of sleep on intentional forget-
ting.23 In sharp contrast to our results, Abel and Bäuml23 found 
that nocturnal sleep eliminated the directed forgetting effect, 
whereas it was still present after a same amount of time spent 
awake. In contrast, in our study, the same recall pattern emerged 
after both sleep and wakefulness. Moreover, the explained var-
iance of the recall rate of List 1 and List 2 due to the forget 
instruction was larger within the sleep group. The discrepancies 
between the results of these two studies could be explained by 
differences in the applied methods.

First of all, in Abel and Bäuml’s23 experiment, 16 words were 
used per list in the study phase that included two learning cycles 
from which 8 target words were randomly selected for the recall 

phase (initial letter cued recall). Only the recall performance 
of these 8 words was than included in the data analysis. In our 
experiment, all the words (10) which were studied were tested 
(in a free recall task) and analyzed. The most striking difference 
between the present study and Abel and Bäuml’s23 works was 
the specific form of final testing. In the present study, partic-
ipants were cued by the context of study lists (recalling items 
from List 1 or List 2), and this kind of instruction might allow 
participants to rely more on the temporal and spatial context of 
the study list, and consequently to use intra-list relational pro-
cessing during free recall.65,66 In contrast, in Abel and Bäuml’s23 
study, the initial letters of target items were used as cues that 
might have facilitated the accessibility of item-specific infor-
mation instead of relational, contextual aspects.65

Additionally, the sleep group in Abel and Bäuml’s23 study 
spent a whole night sleep at home, whereas our participants 
slept during the afternoon in the sleep laboratory. Daytime nap 
and nocturnal sleep are considerably different in their length 
and the variability of their architecture, which render compari-
sons difficult. Furthermore, the possibility still remains that the 
directed forgetting effect lasts through a short time of (2 hours) 
delay, but disappears in the long term (12-hour delay) due to 
nighttime sleep. Further investigations are still needed to clarify 
the long-term effects of directed forgetting.

Finally, Abel and Bäuml’s23 participants were sleeping at 
home, whereas our participants spent their nap in the labo-
ratory. We might speculate that a laboratory nap spent in the 
same place where learning and recall occurs could exert a qual-
itatively different influence on off-line memory reprocessing 
than a sleep spent in another context. We might assume that 
the similar environmental context might have boosted memory 
reactivation processes during sleep. Following this logic (given 
that our participants of the wake group left the laboratory after 
learning), we cannot exclude that such contextual effects atten-
uated the directed forgetting effect in the awake group.

Our results are consistent with the “active consolidation 
theory,”1,37 which implies that both NREM and REM sleep 
contribute to the consolidation of newly encoded memories. 
According to this theory, coalescent oscillations during NREM 
sleep (including cortical slow oscillations, thalamo-cortical 
spindles, and hippocampal sharp wave-ripples) facilitate cor-
tical plasticity, more specifically, the reactivation and integra-
tion of newly acquired (hippocampal-dependent) memories 
into preexisting (neocortex-dependent) long-term memories.67 
Furthermore, the theory assumes that after the redistribution of 
hippocampus-dependent memories into neocortical networks 
(system consolidation) memories are strengthened during REM 
state, due to plasticity-related early-gene activity fostering 
synaptic consolidation.1 We might speculate that the associa-
tions between sigma power/spindles and memory performance 
reflect the process of spontaneous reactivation, whereas asso-
ciations with REM duration indicate the process of strength-
ening; however, future studies manipulating the extent of sleep 
spindling and REM sleep should directly verify or refute these 
assumptions.

Interestingly, sigma power and spindle amplitude were asso-
ciated to memory performance exclusively within the forget 
subgroup, whereas only REM duration emerged as a positive 
correlate of word retention within the remember subgroup. 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article-abstract/40/3/zsw

076/2732008 by M
ax Planck Inst Fur Psychiatrie user on 16 D

ecem
ber 2019



8SLEEP, Vol. 40, No. 3, 2017 Benefit of Directed Forgetting—Blaskovich et al.

Differences in memory processes operating in the forget and 
remember subgroups68 could provide a possible explanation for 
this discrepancy. Whereas participants in the remember sub-
group perceive both lists as relevant, individuals within the for-
get subgroup consider the first list as irrelevant and the second 
as relevant.18 Additionally, the forget instruction might generate 
two different contexts for the two lists that might function as 
contextual “tags” during encoding.69 Conversely, in case of the 
remember subgroup, the same instruction is attached to both 
lists, and hence, it is less likely that the two lists are encoded as 
separate episodes with different contextual information.

It is tempting to speculate that in case of the forget subgroup 
correlations with sigma power/spindle amplitude (with List 1 
and List 2 words) reflect sleep-dependent spontaneous reacti-
vation of memory elements indexed by their contextual “tags” 
(process of system consolidation). These contextual tags might 
facilitate the differentiation of relevant and irrelevant materials, 
from which the former could be strengthened by subsequent 
REM periods (process of synaptic consolidation). Thus, within 
the forget group, the positive association between REM duration 
and the retention of the relevant list (List 2) might index synap-
tic strengthening that operates on memories tagged as relevant. 
Although the mechanism underlying the list-based directed for-
getting effect is far from being clarified,24,27 studies indicating 
that sleep and sleep-specific oscillations preferentially facilitate 
contextual (and hippocampus-dependent) memories are in line 
with the above assumption.33,35,36

Within the remember subgroup, however, REM duration 
was associated with the retention of the first list, and no 
correlations with sigma/spindle amplitude emerged. We can 
assume that in this case, due to the lack or lower availability 
of different contextual tags, relatively enhanced consolida-
tion of the first list might reflect list primacy effect,70 that 
is, superior reactivation of the first list of words as a conse-
quence of building up proactive interference.71 Moreover, a 
subsequent REM sleep could strengthen the consolidation of 
these reactivated memory elements. The influence of REM 
sleep in the consolidation of repeatedly reactivated memories 
was evidenced in a study by Fischer and colleagues.60 This 
study examining the think/no-think paradigm in relation to 
sleep showed that REM-rich sleep strengthened the consoli-
dation of items that were instructed to be suppressed but were 
presented multiple times. Multiple presentations of the items 
might have strengthened the memory elements and REM 
sleep could have contributed to the consolidation of repeat-
edly reactivated memories.60

In contrast to previous studies,15 delta power did not predict 
the retention of the relevant list. Although slower oscillations 
might have a beneficial influence on memory consolidation dur-
ing a nocturnal sleep,1 we should note that a daytime nap mainly 
contains epochs of Stage 1 and Stage 2 and only short periods 
of SWS.72 In healthy individuals, the presence of SWS during 
nap is highly variable between subjects in contrast to the rela-
tively robust ratio of SWS during nighttime sleep. Given that 
delta activity is mainly present during SWS, delta power might 
play a less prominent role in memory consolidation during nap 
than during nighttime sleep.

Although we suggest that the presented correlations between 
memory performance and sleep EEG indices reflect processes 

of memory consolidation, this interpretation needs to be treated 
with caution. Due to the design of the list-based directed for-
getting task, a pre-sleep test was not possible and hence, the 
correlations between word retention and EEG markers might 
not exclusively reflect sleep-dependent memory consolidation, 
but also trait-like measures such as general learning capac-
ity.73,74 The separation of state-like and trait-like effects on sleep 
EEG oscillations is also hindered by the lack of an adaptation 
nap. The inclusion of a baseline nap might have allowed us to 
examine how learning and directed forgetting instruction influ-
ence sigma power, sleep spindles, or REM sleep. Moreover, the 
time period that the awake participants spent between learning 
and recall was not standardized (they could return to their daily 
activities), making the wake group less homogeneous, and the 
influence of interference less controlled. Nevertheless, an inter-
ference-based interpretation cannot fully explain the pattern 
of results that we have obtained. Interference might generally 
reduce the retention of previously encoded items; therefore, 
we should expect a main effect of group (better memory per-
formance in the sleep group on a global level, regardless of 
the effects of the forget instruction), but our findings indicate 
otherwise.

We aimed to minimize the effects of sleep inertia within 
the sleep group, delaying the recall session by 10 minutes 
after awakening. Sleep inertia was originally reported to be a 
short-lasting phenomenon75–77; however, others argued that it 
could extend up to an hour. Nevertheless, long-lasting effects of 
sleep inertia were reported mainly after extended wakefulness, 
evening naps (due to circadian effects), or in studies focusing 
on alertness and reaction times.50 Although these factors were 
not present in our study, the influence of sleep inertia should be 
investigated in further experiments.

In spite of these limitations, to the best of our knowledge, this 
is the first study that examined the directed forgetting effect 
(using a list-based paradigm) after a daytime nap in relation to 
sleep stages and sleep-specific cortical oscillations. In sum, our 
findings indicate that the benefit of directed forgetting persists 
after a 2-hour delay spent asleep. Furthermore, sleep-specific 
oscillations (sigma activity and sleep spindles) and REM sleep 
seem to play a prominent role in the facilitation of declarative, 
contextualized memory processing.
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L E T T E R  T O  T H E  E D I T O R

The pathophysiology of nightmare disorder: Signs of impaired 
sleep regulation and hyperarousal

Gieselmann and colleagues published an important consensus paper 
recently in Journal of Sleep Research on the aetiology and treatment 
of nightmare disorder (Gieselmann et al., 2019). We are glad to see 
this comprehensive review, and congratulate the authors for their 
goals to highlight and efforts to integrate the different and not 
evidently related physiological and psychological aspects of night‐
mare disorder. Such reviews are quite timely, given the high prev‐
alence (Sandman et al., 2013) and clinical relevance (van Liempt, 
van Zuiden, Westenberg, Super, & Vermetten, 2013; Swart, Van 
Schagen, Lancee, & Van Den Bout, 2013) of frequent nightmares.

Although	 the	main	 focus	 of	 the	 review	 paper	 is	 on	 the	 treat‐
ment options of nightmare complaints, the authors mention some 
of the aetiological factors that may contribute to nightmarish ex‐
periences, such as the role of hyperarousal as a putative mecha‐
nism in the pathophysiology of nightmare disorder. In comparison, 
the authors mention insomnia disorder, which received much more 
attention	with	respect	to	empirical	research.	According	to	seminal	
studies, hyperarousal plays a key role in the pathophysiology of in‐
somnia (Riemann et al., 2010; Wei et al., 2016; de Zambotti et al., 
2019). Consequently, a sleep complaint that was previously defined 
and treated on the basis of subjective reports is now viewed as a 
complex disorder with identifiable neural correlates. The shift from 
the subjective level to the objective, physiological markers of insom‐
nia increased our understanding of the dysfunctional neural back‐
ground	 (Riemann,	Kloepfer,	&	Berger,	2009;	Riemann	et	al.,	2015)	
and daytime consequences of insomnia (Baglioni, Spiegelhalder, 
Lombardo, & Riemann, 2010), and shed new light on the intricate 
relationship between sleep complaints and psychiatric disorders 
(Harvey, 2008).

We believe that a similar shift in perspective would be highly 
beneficial to the field of nightmare research. Current diagnostics 
(based on self‐report questionnaires) and treatment protocols (e.g. 
Imagery Rehearsal Therapy) presented in the review of Gieselmann 
et al. (2019) suggest that nightmare disorder is mainly a subjective 
complaint that can only be captured by the subjective reports of the 
patients. This idea is supported by the lack of evidence presented 
in the review concerning sleep microstructural abnormalities in 
nightmare disorder. The authors propose that future studies are 
warranted to “clarify whether phenomena such as (micro‐) arousals 
during REM sleep and REM sleep fragmentation […] are also ob‐
served in nightmares” (Gieselmann et al., 2019, p. 9). Here, we would 
like to highlight some of the already existing studies on the patho‐
physiology of nightmare disorder, that in fact suggest that enhanced 

hyperarousal and impaired sleep regulation are prominent features 
of this sleep disorder.

First of all, a sleep laboratory study (Simor, Horváth, Gombos, 
Takács, & Bódizs, 2012) that compared the sleep architecture of 
17 nightmare sufferers and 23 healthy controls reported reduced 
slow‐wave sleep and more nocturnal awakenings in the nightmare 
group regardless of confounding factors of waking psychopathology 
(anxiety	and	depressive	symptoms).	Altered	sleep	architecture	and	
impaired sleep continuity, however, were not consistently evidenced 
in the other few studies that involved laboratory or home‐based 
electroencephalographic assessments of nightmare sufferers and 
matched controls (Nielsen & Carr, 2017).

In subsequent analyses of the same sample that participated 
in the above sleep laboratory study (Simor et al., 2012), we exam‐
ined the extent of microarousals by the cyclic alternating pattern, 
and showed that nightmare sufferers exhibited relatively less delta 
bursts and patterns of synchronised slow‐frequency oscillations 
(A1	subtypes),	as	well	as	more	arousals	of	mixed‐	and	high‐frequen‐
cies	 (A2	and	A3	 subtypes)	 compared	with	 controls	 (Simor,	Bódizs,	
Horváth, & Ferri, 2013). We proposed that a reduced proportion 
of synchronised delta bursts and the increase in mixed‐ and fast‐
frequency oscillations indicated abnormal arousal processes in 
nightmare participants; more specifically, an imbalance in sleep‐pro‐
moting and arousing mechanisms during non‐rapid eye movement 
(NREM) sleep.

The regulation of sleep and arousal is intimately related to the 
homoeostatic pressure and ultradian dynamics of nocturnal sleep. 
More specifically, sleep regulation is increased during the de‐
scending phases of sleep, whereas arousal‐related activity is more 
prominent during the ascending slopes, especially in NREM to 
rapid eye movement (REM) transitions. Therefore, in subsequent 
analyses contrasting the polysomnographic data of 21 nightmare 
participants	and	19	controls,	we	 focused	on	8–13 Hz	alpha	band	
power as a marker of arousal‐related activity during pre‐REM 
periods as compared with post‐REM ones. Nightmare sufferers 
compared with controls exhibited increased alpha power during 
pre‐REM periods (10‐min‐long segments preceding REM sleep), 
but no differences emerged with respect to alpha power in post‐
REM, or stable, non‐transitory periods across the groups (Simor 
et	al.,	2014).	This	finding	indicates	that	nightmare	sufferers’	sleep	
is particularly compromised and more vulnerable to disruption 
during NREM to REM transitions characterised by generally lower 
arousal thresholds, “in contrast to the descending, post‐REM 
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periods, when due to the reduction in REM sleep pressure, and the 
reinstatement of sleep‐promoting influences, the brain gradually 
advances into deeper and less fragile sleep stages” (Simor et al., 
2014,	p.	63).

Other studies focusing on different parameters of arousal‐re‐
lated activity also indicate abnormal arousal processes in individuals 
having frequent nightmares. For instance, a recent study reported 
enhanced heartbeat‐evoked potential during REM sleep in nightmare 
patients compared with healthy controls (Perogamvros et al., 2019), 
indicative of increased arousal and sensory processing during REM 
sleep.	As	regarding	objective	measures	of	autonomic	activity,	some	
studies examined heart rate variability (HRV) in idiopathic nightmare 
disorder (Nielsen et al., 2010; Perogamvros et al., 2019; Simor et al., 
2014).	 Indices	of	HRV	reflecting	sympathetic	and	parasympathetic	
influences on cardiac activity were somewhat inconsistent and ap‐
pear to be influenced by state‐like factors. More specifically, night‐
mare sufferers exhibited impaired parasympathetic regulation in one 
study that analysed the second night spent in the laboratory (Simor 
et	al.,	2014),	and	another	study	revealed	reduced	parasympathetic	
cardiac activity during the (third) recovery night after sleep depri‐
vation, but no differences during the first, adaptation night (Nielsen 
et al., 2010). In accordance with this finding, a more recent study did 
not find significant differences in HRV between nightmare patients 
and controls based on a single (first night) recording.

In sum, in line with the assumptions of Gieselmann et al. (2019), 
previous studies indicate altered arousal‐related activity in night‐
mare disorder. Future studies should explore the specificity of 
these markers, as well as the overlaps and differences with the 
neurophysiological markers found among insomnia patients. We 
agree that nightmare disorder is a complex phenomenon that can 
be examined from different perspectives far beyond the physiol‐
ogy of sleep. Nevertheless, clinical approaches may also benefit 
from a more profound understanding of the pathophysiology of 
nightmare disorder. For instance, changes in biological markers 
(e.g. cortical oscillations, arousals, cardiac activity, heartbeat‐ 
evoked potentials) could help to evaluate treatment response in 
patients undergoing therapy.

Finally, we should note that nightmare patients (such as insom‐
nia patients) might be largely heterogeneous and show remarkable 
variability in sleep physiology, affective dysregulation and person‐
ality factors. The challenge of future research is to examine how 
these factors may interact and contribute to this peculiar sleep 
disorder.
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Abstract
Study Objectives: Frequent nightmares have a high prevalence and constitute a risk factor for psychiatric conditions, but their pathophysiology is poorly understood. 

Our aim was to examine sleep architecture and electroencephalographic markers—with a specific focus on state transitions—related to sleep regulation and 

hyperarousal in participants with frequent nightmares (NM participants) versus healthy controls.

Methods: Healthy controls and NM participants spent two consecutive nights in the sleep laboratory. Second night spectral power during NREM to REM sleep (pre-

REM) and REM to NREM (post-REM) transitions as well as during NREM and REM periods were evaluated for 22 NM participants compared to 22 healthy controls with 

a similar distribution of age, gender, and dream recall frequency.

Results: We found significant differences between the groups in the pre-REM to post-REM changes in low- and high-frequency domains. NM participants 

experienced a lower amount of slow-wave sleep and showed increased beta and gamma power during NREM and pre-REM periods. No difference was present 

during REM and post-REM phases. Furthermore, while increased pre-REM high-frequency power seems to be mainly driven by post-traumatic stress disorder (PTSD) 

symptom intensity, decreased low-frequency activity occurred regardless of PTSD symptom severity.

Conclusion: Our findings indicate that NM participants had increased high-frequency spectral power during NREM and pre-REM periods, as well as relatively 

reduced slow frequency and increased fast frequency spectral power across pre-and post-REM periods. This combination of reduced sleep-protective activity and 

increased hyperarousal suggests an imbalance between sleep regulatory and wake-promoting systems in NM participants.
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Statement of Significance

The prevalence of frequent nightmares is high in the general population and in psychiatric samples, but their pathophysiology remains 
poorly understood. Our results show reduced low frequency and increased high-frequency electroencephalogram (EEG) activity in pre-REM 
periods that normalizes to post-REM periods. Increased power in the higher frequencies during pre-REM sleep correlated to subjective 
post-traumatic stress disorder (PTSD) symptom severity, whereas reduced low-frequency activity occurred regardless of PTSD severity. 
Understanding the pathophysiology of frequent nightmares is highly relevant for the identification of treatment targets for nightmares, 
and could lead to a better understanding of the sleep pathophysiology of PTSD. Finally, our analyses show that it is methodologically bene-
ficial to focus sleep analyses on sleep state transitions, such as the highly active pre-REM and the more quiescent post-REM sleep stages.
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Introduction

Nightmares are highly unpleasant mental experiences during 
sleep that typically end in abrupt awakenings. At awakening, 
the individual is quickly alert and able to recall a vivid and 
emotionally negative dream experience [1, 2].The prevalence 
of having frequent nightmares is surprisingly high, reaching 
approximately 5% in the general population [3–6]. Frequent 
nightmares are associated with disturbed sleep [7–11], fear for 
sleep [12], impaired daily functioning [13], and correlate with 
a wide variety of pathological conditions such as depressive 
and anxiety symptoms [14] and psychotic-like symptoms [15]. 
Furthermore, sleep complaints and nightmares constitute as 
one of the main symptom of post-traumatic stress disorder 
(PTSD), which are hypothesized to derive from impaired regula-
tion of sleep and arousal that leads to hyperarousal and inter-
feres with the restorative capacity of sleep [16–19]. Nightmare 
disorder is categorized as a separate sleep-wake disorder in the 
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 
(DSM-5) [1], although it is generally not a main focus of atten-
tion among health professionals [10, 20]. This is unfortunate as 
nightmares are extremely common (around 30%) among psy-
chiatric patients [11] and related to more severe psychopatho-
logical profiles [21].

Notwithstanding this high prevalence and impact, the 
pathophysiology of nightmares remains elusive due to a lack 
of experimental data. Nightmares tend to occur less frequently 
in the sleep laboratory setting [22] or even when measured with 
polysomnography in the clinic [13]. Yet some previous work 
has revealed that nightmares are associated with increased 
rapid eye movement (REM) density [23] and seem to predom-
inantly—but not exclusively—occur during REM sleep [24, 25]. 
Polysomnographic studies focusing on the macro- and micro-
structure of sleep in individuals with frequent nightmares have 
been rather inconsistent. Some reported irregularities during 
REM phase, such as increased spectral power in high alpha 
activity [26] or larger heartbeat evoked potentials [27], others 
show more pronounced abnormalities during non-rapid eye 
movement sleep (NREM), for instance, reduced amount of slow-
wave sleep (SWS) [28] or increased electroencephalogram (EEG) 
desynchrony and predominantly rapid low-voltage activity [29] 
(measured by increased cyclic alternating pattern [CAP] A2 and 
A3 subtypes). Additionally, other studies are reporting changes 
in a more global sense, for example generally fragmented sleep 
architecture [28] or increased slow theta power during sleep 
[30]. In a previous study on individuals with frequent night-
mares, particular interest has been given to NREM to rapid eye 
movement sleep (REM) transitions, a highly instable state that 
appears to be particularly vulnerable for intrusions of “wake-
like activity” during sleep [31, 32].

In the present study, we examined the sleep architecture, 
as well as the EEG markers of sleep regulation and arousal-
related cortical activity in a group of participants with fre-
quent idiopathic nightmares (NM participants) compared to a 
group of healthy controls. To better quantify sleep fragmenta-
tion we addressed NREM to REM (pre-REM) transitions—when 
there is already a predisposed vulnerability for higher vigilance 
states disrupting sleep continuity [33]—and compared these 
with REM to NREM (post-REM) transitions. We also analyzed 
REM and NREM periods separately. Based on previous studies 

investigating sleep characteristics of individuals with frequent 
idiopathic nightmares [28, 30] a globally distributed reduction 
in slow frequency power (delta) was hypothesized during NREM 
phase in the NM participants compared to the control partici-
pants. Furthermore, this difference was expected to be present 
mainly during the fragile state transition periods (especially 
during pre-REM periods).

Methods and Materials

Participants

Participants were recruited from a pool of students of the 
Budapest University of Technology and Economics and the 
Eötvös Loránd University, and through advertisements in social 
media. NM participants and controls were selected after com-
pleting an online screening questionnaire that included items 
concerning sleep quality [34–36], dream recall frequency [37] 
(DRF), nightmare and bad dream frequency [26] to assess sleep 
disturbances. Alcohol intake, mind-wandering experiences [38], 
along with standardized questionnaires and items focusing on 
psychological well-being [39, 40], previous and current neuro-
logical, psychiatric, and chronic somatic diseases and regular 
medication consumption were measured. Inclusion criteria for 
the NM participants were based on the frequency of both typ-
ical nightmares leading to awakenings as well as so-called bad 
dreams that do not lead to abrupt awakening, in line with the 
ongoing debate questioning the awakening criterion for night-
mares [14, 41] (see Supplementary Table S1 for the cross table of 
the detailed group split). Individuals reporting: (1) to remember 
their dreams more than 2–3 times/month; (2) 2–3 nightmares/
months (NM participants) or less than 2–3 nightmares/year 
(controls); (3) at least one bad dream/week (NM participants) 
or not more than 1 bad dream/months (controls); (4) no prior 
history of neurological, psychiatric, or chronic somatic disorder; 
(5) moderate alcohol intake (not more than once/week); (6) no 
regular medication (except contraceptives) were invited to take 
part in a first interview with a psychologist. During this inter-
view, participants were questioned about recent potential trau-
matic experiences (in the last 5 years) as well as the frequency 
and quality of their nightmares to exclude individuals with re-
cent traumatic experiences and with trauma- or acute stress-
related nightmares.

After the screening, 50 participants (26 controls, 24 NM par-
ticipants) were invited to take part in the experiment. One par-
ticipant left the experiment after the first night, and the data of 
five additional participants were not included in the final data 
analyses (three of the recordings were too noisy for spectral ana-
lysis, in one participant we identified comorbid night terrors, 
and one control participant had insufficient amount of sleep 
(sleep efficiency < 60%) on the experimental night). Finally, 22 
NM participants and 22 controls (Table 1) were included in the 
present study. University students participated for partial course 
credits and participants not enrolled in the universities received 
monetary compensation (approximately 45€ in Hungarian for-
ints). The study protocol was approved by the United Ethical 
Review Committee for Research in Psychology, Hungary (EBKEB 
2016/077), in line with the Declaration of Helsinki and written 
informed consents were obtained.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/advance-article-abstract/doi/10.1093/sleep/zsz201/5574411 by M

ax Planck Inst Fur Psychiatrie user on 16 D
ecem

ber 2019

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz201#supplementary-data


3 | SLEEPJ, 2019, Vol. XX, No. XX

Questionnaires

Selected participants completed the PTSD Checklist for DSM-5 
(PCL-5) to assess PTSD-like symptoms [42]. This 20-item self-
report measure that assesses DSM-5 symptoms of PTSD is suit-
able to screen individuals for PTSD, but from a dimensional point 
of view, also to quantify the severity of PTSD-like symptoms in 
clinical and subclinical populations [43]. For additional informa-
tion about lifetime traumatic experiences, participants filled out 
the Life Event Checklist for DSM-5 (LEC-5) [44]. This is a 17-item 
based self-report measure aiming to assess exposure to extra-
ordinarily stressful events. In addition, participants completed 
the Hungarian version of the Spielberger Trait Anxiety Inventory 
(STAI-T) [45]. To measure the extent of depressive symptoms, 
we used the short version of the Beck Depression Inventory (BDI-9) 
[46]. Furthermore, subjective sleep quality was assessed before 
going to bed and after awakening by two 9-point Likert scales 
concerning the quality of sleep (“How did you sleep last night?”) 
and sleepiness (“How well rested do you feel now?”).

Procedure

Participants spent two consecutive nights in our sleep labora-
tory. They were asked to abstain from alcohol 24 hours prior 
to the study and to follow regular bedtimes as well as to avoid 
napping and consuming caffeine in the afternoon of the sleep 
recordings. Participants arrived to the laboratory between 09:00 
pm and 10:30 pm. Bedtimes were scheduled between 10:00 pm 
and 11:30 pm, adjusted to the preference of each participant. 
Participants were awakened after at least 7 hours of sleep, be-
tween 07:00 am and 08:00 am. Upon awakening, participants 
were asked to answer additional questions of sleep quality and 
sleepiness (see above). The same procedure was repeated on the 
second night with the addition of an extra task before the EEG 
application. In this task, participants were shown a set of nega-
tive and neutral IAPS (International Affective Picture System 
[47]) pictures. Subjective ratings (valence and arousal), as well as 
physiological data (skin conductance response and heart rate), 
were collected during the task. The procedure and the results 
of these measurements will be reported elsewhere (Blaskovich 
et al. in preparation). The first night was used as an adaptation 
night, and here we analyzed only the data recorded during the 
second night.

Polysomnography

All participants were fitted with 17 EEG electrodes (F7, F8, F3, 
F4, Fz, T3, T4, C3, C4, Cz, T5, T6, P3, P4, Pz, O1, and O2) according 
to the 10–20 electrode placement system [48], referred to the 
mathematically linked mastoid (A1 and A2) electrodes. We used 

bipolar electromyography (EMG) placed on the chin, as well as 
electrooculography (EOG) and electrocardiography (ECG). Gold-
coated Ag/AgCl EEG cup electrodes were fixed with EC2 Grass 
Electrode Cream (Grass Technologies, Natus Manufacturing Ltd., 
Galway, Ireland). Data was recorded with Micromed SD LTM 32 
Bs (Micromed S.p.A., Mogliano Veneto, Italy) and SystemPLUS 
1.02.1098 software (Micromed Srl, Roma, Italy). Impedances 
were below 8 kΩ. Signals were collected, pre-filtered (0.33–1500 
Hz; 40 dB/decade anti-aliasing hardware input filter), amplified, 
and digitized with 4096 Hz/channel sampling rate with 16-bit 
resolution. Thenceforward, the pre-filtered, amplified and digi-
tized signal was downsampled at 512 Hz.

Sleep macrostructure and spectral power analysis

Sleep stages and conventional parameters of the second night 
were scored manually according to standardized criteria [49] by 
trained experts, blind to the membership of each participant. 
Recordings were visually inspected on a 4-second basis and seg-
ments with muscle- and technical-related artifacts were dis-
carded. Artifact-free, 50% overlapping, 4-second epochs were 
Hanning-tapered and Fast Fourier Transformed (FFT) in order to 
calculate absolute power spectral densities for each frequency 
bin between 1.25 Hz and 45 Hz for NREM (including Stage 2 
and Stage 3)  and REM sleep periods, separately [50]. Pre-REM 
periods were defined as 10-minute intervals of NREM sleep dir-
ectly before the onset of each REM period (except the last one). 
Accordingly, post-REM periods included similar 10-minute-long 
NREM epochs following the end of each REM period (except the 
last one that was usually followed by wakefulness). Due to the 
ultradian rhythm of sleep the amount of stage 2 (N2) and stage 
3 (N3) varied between every cycle across participants, however, 
regarding the proportion of these periods there was no differ-
ence between the two groups (for more detailed information see 
Supplementary Table S2, A–D). Band-wise spectral power was 
extracted by summing up bin-wise values into the traditional 
frequency ranges of Delta (1.25–4 Hz), Theta (4.25–8 Hz), Alpha 
(8.25–13 Hz), Sigma (13.25–16 Hz), Beta (16.25–31 Hz), Gamma 
(31.25–45 Hz) bands, and averaged across all channels.

Statistical analyses

Statistical analyses were carried out with R [51], MATLAB (ver-
sion 7.10.0.499, R2010a, The MathWorks, Inc., Natick, MA) and 
JASP [52]. Normality of the variables was assessed by the skew-
ness and kurtosis of data distribution, as well as by Shapiro-Wilk 
tests. Differences in sleep architecture and psychometric meas-
ures between NM participants and controls were evaluated by 
independent samples t-tests, Welch-tests (in case variances in 
the two groups were statistically different), or Mann–Whitney U 
tests (if the assumption of normality was violated). The issue of 
multiple comparisons (except for the bin-wise, single electrode 
comparisons) was addressed with the Benjamini-Hochberg pro-
cedure to estimate false discovery rate (FDR) [53]. Since the bin-
wise, single electrode comparison of pre- to post-REM contrast 
between the two groups entailed 2992 comparisons a different 
statistical and correctional approach was applied. In case of the 
bin-wise spectral power analyses, statistically significant differ-
ences across NM and control participants in each frequency bin 
and electrode site were corrected by cluster-based permutation 

Table 1. Age and gender of study participants

NM CTL

Gender M F M F

N 8 14 6 16
Mean (age) 22.25 23.29 22 21.63
SD (age) 1.488 3.795 1.095 2.062

NM = Nightmare participants; CTL = Control participants; M = Male; F = Female; 

N = Number of participants.
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tests as implemented in the Fieldtrip toolbox [54]. Cluster-based 
permutation testing is a frequently used procedure for the ana-
lyses of EEG data involving multiple frequencies and electrode 
sites, and is able to efficiently handle the issue of multiple com-
parisons [55]. In brief, in case of pre- to post-REM changes we 
performed two-sided independent samples t-tests for all data 
points (i.e. in each frequency bin and electrode sites). Clusters 
were defined if adjacent frequencies or locations showed signifi-
cant differences at the α level below .05. A cluster statistic was 
calculated for each identified cluster. The observed cluster stat-
istics were defined by the sum of all the t-values that formed a 
given cluster. The same process was repeated 1000 times by ran-
domly shuffling the data of NM and control participants using 
the Monte-Carlo simulation procedure implemented in Fieldtrip 
[55]. Here again, significant clusters were identified, cluster stat-
istics were extracted, and the largest cluster statistic of each 
permutation was used to create the probability distribution of 
clusters. Finally, the observed cluster statistics were tested (with 
an alpha value of 0.05) against the probability distribution of 
the largest clusters generated by the Monte-Carlo simulation. 
Furthermore, significant values apparent only at single channels 
or single bins were mentioned, but not considered as significant. 
We used this additional criterion to discard the confounding ef-
fects of potential artifacts. In order to compare pre-REM and 
post-REM periods across NM participants and controls we div-
ided the averaged power spectra of pre-REM periods with that of 
post-REM ones (Average Spectra of pre-REM / Average Spectra of 
post-REM) in case of each participant and compared these con-
trasts across NM participants and controls with bootstrap tests.

Band-wise spectral power differences across pre-REM and 
post-REM periods between NM participants and controls were 
examined by mixed Analyses of Variance (ANOVA) models after 
averaging band-wise power across all channels. We tested a 2 × 
2  × 6 ANOVA model including Phase (pre-REM, post-REM) and 
Band (Delta, Theta, Alpha, Sigma, Beta, Gamma) as within-subject 
factors, and Group (NM participants, controls) as a between-
subject factor. In addition, we ran Phase x Group ANOVAs for 
each frequency band, separately. Greenhouse-Geisser epsilon (ε) 

corrections were used if the Mauchly’s test indicated the viola-
tion of the assumption of sphericity. Original (uncorrected) de-
grees of freedom (df values) and corrected p values (if applicable) 
are reported together with partial eta-squared (η2p) as a measure 
of effect size. Additionally, the associations between psycho-
metric variables and band-wise, average EEG power within the 
NM subject and control group were examined by hypothesis-
driven, one-tailed Kendall’s tau B correlation coefficients.

Results

Psychometric variables and sleep architecture

Group differences (including test statistics and adjusted 
p-values) regarding psychometric measurements are presented 
in Supplementary Figure S3. NM participants scored higher 
on PTSD-like symptoms (PCL-5), whereas no significant group 
differences (only trends) emerged in case of anxiety (STAI-T) 
scores. Furthermore, group differences in traditional param-
eters of sleep architecture were calculated and are summarized 
in Table 2. According to these analyses, NM participants spent 
significantly less amount of time in SWS than controls. NM par-
ticipants spent apparently more time in Stage 1 (unadjusted 
p  =  .04); and had more awakenings during NREM sleep than 
controls (unadjusted p  =  .03); however, these differences were 
not significant after the correction for multiple comparisons. No 
other sleep parameters were significantly different across the 
groups.

Differences in spectral power

In order to examine changes between pre-and post-REM 
periods we divided the averaged power spectra of pre-REM 
periods with that of post-REM ones and compared these con-
trasts across NM participants and controls with bootstrap tests 
and cluster-based correction. As there was a significant dif-
ference between the two groups in SWS and relative spectral 
power can be highly confounded by delta power differences, we 

Table 2. Sleep architecture in nightmare and control participants

NM CTL
Independent samples t-test / 
Mann–Whitney U test(N = 22) (N = 22)

Mean SD Mean SD t42 or U value p value

Sleep duration (min) 439.318 38.195 440.167 41.847 −.07 .944
Sleep efficiency (%) 92.616 4.507 93.935 5.624 176 .344
Relative wake duration (%) 7.384 4.507 6.062 5.624 308 .344
WASO (min) 23.303 22.969 17.515 24.024 299 .351
Sleep latency (min) 12.333 13.186 11.379 10.134 220.5 .761
Relative NREM duration (%) 74.254 4.317 74.851 3.633 −.496 .761
Relative S1 duration (%) 3.881 3.428 2.175 1.623 323 .319+
Relative S2 duration (%) 48.592 4.825 46.797 4.111 1.328 .351
Relative SWS duration (%) 21.781 4.505 25.878 3.561 −3.347 .022*
NREM awakenings (#) 15.136 9.234 9.227 6.582 336.5 .054+
Relative REM duration (%) 25.746 4.317 25.15 3.633 .496 .761
REM latency (min) 101.031 46.004 94.985 37.516 259 .771
REM awakenings (#) 2.818 3.899 2.636 2.517 228 .744

p values corresponding to t-tests and Mann–Whitney U tests are corrected for multiple comparisons (Benjamini-Hochberg correction). NM = nightmare participants; 

CTL = Control participants; WASO = wake after sleep onset; S1 = Stage 1; S2 = Stage 2.

*Significant at p < .05 after FDR correction, + significant before FDR at p < .05, but not significant after FDR correction.
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analyzed the absolute spectral power. Figure 1 illustrates the 
ratio of this pre- to post-REM contrast between NM participants 
and controls. That is, the Average Absolute Power Spectra of 
pre-REM / Average Absolute Power Spectra of post-REM of the 
NM participants, divided by the Average Absolute Power Spectra 
of pre-REM / Average Absolute Power Spectra of post-REM of 
the controls. As Figure 1 shows, NM participants compared to 
controls showed reduced pre- to post-REM spectral power ratio 
within slow frequencies at all electrode sites between 1.25 
and 8 Hz. In addition, NM participants compared to controls, 
showed significantly increased pre- to post-REM power ratio 
in higher frequencies spanning between 15 and 31 Hz. In sum, 
NM participants exhibited relatively reduced slow frequency 
power along with relatively increased high-frequency power 
in pre-REM periods, whereas during post-REM periods, spectral 
power values in NM participants approximated the values of 
the control group.

To further investigate the dynamics of cortical activity, ab-
solute spectral power of pre- and post-REM NREM segments, as 
well as NREM and REM periods was analyzed post hoc by similar 
bin-wise cluster-based bootstrap statistics. Regarding pre-REM 
periods, NM participants compared to controls exhibited an 
increase in power spectra of the beta and gamma frequency 
ranges (between 26 and 45 Hz), on mainly temporal and frontal 
sites (Figure 2A). In post-REM periods, there was no significant 
difference between NM participants and controls. The contrasts 

of power spectra across NM participants and controls as well 
as corresponding statistical tests are presented in Figure 2B. In 
NREM sleep, NM participants compared to controls showed sig-
nificantly increased power spectra within the beta and gamma 
bands (between 20 and 45 Hz) throughout the scalp (Figure 3A). 
In REM sleep, there was no statistically significant difference 
across NM participants and controls (Figure 3B). In sum, NM 
participants exhibited an increase in high-frequency power in 
NREM and pre-REM periods.

Furthermore, band-wise spectral power differences between 
pre-and-post-REM periods were tested by a Phase × Band × Group 
mixed ANOVA model. This full model yielded significant main ef-
fects for Band (F5,210 = 425.05, p < .001, η2p = .91), Phase (F1,42 = 332.58, 
p < .001, η2p = .89), and Group (F1,42 = 7.37, p = .01, η2p = .15), as well as 
significant two-way (Band × Group: F5,210 = 9.72, p < .001, η2p = .19; 
Phase × Group: F1,42 = 17.84, p < .001, η2p = .3) and three-way (Band 
× Phase × Group: F5,210 = 18.72, p < .001, η2p = .31) interactions. In 
order to parse out these interactions, we performed separate 
ANOVAs for each frequency band. The effects of Group, Phase 
and of the interaction term are presented in the Supplementary 
Materials S4 and S5. In accordance with the bin-wise analyses, 
a significant interaction between Group and Phase emerged in 
case of the delta band, and in case of the theta, beta and gamma 
frequency bands the interaction showed trends. Delta power 
was increased during pre-REM periods, in comparison with 
post-REM ones; however, this increase was less apparent in NM 

Figure 1. Bin-wise differences in relative change from pre-REM to post-REM spectral power between nightmare and control participants. Relative change of spectral 

power from pre-REM to post-REM periods in nightmare (NM) vs. control (CTL) participants. The heatplot indicates the ratio of pre-REM/post-REM values across NMs/

CTLs. Black contour indicates significant clusters of bootstrap tests after cluster-based correction for multiple comparisons.
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participants as compared to controls (Supplementary Material 
S5). Group differences, that is, lower delta band power in NM 
participants is attributable to this relative decrease in pre-REM 
periods: the post hoc Mann–Whitney U-tests contrasting NM 
participants vs controls in pre-REM was: W  =  388, p < .001. In 
contrast, during post-REM periods, delta band power reached the 
values of the control group (W = 301, p = .17). In addition, inter-
actions between Phase and Group emerged in case of theta, beta 
and gamma bands, and remained at a trend level after FDR cor-
rection (see Supplementary Materials S4 and S5 for more detail).

Pre- and post-REM spectral power and PTSD 
probability

Although participants with recent (<5 years) traumatic experi-
ences and trauma-related nightmares were excluded during 
the interview, the included participants still reported varying 
levels of PTSD symptoms, and there was a significant differ-
ence in PCL-5 scores between the NM and control participants 

(Table 2). To further investigate this issue, the PCL-5 and LEC-5 
questionnaires were analyzed together (for the group alloca-
tions see Supplementary Table S6). Fifteen participants scored 
above the PCL-5 cutoff (33 points) [56] for increased PTSD prob-
ability, yet five of these participants reported no lifetime trauma 
or adversity. The remaining 10 participants did report lifetime 
adversity; however, this traumatic event did not occur in the last 
5 years, suggesting childhood/adolescent adversity (Mage = 22.3, 
SDage = 2.6). This points to a subgroup of participants with pos-
sibly undiagnosed PTSD.

All of these participants were in the NM group and this al-
lowed us to disentangle the effects on spectral power of having 
frequent nightmares (control versus NM participants without 
high PTSD probability) and of having high PTSD probability 
(NM participants with versus NM participants without high 
PTSD probability). In order to analyze the effect of subgroups 
on the changes between pre-and post-REM periods, we com-
pared the pre- to post-REM contrasts between NM participants 
without high PTSD probability and controls. Due to the rather 

Figure 2. Differences in absolute spectral power between NM participants and controls during pre-REM and post-REM sleep periods. (A) Absolute spectral power ratios 

(NM/CTL) in pre-REM periods for each frequency bin and every EEG channel. (B) Absolute spectral power ratios (NM/CTL) in post-REM periods for each frequency bin 

and every EEG channel. Black contour indicates significant clusters of bootstrap tests after cluster-based correction for multiple comparisons.

Figure 3. Differences in absolute spectral power between NM participants and controls during NREM and REM sleep. (A) Heatplot represents absolute spectral power 

ratio (NM/CTL) in NREM sleep for each frequency bin and every EEG channel. (B) Heatplot represents absolute spectral power ratio (NM/CTL) in REM sleep for each fre-

quency bin and every EEG channel. Black contour indicates significant clusters of bootstrap tests after cluster-based correction for multiple comparisons.
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Figure 4. Pre- and post-REM average gamma power correlations with PTSD-like symptoms within nightmare and control participants. Kendall’s tau B correlation co-

efficients (τ) and corresponding p values between gamma spectral power and PCL-5 scores in nightmare (NM) and control (CTL) participants during pre- and post-REM 

periods.

small sample sizes (NNM = 12, NCTL  =  22) Cohen’s d effect sizes 
are reported. Cohen’s d values were above 1 on all electrode 
sites in the delta and theta frequency bands (2.75–6 Hz), be-
tween 0.6 < d < 1 on frontal electrodes in the high-sigma, low 
beta bands (14.75–21 Hz) and below 0.3 in the gamma band (>34 
Hz) during pre- to post-REM changes (Supplementary Figure 
S7A). When comparing the pre- to post-REM contrast in NM 
participants with and NM participants without high PTSD prob-
ability Cohen’s d values spanned between 0.6 < d < 1 on all elec-
trode sites in the delta and theta band (2.75–6 Hz), in the beta 
band (16.75–22.75 Hz), as well as in the gamma band (>34 Hz) 
(Supplementary Figure S7B).

To further investigate subgroup differences a Phase (pre-
REM, post-REM) × Group (control, NM participants without and 
NM participants with high PTSD probability) repeated measures 
ANOVA was performed for delta, beta and gamma bands sep-
arately. Regarding delta, there was a significant main effect for 
Phase (F1,41 = 237.79, p < .001, η2p = .85) and for Group (F2,41 = 4.98, 
p = .01, η2p = .19) as well as a significant Phase x Group interaction 
(F2,41 = 9.39, p < .001, η2p = .31). The post hoc analysis of pre-REM 
phases showed a significant difference between NM partici-
pants without high PTSD probability and controls (t33  =  −3.44, 
p = .004, d = −1.21) as well as between the NM with high PTSD 
probability and controls (t31 = −2.61, p = .04, d = −.95), but no dif-
ference between the two NM subgroups (t21 = −.56, p = 1, d = −.27) 
for the delta band. For the beta band a significant main effect 
of Phase (F1,41 = 4.54, p =  .039, η2p =  .1), no main effect of Group 
(F2,41 = .23, p = .8, η2p = .01), but a significant Phase x Group inter-
action (F2,41 = 3.41, p = .04, η2p = .14) emerged; however, none of 
the groups differed significantly according to the post hoc tests. 
Lastly, regarding gamma there was a significant main effect of 
Phase (F1,41 = 22.47, p < .001, η2p =  .35), no main effect of Group 
(F2,41 = 2.23, p = .12, η2p = .1), and a trend for a significant Phase x 
Group interaction (F2,41 = 3.11, p = .06, η2p = .13). The only nominally 

significant group difference emerged between the NM partici-
pants with high PTSD probability and controls (t31 = 2.53, p = .05, 
d = 1.05) in the post hoc analysis of pre-REM periods. For figures 
for each analysis see Supplementary Figure S8. These results in-
dicate that the reduction of slow activity (delta) during NREM 
and pre-REM phase is more specific for having frequent night-
mares, whereas the increase of high-frequency spectral power 
(gamma) appears to be linked to symptoms of PTSD.

To further explore whether hyperarousal during sleep state 
transitions was associated with PTSD-like symptoms, Kendall’s 
tau B correlation coefficients were calculated between band-
wise spectral power in pre-and-post-REM periods and PCL-5 
scores, within each group separately (Figure 4). In the NM group 
PTSD-like symptoms correlated positively with Pre-REM (τ = .34, 
p = .01), but not with post-REM (τ = .14, p = .18) gamma power. 
No such association was found within the controls, neither in 
pre-REM (τ  =  −.09, p  =  .73), nor in post-REM periods (τ  =  −.14, 
p  =  .83). No additional significant correlations were found be-
tween PTSD-like symptoms and other frequency bands.

Discussion
In this sleep laboratory study, we examined a group of NM par-
ticipants and healthy controls on subjective measures and ob-
jective sleep parameters. As regarding the macrostructure of 
sleep, NM participants spent significantly less amount of time 
in SWS than controls. Spectral power also clearly differentiated 
the two groups: in NREM and pre-REM sleep, NM participants 
exhibited increased fast frequency power (within the beta and 
gamma ranges) compared to the control group. Moreover, delta 
band power was decreased during pre-REM phases in NM par-
ticipants compared to controls. In sharp contrast, group differ-
ences in spectral power completely disappeared during REM 
sleep and post-REM periods.
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We propose that reduced SWS and increased fast frequency 
oscillations in NREM sleep may indicate an imbalance between 
sleep regulatory and wake-promoting systems [31, 57] in NM 
participants. Slow frequency oscillations facilitate the discon-
nection from the external environment and promote the re-
storative functions of sleep [58, 59], whereas increased fast 
frequency oscillations during NREM sleep are considered to 
be markers of cortical hyperarousal [60, 61]. In our data, high-
frequency between-group differences were most pronounced 
in the beta and gamma bands, around 20–45 Hz during stable 
NREM sleep and 27–45 Hz during pre-REM periods. Increased 
high-frequency activity (in the beta band) in NREM sleep of NM 
participants has been already observed [30], although not in all 
previous work [26].

In order to more closely examine the potential imbalance 
between sleep regulation and wake promotion in NM parti-
cipants, we specifically focused on spectral power during pre-
REM and post-REM periods. Pre-REM periods are particularly 
sensitive periods with a high occurrence of microarousals [62], 
wake-like, elevated alpha power [32], and high-frequency oscil-
lations [63]. By contrast, post-REM periods are relatively quies-
cent states, when the stability of NREM sleep is reinstated and 
phasic arousals, as well as high-frequency activity, are less likely 
to occur [57, 63]. Our results showed a significant Group × Phase 
interaction from pre- to post-REM in the delta band as well as a 
nominally significant interaction in the theta, beta and gamma 
frequency bands. Furthermore, in NM participants compared to 
controls, pre-REM periods (relative to post-REM ones) were char-
acterized by decreased slow frequency power between 1.25 and 
8 Hz, and relatively increased high-frequency power between 
15 and 31 Hz. The pattern in both groups suggests a normaliza-
tion of spectral power from pre- to post-REM. Nevertheless, in 
controls, NREM to REM transitions are marked by increased slow 
frequency oscillations that may protect the integrity of sleep and 
compensate for the arousing influences of transitory periods. 
This simultaneous appearance of sleep-like and wake-like ac-
tivity, seems to be a crucial feature of sleep having two com-
plementary functions: to maintain the stability of sleep (sleep 
regulation), and at the same time to monitor the environment in 
order to detect and (if necessary) to react to potential external 
threats [33, 57, 64, 65]. In contrast, NM participants appear to 
fail to “protect” NREM sleep in the vicinity of REM periods and 
exhibit reduced low frequency and increased fast frequency ac-
tivity indicating hyperarousal. We propose that decreased slow 
frequency and increased fast frequency oscillations indicate an 
imbalance between sleep regulatory and wake-promoting sys-
tems [31, 57, 65].

Alternatively, reduced SWS duration and slow frequency 
activity could be the result of a group difference in circadian 
rhythms or accumulated sleep debt within the NM partici-
pants. Nevertheless, according to the Morningness-Eveningness 
Questionnaire (MEQ) [36] the groups did not differ with respect 
to circadian preferences (on average between 31 and 41 points: 
“moderate evening type”), and there was no significant differ-
ence between the two groups in sleep onset latency (SOL) [66] 
neither the first, nor the second night (Supplementary Table S9), 
arguing against the confounding effects of circadian rhythms 
and sleep pressure.

It is of note that sleep disruptions in PTSD are also marked by 
reduced slow frequency and arousal-related activity. According 
to the meta-analysis of polysomnographic studies by Kobayashi 

et  al. [67], PTSD patients showed reduced SWS and increased 
stage 1 and REM density, which fits the notion of increased 
arousal during sleep. This has been confirmed in another more 
recent meta-analysis revealing increased “REM pressure” and 
nominally reduced sleep depth in PTSD [68]. Furthermore, single 
studies have shown reduced parasympathetic activity [69], REM 
sleep fragmentation [70], increased motor activity [71], as well 
as enhanced high-frequency EEG power [72] in the sleep of PTSD 
patients (for a review see [17]). Moreover, trauma-associated 
sleep disorder (TSD) [73] has been proposed as a new diagnostic 
identity that encompasses such hyperarousal-related events in 
sleep. In line with the notion that there appears to be an overlap 
between these findings and hyperactivity during sleep in indi-
viduals with frequent nightmares (for more detailed informa-
tion see ref. [74]). Nielsen [75] proposed that both traumatic and 
“idiopathic” nightmares are due to the same vulnerability, which 
has been triggered by different degrees of lifetime adversity. 
According to this theory, this adversity in individuals with fre-
quent “idiopathic” nightmares happened at an early age and is 
forgotten or dismissed just because it would not be considered 
to be above the conventional “trauma threshold” [75]. To date, 
there has been only one study focusing precisely on early child-
hood traumas in individuals with frequent nightmares. The au-
thors [76] found that self-reported adversity was associated with 
nightmare severity, even when the adversity happened as early 
as 0–6 years of age.

To further investigate this proposed parallel between PTSD 
and frequent nightmares, we examined spectral power changes 
in NM participants with respect to low and high PTSD prob-
ability. This ancillary analysis indicated that the reduction of 
low-frequency spectral power during the vulnerable pre-REM 
state is associated with the condition of having frequent night-
mares. On the other hand, increased high-frequency power 
during this state seems to be attributed to high PTSD prob-
ability. In accordance with this notion we found a correlation 
between hyperarousal (reflected by gamma power) measured 
during these transitory pre-REM periods and PTSD-like symp-
toms (measured by PCL-5 [42]), which was only present in the 
group of NM participants.

Unfortunately, findings regarding sleep in NM participants 
are not completely unambiguous across studies [26, 30, 31]. Such 
inconsistencies might be attributed to differences in nightmare 
severity, the presence of comorbid mental complaints, experi-
mental pre-sleep manipulations, and relatively low sample size 
limiting the reliability of the reported findings [26, 30, 31, 71, 77].

We propose that we were able to reveal the EEG marker of 
hyperarousal (i.e. fast frequency power) by reporting stronger 
effects than the previous three studies due to our primary focus 
on sleep state transitions. Furthermore, analyzing our data in 
a bin-wise manner across all EEG channels provided a more 
detailed view of the topographical distribution of frequency-
specific activity. Another considerable difference with regards 
to previous studies is the heterogeneity of our NM participants 
reporting lifelong trauma experiences and high PTSD prob-
ability. To the best of our knowledge, this is the first experiment 
investigating sleep spectral power characteristics in individ-
uals with frequent nightmares that collected information about 
lifelong traumatic experiences and PTSD symptomatology. We 
suggest that due to the intricate link between trauma and fre-
quent nightmares [78] this heterogeneity is not unusual, but 
largely unexplored. Future studies focusing on individuals with 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/advance-article-abstract/doi/10.1093/sleep/zsz201/5574411 by M

ax Planck Inst Fur Psychiatrie user on 16 D
ecem

ber 2019

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz201#supplementary-data


9 | SLEEPJ, 2019, Vol. XX, No. XX

frequent nightmares, should include scales assessing PTSD 
symptoms and early childhood adversity to further investigate 
the relationship between frequent nightmares and PTSD-like 
symptomatology.

Nevertheless, our findings regarding the NM subgroups are 
only tentative and should be considered with caution. Future 
studies focusing on the sleep-related correlates of frequent 
nightmares and PTSD probability could benefit from increasing 
the statistical power to better understand the influence of PTSD 
symptom severity on arousal-related activity. Moreover, studies 
using forced awakenings protocols may examine the relation-
ship between frequency-specific activity and dream experiences 
in NM participants as a recent study showed that the combin-
ation of reduced low frequency and increased high-frequency 
EEG power is predictive of dream recall during NREM and REM 
sleep [79].

In sum, our findings revealed that reduced SWS and 
hyperarousal during NREM and pre-REM periods, relatively 
reduced low frequency and increased fast frequency activity 
across pre- to post- REM periods are key features of the sleep 
pathophysiology of NM participants. Whether these neuro-
physiological parameters constitute a trait-like characteristic 
enhanced by early lifetime adversity and whether they con-
tribute directly to occurrence of nightmares is a question for 
future research. The parallel between our results and previous 
work with PTSD suggests a complex relationship between fre-
quent nightmares, hyperarousal, and traumatic experiences. 
Studying the pathophysiology of frequent idiopathic night-
mares could contribute to the understanding of disrupted 
sleep in PTSD. Moreover, we encourage focusing on specific 
sleep transition periods (e.g. pre-REM periods) during which 
the cortex is prone to express arousals and wake-like activity, 
which provides a unique window to investigate disrupted sleep 
regulation.

Supplementary material
Supplementary material is available at SLEEP online.
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Summary
The aim of this study was to investigate hyperarousal in individuals with frequent 
nightmares	 (NM	participants)	by	calculating	arousal	events	during	nocturnal	sleep.	
We	 hypothesized	 an	 increased	 number	 of	 arousals	 in	 NM	 participants	 compared	
with	 controls,	 especially	 during	 those	 periods	where	 the	 probability	 of	 spontane-
ous	 arousal	 occurrence	 is	 already	high,	 such	 as	 non-rapid	 eye	movement	 to	 rapid	
eye	movement	transitions	(pre-rapid	eye	movement	periods).	Twenty-two	NM	par-
ticipants and 23 control participants spent two consecutive nights in our sleep lab-
oratory,	monitored	by	polysomnography.	Arousal	number	and	arousal	 length	were	
calculated	only	 for	 the	second	night,	 for	10	min	before	 rapid	eye	movement	 (pre-
rapid	eye	movement)	and	10	min	after	rapid	eye	movement	 (post-rapid	eye	move-
ment)	periods,	as	well	as	non-rapid	eye	movement	and	rapid	eye	movement	phases	
separately.	 Repeated-measures	 ANOVA	 model	 testing	 revealed	 significant	 Group	
(NM	participants,	controls) × Phase	(pre-rapid	eye	movement,	post-rapid	eye	move-
ment)	interaction	in	case	of	the	number	of	arousals.	Furthermore,	post	hoc	analysis	
showed	a	significantly	increased	number	of	arousals	during	pre-rapid	eye	movement	
periods	in	NM	participants,	compared	with	controls,	a	difference	that	disappeared	in	
post-rapid	eye	movement	periods.	We	propose	that	focusing	the	analyses	of	arousals	
specifically on state transitory periods offers a unique perspective into the fragile 
balance	between	 the	 sleep-promoting	 and	arousal	 systems.	This	outlook	 revealed	
an	increased	number	of	arousals	in	NM	participants,	reflecting	hyperarousal	during	
pre-rapid	eye	movement	periods.
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1  | INTRODUCTION

Nightmares	 are	 highly	 unpleasant	 mental	 experiences	 that	 occur	
mainly	 –	 but	 not	 exclusively	 –	 during	 rapid	 eye	movement	 (REM)	
sleep,	 and	 often	 provoke	 abrupt	 awakenings.	 The	 awakenings	 are	
followed	by	a	quick	orientation	and	vivid	recall	of	the	dream	experi-
ence	(Spoormaker,	Schredl,	&	van	den	Bout,	2006).	Frequent	night-
mares	 have	 a	 surprisingly	 high	 prevalence	 –	 approximately	 2−5%	
–	in	the	general	population	(Sandman	et	al.,	2013),	and	a	very	high	
prevalence	rate	(above	30%)	within	psychiatric	samples	(Swart,	van	
Schagen,	Lancee,	&	van	den	Bout,	2013).	Frequent	nightmares	are	
one	of	the	core	symptoms	of	post-traumatic	stress	disorder	(PTSD),	
and	 are	hypothesized	 to	be	 the	product	 of	 an	 imbalanced	 arousal	
system resulting in abnormal cortical hyperarousal during sleep 
(Germain,	2013).

In	 the	 context	 of	 sleep,	 arousals	 are	 periodically	 appearing,	
transient	episodes	of	wakefulness	or	increased	levels	of	vigilance	
that	interrupt	the	continuity	of	sleep	(Halász,	Terzano,	Parrino,	&	
Bódizs,	2004).	Frequent	arousals	are	usually	considered	as	 signs	
of disrupted sleep related to a specific pathology such as peri-
odic	 limb	movement	(PLM)	or	sleep-disordered	breathing	(Miglis,	
2016).	However,	 arousals	 also	 have	 a	 vital	 role	 of	 keeping	 sleep	
reversible,	monitoring	 the	 surrounding	 environment	 and	 helping	
the	organism	to	adapt	to	potential	threats.	Nevertheless,	an	imbal-
ance	between	the	arousal	and	sleep-promoting	system	can	result	
in	an	increased	number	of	arousals	causing	fragmented,	impaired	
sleep	 continuity,	 even	 in	 the	 case	 of	 preserved	 sleep	 efficiency.	
Using	 electroencephalography	 (EEG)	 and	 sleep	 microstructural	
analysis,	such	deviations	in	cortical	activation	can	be	well	detected	
(Halász	et	al.,	2004),	yielding	scored	arousals	a	robust	marker	for	
the arousal system.

To	our	knowledge,	 the	 literature	on	arousals	 in	sleep	of	 indi-
viduals	with	 frequent	 nightmares	 is	 surprisingly	 scarce.	 A	 previ-
ous study focusing on the cyclically alternating pattern analyses 
reported	 reduced	A1	 and	 increased	A2	 and	A3	 subtypes	 in	 par-
ticipants	suffering	with	frequent	nightmares	(NM)	compared	with	
controls,	 indicating	 abnormal	 arousal	 processes	 (Simor,	 Bódizs,	
Horváth,	&	Ferri,	2013).	However,	other	studies	using	the	AASM	
scoring	method	(Berry	et	al.,	2017)	for	calculating	arousals	during	
non-(N)REM	 and	 REM	 periods	 (Germain	 &	 Nielsen,	 2003;	 Paul,	
Schredl,	&	Alpers,	2015)	found	no	difference	between	individuals	
with frequent nightmares and control participants. On the other 
hand,	a	recent	study	that	analysed	the	last	5	min	of	REM	periods	
before	awakening	(in	order	to	relate	it	to	dream	reports)	did	show	
a significantly higher amount of arousals in participants with fre-
quent	 nightmares	 compared	with	 healthy	 controls	 (Paul,	 Alpers,	
Reinhard,	&	Schredl,	2019).

Additionally,	previous	studies	 found	several	neurophysiological	
alterations in participants with frequent nightmares that provide 
indirect evidence for abnormal arousal processes in this sleep dis-
order.	 Such	markers	were	 reduced	 slow-wave	 sleep	 (SWS)	and	 in-
creased	 awakenings	 (Simor,	 Horváth,	 Gombos,	 Takács,	 &	 Bódizs,	
2012),	increased	alpha	power	during	NREM	and	REM	sleep	(Simor,	

Horváth,	Ujma,	Gombos,	&	Bódizs,	2013),	or	impaired,	reduced	para-
sympathetic	 regulation	of	heart	 rate	variability	 (Nielsen,	Paquette,	
Solomonova,	 Lara-Carrasco,	 Colombo	 et	 al.,	 2010;	 Simor	 et	 al.,	
2014).

Here,	we	hypothesize	that	the	sleep	of	individuals	with	frequent	
nightmares	 (NM	 participants)	 is	 characterized	 by	 a	 hyperactive	
arousal	system,	which	manifests	in	an	increased	number	of	arousal	
events.	On	the	basis	of	our	previous	work	 (Simor	et	al.,	2014),	we	
also	hypothesize	 that	 the	differences	are	best	captured	 in	periods	
of sleep where the probability of spontaneous arousals is already 
high.	Because	arousals	occur	most	commonly	during	the	ascending	
slope	of	sleep	(from	NREM	to	REM;	Halász	et	al.,	2004),	we	expect	
an increased number of arousals before – but not necessarily after 
−	REM	sleep.

2  | MATERIALS AND METHODS

2.1 | Participants

Participants	 were	 recruited	 at	 the	 Budapest	 University	 of	
Technology	and	Economics	and	 the	Eötvös	Loránd	University	as	
well as through social media. Participants first completed an on-
line	screening	questionnaire	on	sleeping	and	dreaming	habits,	in-
cluding	items	about	dream	recall	frequency,	nightmare	frequency	
(highly	disturbing	dream	ending	with	abrupt	awakening)	and	bad	
dream frequency (highly disturbing dream without immediate 
awakening),	as	well	as	standardized	questionnaires	and	 items	re-
garding	psychological	well-being,	alcohol	and	drug	consumption,	
and prior or current psychiatric or neurological disease. Inclusion 
criteria	were:	(a)	frequent	dream	recall	in	both	groups	(remember	
their	dreams	more	than	2–3	times	per	month);	(b)	regarding	night-
mares	either	2–3	nightmares	per	month	(NM	participants)	or	less	
than	2–3	nightmares	per	year	 (controls);	 (c)	 regarding	bad	dream	
frequency	at	 least	one	bad	dream	per	week	(NM	participants)	or	
not	more	than	1	bad	dream	per	month	(controls);	(d)	no	prior	his-
tory	 of	 neurological,	 psychiatric	 or	 chronic	 somatic	 disorder;	 (e)	
moderate	 alcohol	 intake	 (not	 more	 than	 once	 per	 week);	 (f)	 no	
drug	consumption	or	 regular	medication	 (except	contraceptives).	
Potential	 subjects	were	 invited	 to	 take	part	 in	an	 interview	with	
a	psychologist,	in	which	they	were	questioned	about	recent	trau-
matic	experiences	(in	the	last	5 years)	as	well	as	their	nightmares	to	
exclude	 individuals	with	recent	adversities	 (0	excluded)	and	with	
trauma-	 or	 acute	 stress-related	 nightmares	 (4	 excluded).	 In	 the	
current	 analysis,	22	NM	participants	 (Mage	 =	22.91,	Stdage	 =	3.1,	
8	male)	and	23	control	participants	(Mage	=	21.83,	Stdage	=	1.85,	6	
male)	were	included.	Participation	was	rewarded	by	either	partial	
course	credits	(for	university	students)	or	monetary	compensation	
(approximately	45€	 in	Hungarian	 forints	 for	participants	outside	
of	 the	 university	 system).	 Written	 informed	 consents	 were	 ob-
tained	and	the	study	protocol	was	approved	by	the	United	Ethical	
Review	Committee	for	Research	 in	Psychology,	Hungary	(EBKEB	
2016/077),	in	line	with	the	Declaration	of	Helsinki.
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2.2 | Procedure

Each	 participant	 spent	 two	 consecutive	 nights	 –	 monitored	 by	
polysomnography	(PSG)	–	in	our	sleep	laboratory.	Arrivals	and	bed	
times were adjusted to the preferences of the participants (between 
09:00 hours	and	23:30 hours),	whereas	awakenings	were	scheduled	
after	at	 least	7	hr	of	sleep,	between	07:00 hours	and	08:00 hours.	
The	first	night	was	used	as	a	habituation	night,	and	only	data	from	
the second night were analysed.

2.3 | Sleep macrostructure and arousal scoring

In	 this	experiment,	17	scalp	electrodes	were	used,	 referred	 to	 the	
mathematically	 linked	 mastoid	 electrodes,	 combined	 with	 bipolar	
electrooculography,	 electrocardiography	 and	 electromyography	
(EMG)	 placed	 on	 the	 chin.	 Sleep	 stages	were	 scored	manually	 by	
trained	experts,	according	to	the	standardized	criteria	(Berry	et	al.,	
2017).	Muscle-	and	technical-related	artefacts	were	discarded	based	
on	visual	inspection	of	4-s	segments	of	the	recording.	Arousals	were	
scored	 according	 to	 standardized	 criteria	 (Berry	 et	 al.,	 2017).	 EEG	
spectral	analyses	and	questionnaire-related	data	are	described	else-
where	(Blaskovich,	Reichardt,	Gombos,	Spoormaker,	&	Simor,	2019).	
Arousal	number	and	 length	were	calculated	 throughout	 the	entire	
second	 night	 sleep	 recording	 for	 REM	 and	 NREM	 periods,	 sepa-
rately.	Furthermore,	to	investigate	arousal	index	and	arousal	length	
during	 the	 ascending	 and	 descending	 slopes	 of	 sleep,	 pre-REM	
(10-min-long	NREM	epochs	directly	 before	REM	phase)	 and	post-
REM	(10	min	of	NREM	intervals	directly	after	REM	phase)	periods	
were	 defined,	 and	 arousal	 number	 and	 length	 was	 calculated	 for	
these	NREM	periods	as	well.

2.4 | Statistical analysis

Statistical	 analyses	 were	 carried	 out	 with	 MATLAB	 (version	
9.4.0.813654	 [R2018a];	 The	MathWorks,	Natick,	MA,	USA)	 and	
JASP	(Version	0.9.	0.1,	Team	JASP,	2018,	Amsterdam).	Skewness	

and	 kurtosis	 of	 data	 distribution,	 and	 the	 Shapiro−Wilk	 tests	
were used to assess the normality of each variable. Differences 
in	 arousal	 index	 and	 length	 across	 pre-REM	 and	 post-REM	 pe-
riods	 between	 the	 NM	 and	 control	 groups	 were	 examined	 by	
repeated-measures	analyses	of	variance	 (rmANOVA)	model.	We	
tested	 a	2 × 2	model	 including	Phase	 (pre-REM,	post-REM)	 as	 a	
within-subject	 factor	 and	 Group	 (NM	 participants,	 controls)	 as	
a	 between-subject	 factor.	 Uncorrected	 degrees	 of	 freedom,	 p-
values	and	partial	eta-squared	(�2

p
)	as	a	measure	of	effect	size	are	

reported.	Post	hoc	group	differences	between	the	NM	and	con-
trol	participants	were	evaluated	by	Welch-test	(in	case	of	unequal	
variance)	or	Mann−Whitney	U-test	(if	normal	distribution	was	not	
fulfilled).	 Effect	 sizes	 are	 reported	 in	Cohen's	d	 or	 rank	 biserial	
correlation r values.

3  | RESULTS

We observed a significant effect of phase and a significant phase 
(pre-REM,	 post-REM) × group	 (NM	 participants,	 controls)	 interac-
tion	for	the	number	of	arousals	 (Figure	1a;	Table	1),	but	no	overall	
effect	of	group.	For	arousal	 length,	we	only	observed	a	significant	
effect	of	phase;	the	effect	of	group	and	the	group × phase	interac-
tion	were	not	significant	(Figure	1b;	Table	1).	As	a	control	analysis,	
the	same	model	was	tested	for	the	entire	NREM	and	REM	sleep	pe-
riods	as	well	–	where	arousal	number	was	normalized	by	the	NREM	
and	REM	duration,	respectively	–	resulting	in	only	significant	main	
effect for phase.

To	 better	 understand	 the	 significant	 interaction,	 post	 hoc	
analyses	were	conducted.	As	Table	2	shows,	NM	participants	had	
significantly	higher	arousal	events	during	 the	pre-REM	period	–	
when compared with controls – a difference that was not present 
in	 the	post-REM	period.	 In	 sum,	NM	participants	experienced	a	
higher	number	of	arousals	during	NREM	to	REM	sleep-state	tran-
sitions,	but	the	duration	of	arousals	was	not	different	across	the	
groups.

In	response	to	a	reviewer	question,	we	examined	to	what	extent	
this increased number of arousals was associated with the pattern of 

F IGURE  1 Difference	in	number	of	arousals	and	arousal	length	during	pre-	to	post-rapid	eye	movement	(REM)	states	between	the	
nightmare	(NM)	and	control	(CTL)	participants.	(a)	Mean	arousal	number	in	the	NM	and	CTL	participants	10	min	before	(Pre)	and	10	min	after	
(Post)	REM	periods.	(b)	Mean	arousal	length	in	NM	and	CTL	participants	during	pre-	and	post-REM	periods.	Error	bars	represent	standard	
error of the mean (SEM).	Asterisks	denote	significant	interaction	and	differences
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reduced	 low-frequency	activity	and	 increased	high-frequency	EEG	
activity	during	the	pre-REM	phase	that	we	have	observed	previously	
in	 this	 sample	 (Blaskovich	et	al.,	2019).	Neither	beta	 (τNM	=	0.115,	
pNM = .461; τCTL	 =	 −0.235,	 pCTL	 =	 .133)	 nor	 gamma	 (τNM	 =	 0.089,	
pNM	=	 .571;	τCTL	=	−0.235,	pCTL	=	 .133)	or	delta	 (τNM	=	0,	pNM = 1; 
τCTL	=	−0.244,	pCTL	=	.119)	EEG	power	during	these	states	correlated	
significantly with the number of arousals.

4  | DISCUSSION

In	this	study,	we	aimed	to	investigate	whether	individuals	with	fre-
quent nightmares showed signs of a hyperactive arousal system 
during	sleep,	by	looking	at	the	number	and	length	of	arousal	events	
occurring	during	nocturnal	sleep,	with	a	special	 focus	on	the	most	
vulnerable	 transitory	 states.	 We	 found	 that	 NM	 participants	 ex-
perienced	 an	elevated	number	of	 arousals	 specifically	 in	 pre-REM	
periods.

Arousals	are	considered	to	be	one	of	the	most	robust	indicators	
of	cortical	activation	during	sleep	(Halász	et	al.,	2004).	In	the	course	
of	the	descending	slope	(post-REM)	of	the	sleep	cycle,	the	sleep-pro-
moting system is highly activated. This activation inhibits the acti-
vation	of	the	arousal	system,	resulting	 in	few	arousals	 in	response	
to	 external	 or	 internal	 sensory	 stimuli	 (Halász,	 Bódizs,	 Parrino,	 &	
Terzano,	2014).	In	contrast,	during	the	ascending	slope	of	sleep	(pre-
REM),	the	tonic	inhibition	of	the	sleep-promoting	system	is	reduced	
and	the	wake-promoting	system	becomes	more	active,	resulting	in	
an	elevated	number	of	arousals	(Halász	et	al.,	2014,	2004).	As	such,	
pre-REM	periods	offer	a	unique	window	into	the	fragile	balance	be-
tween	the	sleep-promoting	and	wake-promoting	systems.	We	pro-
pose	that	the	increased	number	of	arousals	during	pre-REM	periods	

in	the	NM	participants	reflect	the	hyperactivity	of	the	arousal	sys-
tem.	This	hyperarousal	is	probably	not	limited	to	these	pre-REM	pe-
riods,	rather	it	is	a	continuously	occurring	phenomena	in	individuals	
with	frequent	nightmares,	just	like	it	has	been	hypothesized	in	indi-
viduals	with	primary	insomnia	(Riemann	et	al.,	2010).	Both	frequent	
nightmares and insomnia were primarily diagnosed at the phenom-
enological	 level;	 however,	 recent	 studies	 applying	 EEG	 analyses	
during	 sleep	 indicate	 an	 imbalance	 between	 the	 sleep-promoting	
and	arousal-promoting	systems	in	both	sleep	disorders	(Riemann	et	
al.,	2010;	Simor	&	Blaskovich,	2019).

Previous studies focusing on the sleep architecture of individu-
als with frequent nightmares yielded somewhat inconsistent results. 
Some	 studies	 showed	 REM-specific	 (e.g.	 increased	 REM	 latency,	
more	REM	periods;	Nielsen,	Paquette,	Solomonova,	Lara-Carrasco,	
Popova	et	al.,	2010),	or	NREM-specific	abnormalities	 (e.g.	reduced	
SWS;	Simor	et	al.,	2012),	whereas	others	found	no	differences	in	ob-
jective	sleep	parameters	between	the	NM	and	control	groups	(Paul	
et	al.,	2015).	We	propose	that	a	more	dynamic	analysis	of	sleep	state	
transitions might provide more reliable data compared with this tra-
ditional	approach	of	averaging	activity	 in	NREM	and	REM	periods	
separately.	To	the	best	of	our	knowledge,	this	is	the	first	study	inves-
tigating	differences	in	arousal	events	during	pre-REM	and	post-REM	
periods. So far there have been two other studies concentrating 
on	pre-	to	post-REM	cortical	arousal	changes	as	indicated	by	spec-
tral	power.	These	 studies	 showed	state-specific	elevation	 in	alpha	
activity	 (Simor	 et	 al.,	 2014),	 reduced	 SWS	 sleep	 during	 the	whole	
night	and	reduced	low-frequency	activity	accompanied	by	increased	
high-frequency	 activity	 during	pre-REM	compared	with	post-REM	
periods	(in	same	sample:	Blaskovich	et	al.,	2019)	in	individuals	with	
frequent nightmares. These changes in oscillatory activity are nei-
ther	visible	in	the	sleep	EEG	for	the	human	eye	nor	should	these	be	
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Arousal	length F1,43	=	0.174,	 
p	=	.679,	�2

p
 = 0.004

F1,43	=	9.615,	 
p	=	.003,	�2

p
 = 0.183

F1,43	=	1.944,	 
p	=	.17,	�2

p
 = 0.043

Arousal	number F1,43	=	3.602,	 
p	=	.064,	�2

p
	=	0.077

F1,43	=	51.597,	 
p	< .001,	�2

p
 = 0.545

F1,43	=	5.952,	 
p	=	.019,	�2

p
 = 0.122

Note: The table shows the test statistics (F-values),	p-values	and	partial	eta-squared	values	of	
univariate	ANOVAs.

TABLE  1 The	effects	of	Group	(NM	
participants,	controls),	Phase	(pre-REM,	
post-REM),	and	Group × Phase	interaction	
on arousal length and number of arousals

TABLE  2 Differences	in	number	of	arousals	between	the	NM	and	control	participants	during	pre-REM	and	post-REM	periods

 

NM (N = 22) CTL (N = 23)
Welch t-test (t26.28)/Mann – 
Whitney U-test

Effect size (Cohen's d/rank 
biserial correlation)

Mean SD Mean SD t or U value p-value d or rb value

Pre-REM	arousal	(#) 11.136 6.549 7.609 2.388 2.38 .012* 0.716

Post-REM	arousal	(#) 3.727 2.676 3.957 2.402 241 .613 −0.047

Note: One-tailed	tests	with	the	assumption	that	the	NM	group	is	greater	than	the	CTL	group.	p-values	corresponding	to	Welch	t-tests	and	Mann−
Whitney U-tests.
Abbreviations:	CTL,	control	participants;	NM,	nightmare	participants;	REM,	rapid	eye	movement.
*Represents statistical significance. 
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considered	equivalent	to	arousal	events,	as	segments	with	arousals	
–	due	 to	muscle	artefacts	 -	are	mainly	excluded	 from	the	EEG	for	
fine-grained	spectral	analyses.	In	comparison,	the	arousal	number	is	
the	most	conservative,	well	accepted	and	commonly	used	measure	
in	sleep	research	and	medicine,	and	its	fundaments	are	much	better	
understood	(Halász	et	al.,	2004).	It	is	thus	a	much	more	straightfor-
ward	marker	of	arousal	and,	as	a	consequence,	a	robust	validation	of	
the previous indirect lines of evidence.

These findings support the notion of a hyperactive arousal sys-
tem that can be detected by spectral power and microstructural 
analyses	 of	 sleep.	 Furthermore,	 these	 results	 suggest	 that	 focus-
ing on the most vulnerable state transition periods will benefit our 
understanding of sleep and have potential relevance for clinical 
research,	 as	 nightmares	 have	 been	 reported	 to	 predict	 the	 devel-
opment	 of	 PTSD	 in	 deployed	military	 personnel	 (van	 Liempt,	 Van	
Zuiden,	 Westenberg,	 Super,	 &	 Vermetten,	 2013).	 Because	 PLMs	
are highly prevalent in PTSD and have been related to hyperarousal 
during	 sleep	 (Spoormaker	&	Montgomery,	2008),	 the	 lack	of	 tibial	
EMG	and	information	about	PLMs	could	be	considered	a	limitation	
of	 this	 study.	 One	 study	 has	 shown	 increased	 PLM	 in	 idiopathic	
nightmare	 sufferers	 (Germain	 &	Nielsen,	 2003),	 although	 this	 has	
not	been	reported	in	other	studies	(Nielsen,	Paquette,	Solomonova,	
Lara-Carrasco,	Colombo	et	al.,	2010;	Nielsen,	Paquette,	Solomonova,	
Lara-Carrasco,	 Popova	 et	 al.,	 2010;	Paul	 et	 al.,	 2015;	 Simor	 et	 al.,	
2012).	In	our	own	work	(Simor	et	al.,	2012),	we	did	not	observe	clin-
ically	 significant	PLMs	 in	any	of	 the	NM	subjects,	which	might	be	
due	to	their	comparatively	young	age	similar	to	the	age-range	in	the	
present	study.	However,	to	further	investigate	the	role	of	increased	
arousal	events	in	individuals	with	frequent	nightmares,	future	stud-
ies	 should	 also	 include	 measurements	 regarding	 PLM	 and	 sleep	
apnea in order to gain more information about their prevalence in 
idiopathic nightmare disorder as well as their putative influence on 
arousals.

In	summary,	in	consonance	with	our	results,	a	growing	number	of	
studies support the hypothesis that individuals with frequent night-
mares	exhibit	trait-like	hyperarousal	during	sleep	(for	a	short	review,	
see	Simor	&	Blaskovich,	2019).	For	future	studies	investigating	hy-
perarousal	during	sleep,	we	would	highly	recommend	“zooming	in”	
on	the	data,	by	focusing	the	attention	of	the	analysis	on	state	transi-
tions	and	on	vulnerable	periods	that	may	provoke	arousals.	Adopting	
this view could be especially important in sleep disorders (such as 
frequent	nightmares),	which	do	not	have	such	robust	and	well-de-
fined	sleep	macro-	and	microstructural	characteristics	as	with	other	
highly	 investigated	 sleep	 disorders	 (e.g.	 narcolepsy,	 obstructive	
sleep	apnea).
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Abstract
Rapid eye movement (REM) sleep is characterized by the alternation of two markedly different microstates, phasic and tonic 
REM. These periods differ in awakening and arousal thresholds, sensory processing, and spontaneous cortical oscillations. 
Previous studies indicate that although in phasic REM, cortical activity is independent of the external environment, 
attentional functions and sensory processing are partially maintained during tonic periods. Large-scale synchronization of 
oscillatory activity, especially in the α- and β-frequency ranges, can accurately distinguish different states of vigilance and 
cognitive processes of enhanced alertness and attention. Therefore, we examined long-range inter- and intrahemispheric 
as well as short-range electroencephalographic synchronization during phasic and tonic REM periods quantified by the 
weighted phase lag index. Based on the nocturnal polysomnographic data of 19 healthy adult participants, we showed that 
long-range inter- and intrahemispheric α and β synchrony was enhanced in tonic REM states in contrast to phasic ones, 
and resembled α and β synchronization of resting wakefulness. On the other hand, short-range synchronization within the 
γ-frequency range was higher in phasic compared with tonic periods. Increased short-range synchrony might reflect local 
and inwardly driven sensorimotor activity during phasic REM periods, whereas enhanced long-range synchrony might 
index frontoparietal activity that reinstates environmental alertness after phasic REM periods.

Key words: weighted phase lag index; frontoparietal; REM sleep; synchronization; EEG

Statement of Significance
Rapid eye movement (REM) sleep is composed of the alternation of two microstates: phasic and tonic REM. Previous studies 
showed that cortical oscillations as measured by EEG spectral power densities show marked differences between phasic and 
tonic states. More specifically, α and β power is consistently higher during tonic, whereas γ activity is enhanced during phasic 
periods. We complemented these findings by analyzing synchronized activity within these frequency bands. We showed 
that α and β oscillations exhibit higher synchronization during tonic compared with phasic periods, especially between 
distant regions. On the other hand, phasic REM periods were characterized by relatively increased local (short-range) γ 
synchronization. Our findings contribute to the understanding of the complex and heterogeneous nature of REM sleep.
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Introduction
Rapid eye movement (REM) sleep is a unique neural state that 
occupies 20%–25% of nighttime sleep in healthy human indi-
viduals [1]. REM sleep was termed as a paradoxical state [2], 
due to its combination of high cortical activity indexed by low 
voltage, mixed frequency electroencephalographic (EEG) oscil-
lations, and low muscle tone [1]. In fact, intense sensorimotor 
and oneiric (dream) activity accompanied by inhibited motor 
output and reduced environmental processing [3–9] are essen-
tial features of REM sleep. Nevertheless, the nature of REM sleep 
seems to be even more complex, as it is composed of two mark-
edly different brain states. The phasic REM state is characterized 
by transient bursts of ocular movements, myoclonic twitches, 
and irregular vegetative activity that occur quasiperiodically [10] 
on the background of an apparently more quiescent, tonic state 
[11–13]. Phasic REM sleep is accompanied by so-called ponto–
geniculo–occipital (PGO) potentials originating spontaneously in 
the pontine reticular formation and transferred to the thalamo-
cortical system and the hippocampal formation [14].

Phasic and tonic REM periods differ in awakening or arousal 
thresholds, and sensory processing, as the tonic episode 
shows generally lower thresholds [5, 15] and functional evoked 
responses to deviant tones, resembling evoked potentials during 
wakefulness [16]. In addition, acoustic stimuli presented during 
the tonic state elicited a residual blood oxygen level dependent 
response within the auditory cortex, whereas no such reactivity 
was evidenced during phasic periods [17]. The authors of this 
study speculate that phasic REM periods represent a function-
ally isolated brain state, in contrast to tonic periods, in which 
environmental processing is partially preserved [17]. Moreover, 
sensory stimulation seems to suppress phasic REM activity and 
facilitate the transition to the tonic state leading to arousals and 
microawakenings [18] that make the analyses of phasic REM 
sleep by functional magnetic resonance imaging (fMRI) quite 
challenging since sensory stimulation (noise and vibration) is 
always present in the MR environment [19].

The analysis of spontaneous EEG oscillations is an efficient 
approach in order to compare phasic and tonic neural activi-
ties in an ecologically valid environment. A consistent finding of 
scalp EEG studies was a relative increase in α- (8–13 Hz) and β- 
(~14–30 Hz) frequency band power during tonic periods [20–22], 
which was also evidenced by intracranial sleep recordings [23, 
24]. Oscillatory activity in the α- and β-frequency ranges meas-
ured during resting-state wakefulness reflects the activation of 
a widely distributed cingulo–insular–thalamic neural network 
[25] that underpins the maintenance of alertness, and facilitates 
accurate responses to incoming environmental stimuli [26–28].

The other frequency specific activity that consistently distin-
guished phasic and tonic REM based on scalp and intracranial 
recordings was γ power (>30 Hz) that seemed to be relatively 
enhanced during phasic states [20, 21, 24, 29]. Increased γ power 
during phasic periods might reflect sensorimotor, emotional, 
and cognitive activity leading to intense dream experiences [29–
31]. In fact, phenomenological observations showed that dream 
reports after phasic periods are more perceptual and halluci-
natory-like than those collected after tonic episodes, which, in 
turn, are more thought-like [11, 32]. Based on these findings, we 
might assume that during phasic REM, the brain transitionally 
“decouples” from the external environment and “submerges” in 
inwardly generated sensory and motor activity, whereas during 

tonic states, vigilance, environmental awareness, and atten-
tional processes reflecting a more wake-like state are partially 
reinstated [17, 21, 23].

Large-scale synchronization of oscillatory activity is a cru-
cial mechanism in the formation of functionally connected 
neuronal ensembles underlying a wide range of cognitive phe-
nomena [33–35]. Accordingly, frequency-specific synchronous 
oscillations across distant electrode sites can characterize dif-
ferent states of vigilance [36, 37] or cognitive processes that 
vary in difficulty, attentional demands, or multimodal integra-
tion [38–40]. In spite of the advantages of such analyses, apart 
from one recent study in epileptic patients [41], phasic and tonic 
REM states were not systematically analyzed in terms of EEG 
synchronization.

Our aim was to describe interareal (inter- and intrahemi-
spheric) EEG synchronization during phasic and tonic periods 
based on the weighted phase lag index (WPLI) [42]. In light of 
the aforementioned data, we assumed that tonic REM sleep was 
a more wake-like state with enhanced alertness and reinstated 
attentional processes anticipating environmental stimuli. We 
were specifically interested in long-range α synchronization 
that was shown to reflect increased arousal and alertness [25, 
36] and to play a key role in cognitive processes that require 
enhanced attention [38, 39], multisensory integration [40, 43], or 
top-down control [34, 44]. Here, we show that long-range inter- 
and intrahemispheric α or β synchrony is enhanced in tonic 
periods in contrast to phasic ones. On the other hand, increased 
short-range γ synchrony differentiates phasic from tonic states.

Methods

Participants and procedure

We analyzed nocturnal sleep EEG recordings that were col-
lected in a previous study [21]. Our sample consisted of the 
polysomnographic data of 20 healthy individuals (10 males, 
Mage = 21.72 ± 1.36 years). The recordings were collected the sec-
ond night (after an adaptation night) in the sleep laboratory of 
the Semmelweis University. Participants were free from prior or 
current psychiatric, neurological, chronic somatic, or sleep dis-
orders and showed no signs of anxiety or depressive symptoms 
according to standard psychometric measures. Participants 
were screened for depressive symptoms by the Hungarian ver-
sion of the nine-itemed Beck depression inventory (BDI-9 [45]), 
for anxiety symptoms by the trait score of the adapted version 
of the Spielberger State-Trait Inventory (STAI-T [46]), and for 
sleep disorders by the Pittsburgh Sleep Quality Scale (PSQI [47]). 
Consumption of medicine (except oral contraceptives), alcohol, 
or drugs also belonged to exclusion criteria. Participants arrived 
at the laboratory between 20.00 and 21.00 hr and after the place-
ment of electrodes were asked to go to bed at their habitual 
bedtimes. Before lights off, within a subsample (n = 15) of our 
participants, resting state EEG with eyes closed was recorded, 
during which participants were instructed by the assistant to 
open their eyes for about 10–15 s in every 2 min. Lights off was 
scheduled between 22.00 and midnight, and participants were 
allowed to sleep until 8.30 in the morning unless they woke up 
earlier spontaneously. The data of one participant were excluded 
because technical artifacts in the electrooculogram (EOG) chan-
nel hindered the reliable selection of phasic periods. In addition, 
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the resting state data of two participants were not included due 
to increased noise generated by muscle artifacts. Therefore, we 
could only include the data of 12 participants for the analyses 
of resting state wakeful data. The Ethical Committee of the 
Semmelweis University approved the study protocol and par-
ticipants gave written informed consent to the procedure.

Recording and preprocessing

Participants were fitted with gold-coated (Ag/AgCl) scalp elec-
trodes fixed with EC2 Grass Electrode Cream (Grass Technologies, 
Warwick, Rhode Island, USA). Nineteen scalp EEG derivations 
(Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, 
O2 referenced to the mathematically linked mastoids) as well as 
bipolar EOG and EMG electrodes were placed according to the 
standard 10–20 system [48]. Impedances were kept below 8 kΩ. 
Signals were collected, prefiltered (0.33–1500 Hz, 40 dB/decade 
antialiasing hardware input filter), amplified, and digitized with 
4096 Hz/channel sampling rate (synchronous) with 12-bit reso-
lution by using the 32-channel EEG/polysystem (Brain-Quick BQ 
132S; Micromed, Mogliano Veneto, Italy). A further 40 dB/decade 
antialiasing digital filter was applied by digital signal processing, 
which low-pass filtered the data at 450 Hz. Finally, the digitized 
and filtered EEG was resampled to 1024 Hz. Sleep stages were 
previously scored manually according to standardized criteria 
of the American Academy of Sleep Medicine (AASM) [49] by an 
expert trained in sleep research.

Sleep scoring and the inspection of eye movements (EMs) 
were carried out manually using a custom-made software tool 
for full night sleep EEG analysis (FerciosEEGPlus, Ferenc Gombos 
2008–2017). After the scoring, we extracted the conventional 
parameters of sleep architecture (see  Supplementary Material 
Table S1).

REM sleep stages from the first four sleep cycles were consid-
ered for the selection of phasic and tonic segments. EMs were 
visually identified in 4 s time windows based on the presence 
of EOG deflections of an amplitude above 150  µV and shorter 
than 500 ms. Previous studies used less conservative amplitude 
criteria [50, 51]; however, EMs in bipolar EOG montages prod-
uce higher amplitudes; therefore, we restricted our analyses to 
relatively larger EMs. The velocity criterion was based on earlier 
studies indicating that EMs during REM do not exceed 2 Hz in 
terms of frequency [50, 51].

A 4 s long segment was categorized as phasic if at least two 
consecutive EMs were detected in adjacent 2 s time windows. 
Segments were scored as tonic when no EMs occurred (EOG 
deflections below 25  µV) in adjacent 2  s time windows. In 
order to rule out possible intermediate periods and the con-
tamination between the two states, phasic and tonic episodes 
separated from each other by less than two segments (8  s) 
were discarded. Segments containing technical and move-
ment-related artifacts were visually inspected and excluded 
from further analyses. Given the larger amount of tonic com-
pared with phasic periods, we randomly selected 100 phasic 
and 100 tonic segments (400  s) from each participant. In 
order to increase the stationarity of the data, we cut each 4 s 
long episode into three 2 s long overlapping (50%) segments. 
Awake resting state recordings were similarly split into 2  s 
long overlapping segments. The amount of awake segments 
was matched (by random selection) to the amount of ana-
lyzed REM periods (300 × 2 s). The continuous recordings were 

filtered by a discrete Fourier transform (DFT) filter removing 
(50 Hz) line noise and were band-pass filtered (Butterworth, 
zero phase forward and reverse digital filter between 0.5 and 
46 Hz) before frequency analyses. The data were segmented 
into phasic and tonic trials.

Laplacian estimation

Volume conduction, in general, as well as artifacts produced by 
microsaccades [52] or muscle activity [53], can largely influence 
the spatial topography of scalp EEG recordings yielding spurious 
synchronization even between distant electrode derivations. 
Therefore, prior to analyses of synchronization, we estimated 
the surface Laplacian of the EEG data [54–56]. The Laplacian 
estimation can be interpreted as a spatial filter that attenuates 
the influence of volume conduction, reference artifacts, and 
microsaccades and hence provides a more accurate localiza-
tion of raw EEG signals [56, 57]. Although the WPLI is devoid 
of the effects of volume conduction originating from common 
source activity, Laplacian estimation proved to be useful and 
advisable in order to sharpen EEG topography prior to analy-
ses of interareal synchronization, including the WPLI [39, 58]. 
We used a spherical spline interpolation (order of splines = 4, 
maximum degree of Legendre polynomials = 10, λ = 10−5) and 
calculated the Laplacian, based on the second-order spatial 
derivatives. Previous work indicates that this procedure mini-
mizes the unfavorable influence of REM-related microsaccades 
on fast frequency activity [59] and efficiently improves scalp 
topography even in the case of a small number (19 channels) 
of electrodes [60].

Frequency decomposition

Spectral power analyses were performed between 4 and 46 
Hz (from θ to γ range). We did not analyze slower frequency 
bins (i.e. within the δ range) due to the negligible contribution 
of δ oscillations to the differences between phasic and tonic 
states and due to the fact that slow frequency activity dur-
ing phasic periods is largely contaminated by EMs rendering 
δ activity less reliable [20, 21, 51]. Two seconds long, artifact-
free, Laplacian transformed phasic, tonic, and awake EEG data 
segments were tapered (with Hanning window for lower fre-
quencies between 4 and 28 Hz, and by dpss multitaper method 
with ±2 Hz smoothing for higher frequencies between 29 and 
46 Hz). The cross-power spectral densities were computed 
for each phasic, tonic, and awake trial, based on long-range 
interhemispheric and (frontoparietal) intrahemispheric chan-
nel combinations. Frontopolar and occipital channels were 
not included to provide a more homogeneous set of distances 
between pairs. As Figure 1 illustrates, interhemispheric chan-
nel pairs included F7-F8, F3-F4, T3-T4, C3-C4, T5-T6, and P3-P4. 
Intrahemispheric channel pairs included F7-T5, F3-P3, Fz-Pz, 
F4-P4, and F8-T6.

Synchronization: WPLI

The phase lag index (PLI) was proposed by Stam and colleagues 
[61] in order to quantify phase synchronization based on the 
asymmetry of the distribution of phase-angle differences (usu-
ally represented as vectors in a circular plane) between two EEG 
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signals. The PLI, such as the more widely used phase coherence, 
measures the consistency of phase relationships between two 
electric signals; however, it is less sensitive to the influence of 
volume conduction and common sources by discarding random 
and zero (or π) phase-angle differences [42, 61].

The disadvantage of the PLI is that phase lags might turn 
into leads, and vice versa, yielding discontinuous measure-
ments that can be problematic in the case of synchronization 
effects of small magnitude [42]. The modified version of the PLI, 
the WPLI, was introduced to attenuate this effect. This meas-
ure weights phase-angle differences by the magnitude of the 
imaginary component. Consequently, the procedure attenuates 
(deweights) the contribution of phase-angle difference vectors 
that are close to the real axis (close to zero or to π). Although 
the traditional measure of coherence appears to follow fluc-
tuations in power, WPLI seems to be independent of spectral 
power [62]. The final estimate of the WPLI produces values 
between 0 and 1. Values closer to 1 indicate higher phase syn-
chronization between signals [42]. The WPLI was computed for 
each channel pair and frequency between 4 and 46 Hz (1 Hz bin 
resolution). Filtering, segmentation, manual artifact rejection, 
Laplacian estimation, and frequency analyses (FFT and WPLI) 
were performed in Matlab (The Mathworks) using the Fieldtrip 
toolbox [63].

Statistical analyses

Statistical testing was performed with R [64]. To reduce the num-
ber of statistical comparisons, we averaged the WPLI values of 
the corresponding channel pairs to obtain a mean value of inter-
hemispheric and intrahemispheric synchronization, separately. 
WPLI values for the specific frequency bins were averaged into 
θ (4–7 Hz), α (8–14 Hz), β (15–30 Hz), and γ (31–46 Hz) ranges [65], 

but binwise values were retained for exploratory analyses. The 
assumption of normality was verified by the Shapiro–Wilk test 
in each band and region (inter- and intrahemispheric). Repeated 
measures analyses of variance (ANOVA) with condition (phasic, 
tonic) and bands (θ, α, β, γ) as within-subject factors were per-
formed for interhemispheric and intrahemispheric synchron-
ization, separately. The Mauchly’s test was used to verify the 
assumption of sphericity, and the Greenhouse–Geiser correction 
on p-values was applied if necessary. Additionally, paired sam-
ple t tests were performed to compare bandwise WPLI between 
phasic and tonic conditions. To address the issue of multiple 
comparisons, we applied the Benjamini–Hochberg procedure to 
estimate false discovery rate [66], and we report corrected p-val-
ues throughout the text. In order to examine whether phasic 
or tonic differences in α-band synchrony were specific for long-
range synchronization, we performed two post hoc analyses. We 
calculated a grand average WPLI including all channel combi-
nations (yielding 171 pairs of the 19 channels) and an average 
WPLI based only on short-range (adjacent) electrode combina-
tions (yielding 26 channel pair combinations; e.g. Fp1-F7, F3-C3, 
C3-P3, F3-F7, T3-T5, T5-P3). The above statistical tests (ANOVAs 
and t tests) were performed similarly on these outcome meas-
ures. Binwise data of phasic or tonic REM and resting wakeful-
ness were compared by bootstrap tests (permutation test). This 
approach is suitable to analyze sleep EEG data since it makes no 
assumptions of the distribution of the data [67–69]. Bootstrap 
tests in case of each frequency bin (from 4 to 46 Hz) and region 
(inter- and intrahemispheric WPLI) were based on 10 000 ran-
dom samples derived from the original pool of data (bootstrap 
distribution). Previous studies showed that such nonparametric 
tests are efficient in handling false alarm rate [70].

Results

Long-range synchronization

Inter- and intrahemispheric WPLI values of all frequency bands 
did not deviate from normal distribution as verified by Shapiro–
Wilk tests (all p > 0.2). In case of interhemispheric synchron-
ization, the main effect of condition showed a trend (F1,18 = 4.35, 
p  =  0.05, η2= 0.19), and the effect of bands was not significant 
(F3,54 = 1.72, p = 0.17), but a significant interaction between condi-
tion and bands emerged explaining 13% of the variance in WPLI 
values (F3,54 = 2.85, p = 0.04, η2= 0.13). As shown in Figure 2, post 
hoc comparisons between phasic and tonic conditions indicated 
that WPLI in the α range was significantly higher in tonic in com-
parison to phasic periods (t18 = −2.8, p < 0.05). Differences in other 
frequency bands were not significant (all p > 0.05). Nevertheless, 
there was one outlier within the tonic β band based on the inter-
quartile range rule with a multiplier of 2.2 [71]; therefore, we 
repeated the above analyses excluding the outlier. The exclusion 
of the outlier did not change our results, except for the β band, 
that showed a significant difference between phasic and tonic 
conditions (t17 = −2.72, p = 0.04, d = 0.64). Statistical parameters 
of paired comparisons (including the outlier) are summarized 
in Table 1.

Regarding intrahemispheric synchronization, the main effect 
of condition was significant explaining a large portion of the 
variance in the outcome measure (F1,18 = 19.8, p < 0.001, η2= 0.52). 
The effect of bands was not significant (F3,54  =  1.48, p  =  0.23), 

Figure 1. Interhemispheric (blue) and intrahemispheric (orange) channel pairs for 

the calculation of long-range synchronization. Long-range connections refer to 

nonadjacent electrode pairs. Frontopolar and occipital electrodes were used for 

Laplacian estimation, but were excluded from the analyses of synchronization.
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but the interaction between condition and bands yielded a sig-
nificant effect (F3,54 = 5.35, p = 0.003, η2= 0.23). Post hoc compar-
isons showed that WPLI in the α- (t18  =  −4.76, p  =  0.0006) and 
β- (t18 = −4.01, p = 0.002) frequency bands were significantly dif-
ferent across phasic and tonic periods, both showing higher 
values in tonic in comparison to phasic REM sleep (see Figure 2 
and Table 1). The exclusion of outliers (n = 2) did not modify the 
results of the statistical tests.

WPLI in REM states compared with wakefulness

In order to explore peak frequencies and frequency specific 
increases in long-range synchronization, we visualized WPLI 
in phasic and tonic REM states from 4 to 46 Hz. As shown in 
Figure 3, interhemispheric synchronization was relatively higher 
in tonic conditions, especially in frequencies pertaining to the 
high α and β ranges (12–16 and 28–31 Hz). In case of intrahemi-
spheric synchronization, tonic REM showed relative increases in 
several frequency bins (5–6, 9–10, 13–16, and 25–31 Hz), except in 
those that belong to the γ range.

To compare inter- and intrahemispheric synchronization dur-
ing wakefulness with that of phasic and tonic REM states, we 
visualized binwise WPLI in these three vigilance states, based 
on the data of our subsample (n = 12) in which wakeful resting 
state recordings were also available. Due to the large amount of 
muscle-related and technical artifacts that affected specifically 
high-frequency activity in recordings collected during the awake 
state, in this case, binwise WPLI was visualized only until 27 Hz 
(Figure 4). Wakefulness was characterized by increased inter- and 
intrahemispheric synchronization within the α range, peak-
ing around 10 Hz. Although WPLI in the α-frequency range was 
markedly increased in resting wakefulness, compared with REM 
sleep periods, tonic REM, particularly in case of intrahemispheric 
synchronization, exhibited an intermediate state between wake-
fulness and phasic REM sleep in this regard. Furthermore, long-
range synchronization within the β range exhibited overlapping 
values between wakefulness and tonic REM sleep, exceeding the 
values found in phasic REM (see Figure 4).

Figure 2. Long-range interhemispheric and intrahemispheric WPLI in phasic and tonic REM periods in different frequency bands. Dots show individual data points, 

the vertical line within the boxes shows the medians, boxes represent the first and third quartiles, and whiskers indicate the interquartile range of 1.5. *Statistical 

parameters after the exclusion of the outlier.

Table  1. Paired sample t tests (n  =  19) contrasting bandwise long-
range interhemispheric and long-range intrahemispheric WPLI in 
phasic and tonic REM sleep

Dependent 
variables

T 
value

Confidence 
Interval

p-Value 
(FDR 
adjusted)

Effect size 
(Cohen’s d)

Phasic 
vs. tonic

Interhemispheric
θ 0.62 [−0.01–0.02] .72 0.14 P ≈ T
α −2.79 [−0.03–−0.01] .04 0.64 P < T
β −2.11 [−0.04–−0.00] .09 0.48 P ≈ T†

γ −0.21 [−0.02–0.01] .83 0.05 P ≈ T
Intrahemispheric
θ −2.11 [0.06–−0.0001] .07 0.48 P ≈ T
α −4.76 [−0.06–0.02] .0006 1.09 P < T
β −4.01 [−0.04–−0.01] .002 0.92 P < T
γ 1.47 [−0.005–0.03] .16 0.33 P ≈ T

†Long-range interhemispheric WPLI within the β range was significantly higher 

in tonic vs. phasic REM after the exclusion of one outlier (see Long-range 

synchronization).
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Grand average and short-range WPLI

To verify whether the above differences between phasic and tonic 
conditions in α or β synchronization were specific to long-range 
synchrony, we first computed a grand average of bandwise syn-
chronization by averaging WPLI values of all channel combina-
tions. The repeated measures ANOVA for this outcome measure 
yielded a significant main effect of band (F3,54 = 11.64, p < 0.0001, 
η2= 0.41) and a significant interaction between condition and 
band (F3,54 = 13.34, p < 0.0001, η2= 0.46), whereas the main effect 
of condition (F1,18 = 2.35, p = 0.14) was not significant. Paired com-
parisons revealed significantly higher WPLI in phasic REM in 
case of the γ (t18 = 5.45, p < 0.001, Cohens’ d = 1.25) band, whereas 
increased synchronization was found in the β range (t18 = −2.63, 
p < 0.05, Cohens’ d = 0.61) during the tonic state. Differences in the 
α band were not significant (t18 = −1.58, p > 0.1, Cohens’ d = 0.36).

As the grand average of WPLI including all channel pair 
combinations intermingles long- and short-range synchron-
ization, we extracted bandwise short-range synchronization 
averaging WPLI values of only adjacent electrode pairs (e.g. 
F3-C3, C3-P3, F4-F8, P3-T5). In case of short-range WPLI, the 
main effect of condition (F1,18 = 18.71, p < 0.001, η2= 0.51), band 
(F3,54 = 12.16, p < 0.0001, η2= 0.4), and their interaction (F3,54 = 13.76, 
p < 0.0001, η2= 0.45) were significant. Paired t tests indicated rela-
tively increased WPLI values in the phasic condition compared 
with the tonic state within the γ (t18 = 6.74, p < 0.00001, Cohens’ 
d = 1.54) band. In contrast to long-range synchrony, WPLI within 
the α- and β-frequency ranges did not differentiate phasic and 
tonic conditions (Figure 5 and Supplementray Table S2).

Topographical aspects

In order to examine (on an exploratory level) the topographi-
cal aspects of EEG synchronization, we contrasted phasic and 
tonic WPLI values of each interhemispheric and intrahemi-
spheric electrode pair. WPLI within the α band showed consist-
ently higher values in tonic REM in all electrode combinations, 
peaking at posterior interhemispheric pairs (P3-P4). WPLI within 
the β band showed “tonic peaks” at left frontoparietal (F3-P3), 
right frontotemporal (F8-T6), and central interhemispheric 
derivations (C3-C4). Although the averages of inter- and intra-
hemispheric long-range synchronization in θ and γ ranges were 
not significant (see Long-range synchronization), frontoparietal 
θ and γ synchronization (in two electrode pairs: F4-P4, Fz-Pz) 
showed clear peaks in phasic REM. Long-range synchronization 
in different frequency bands and electrode pairs is visualized in 
Supplementary Figure S1.

Additionally, we analyzed average WPLI values in anterior, 
central, and posterior regions, by computing the mean WPLI 
score of all possible electrode combinations of these regions. 
In case of the anterior region, the main effects of condition 
(F1,18 = 7.20, p = 0.02, η2= 0.23) and band (F3,54 = 12.18, p < 0.0001, η2= 
0.29) were significant, as well as the interaction between condi-
tion and band (F3,54 = 24.96, p < 0.0001, η2= 0.6). Post hoc compari-
sons showed increased γ synchronization (t18 = 5.3, p < 0.0005, 
Cohens’ d = 1.23) in phasic, and a trend of higher α synchroniza-
tion (t18 = −2.48, p = 0.08, Cohens’ d = 0.54) in tonic REM. In central 
channel pairs, only the effect of band (F3,54 = 17.38, p < 0.0001, 
η2= 0.48) was significant, but condition (F1,18  =  0.08, p  =  0.78) 

Figure 3. Inter- and intrahemispheric WPLI in phasic and tonic REM sleep between 4 and 46 Hz (1 Hz resolution). The line graph depicts the mean values of 19 partici-

pants in each frequency bin. Vertical lines indicate standard errors. Black horizontal lines correspond to bins that are significantly different (p < 0.05) between phasic 

and tonic conditions.
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and condition × band (F1,18 = 1.63, p = 019) were not significant 
factors of the model. Accordingly, no significant differences 
between phasic and tonic states emerged in any frequency band 
(Supplementary Table S3). Similarly, in case of posterior channel 
pairs, only the main effect of band was significant (F3,54 = 19.38, 
p < 0.0001, η2= 0.5248), whereas no significant effect of condition 
(F1,18 = 0.05, p = 0.82) or of condition × band (F1,18 = 2.35, p = 0.08) 
emerged. The only band differentiating phasic and tonic condi-
tions was γ showing a trend (t18 = 2.62, p = 0.08, Cohens’ d = 0.6) of 
higher synchronization in phasic REM (Supplementary Table S3).

Discussion
In this study, we examined frequency-specific cortical synchron-
ization in phasic and tonic REM sleep. Our analyses indicate that 
inter- and intrahemispheric α and β synchrony as quantified by 
the WPLI is enhanced in tonic REM states in contrast to phasic 
ones. In case of short-range synchronization, however, WPLI in 
the γ-frequency range is higher in phasic compared with tonic 
periods.

Our findings complement and extend earlier studies that 
emphasized the differences between these two microstates 
in terms of alertness [5], environmental processing [16], neur-
onal network activity [17] and mental experiences [11]. Phasic 
and tonic REM sleep shows marked differences in EEG spectral 
power: α and β oscillations are increased during the tonic state, 
whereas γ power is relatively enhanced during the phasic state 
[20–23]. Beyond local EEG power, phase synchronization between 

distant electrode sites reflects functional coupling and integra-
tion between cortical regions [33, 34, 72]. Accordingly, frequency-
specific phase synchronization between distant cortical regions 
clearly distinguished different states of vigilance, including 
non-REM (NREM) sleep, REM sleep, and wakefulness [67, 73, 74].

Here, we extended this line of inquiry to examine cortical 
synchronization between phasic and tonic REM sleep, and 
focused on long-range α synchronization as it has been linked to 
the frontoparietal network supporting alertness, attention, and 
top-down control [34, 38, 44, 75]. In line with our expectations, 
we found increased inter- and intrahemispheric long-range α 
synchronization during tonic in contrast to phasic REM sleep. 
Additionally, relatively increased synchronization was evi-
denced within the tonic state in faster frequencies comprising 
the β range. Our analyses indicated that these differences were 
specific to long-range synchrony, as short-range synchroniza-
tion in the α and β ranges was not significantly different across 
phasic and tonic conditions.

Long-range inter- and intrahemispheric α synchronization 
is a prominent feature of a variety of cognitive processes that 
characterize the awake state [44]; therefore, it is tempting to 
speculate that increased long-range α synchronization found in 
the tonic state supports the assumption that tonic REM sleep 
resembles wakefulness. In fact, long-range WPLI values showed 
a prominent peak within the α range during resting wakeful-
ness, and intrahemispheric α synchrony in tonic REM exhibited 
intermediate values between phasic REM and wakefulness. Our 
data corroborate the findings of two previous studies showing 

Figure 4. Inter- and intrahemispheric WPLI in phasic REM, tonic REM, and resting wakefulness, between 4 and 27 Hz (1 Hz resolution). The linegraph (smoothed for visu-

alization) depicts the mean values of 12 participants in each frequency bin. Vertical lines indicate standard errors. Blue horizontal lines correspond to statistically sig-

nificant differences between tonic REM and wakefulness. Red horizontal lines correspond to statistically significant differences between phasic REM and wakefulness.
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increased synchrony in the α range during (eyes closed) wakeful-
ness compared with REM sleep (although these studies applied 
phase coherence [59] and global field synchronization [67], as 
measures of synchronization). Although phasic REM periods are 
characterized by reduced long-range α synchrony, our findings 
suggest that inter- and intrahemispheric α synchronization is 
partially reinstated during tonic REM states. Long-range α syn-
chronization during tonic states might restore sensory aware-
ness and responsiveness [34] after phasic periods in which the 
brain temporarily decouples from the external environment 
[17]. It is important to note that enhanced long-range synchron-
ization in the tonic state was also found in the β band. Although 
increased α synchronization in tonic REM seemed to be a con-
sistent pattern of all examined electrode pairs, higher β band 
synchrony was evident among frontocentral interhemispheric, 
as well as frontoparietal, and frontotemporal intrahemispheric 
electrode pairs. This finding coheres with other studies indicat-
ing that frontoparietal network activity is not constrained to α 
oscillations, but extends to the β range [25, 40, 76, 77].

Reduced inter- and intrahemispheric synchronization 
between distant cortical ensembles during phasic REM sleep 
might be related to attenuated environmental processing as 
reflected by increased awakening threshold and attenuated cor-
tical reactivity in response to external stimulation [5, 16, 17]. On 
the other hand, enduring external stimulation seems to sup-
press phasic REM sleep and triggers tonic REM, presumably due 
to the reengagement of frontoparietal attentional networks [17, 
18]. Reduced long-range synchrony during phasic REM is also in 
line with clinical data indicating that phasic REM periods have a 
suppressing effect on interictal epileptiform discharges [41, 78], 
as epileptic activity seems to be facilitated by wide-spread neur-
onal synchronization [79].

Although long-range α or β synchrony decreased, γ syn-
chronization between the adjacent electrode sites was rela-
tively enhanced during phasic REM periods. Oscillations in the 
γ range were consistently reported in phasic REM sleep [21, 
30, 80]. Our findings complement these data and suggest that 
these oscillations may arise from local instead of wide-spread 
cortical regions. Although we can only speculate about the 
underlying mechanism of such oscillations, we might assume 
that these are driven by cholinergic and glutamatergic activity 
linked to PGO waves. First of all, cholinergic and glutamatergic 

projections have a crucial role in the generation of phasic REM 
sleep [81–84]. Moreover, a large amount of data indicate that 
ascending cholinergic and glutamatergic activity facilitates γ 
oscillations in the neocortex during wakefulness and REM sleep 
[85–89]. Increased γ synchronization during phasic periods was 
prominent between anterior electrode pairs. Nevertheless, given 
the lack of similar findings, further studies should corroborate 
whether phasic γ synchronization is specifically enhanced in 
frontal regions.

Increased short-range γ synchrony might reflect intense lim-
bic and sensorimotor activity during phasic REM sleep leading to 
highly emotional and perceptually vivid dream experiences [11, 
32, 90]. On the other hand, synchronization of cortical ensembles 
within the γ bands might be related to mechanisms facilitating 
neural plasticity and memory-consolidation [91] that might also 
influence mental activity during sleep. Nevertheless, informa-
tion-processing and mental activity during phasic REM sleep in 
relation to frequency-specific synchronization is far from being 
understood and needs to be addressed in future studies.

Interestingly, in case of long-range synchrony, the main 
effect of frequency band was not significant, indicating the lack 
of a frequency gradient in synchronization when REM micro-
states were treated as a whole. This finding is apparently at 
odds with a previous study indicating clear peaks in synchron-
ization during REM as measured by global field synchrony [67], 
but resembles the finding of another study showing no evident 
peaks in coherence during REM sleep after Laplacian transform-
ation [59]. Given the paucity of previous studies in this regard, 
as well as the differences in the applied methodologies, it is not 
easy to explain the lack of differences between frequency bands. 
Nevertheless, it seems plausible that frequency-specific peaks in 
long-range synchronization do not overlap in phasic and tonic 
conditions (as it was apparent in the binwise analysis (Figure 3), 
and hence, the main effects of frequency bands were masked 
due to these differences. In sharp contrast to long-range syn-
chronization, a pronounced main effect of frequency band did 
emerge in case of short-range synchrony. We might assume that 
local cortical activity (and hence, frequency-specific variations 
in amplitude) might contribute to increased synchronization 
between electrode sites that are close to each other. Moreover, 
we should note that measures of synchronization between adja-
cent electrodes are less immune to the effects of field spread 
even when these are mitigated by Laplacian transformation and 
by discarding zero phase lags [92]. This might explain why our 
measures of short-range synchronization resemble more the 
frequency gradient of spectral power measures [21].

We showed that frequency-specific coherent activity among 
local and distant neural ensembles differentiates phasic from 
tonic REM periods and provides further evidence on the het-
erogeneity of REM sleep. We applied a measure of synchroniza-
tion that is independent of the fluctuations of spectral power 
[62] and showed that beyond the differences in spectral power 
[20–22], different frequencies show different topographical pat-
terns of synchronization during tonic and phasic REM periods.

Among the limitations of our work, we should note that 
our analyses are based on a relatively low number of electrode 
combinations. Therefore, our findings, especially the topo-
graphical aspects, should be corroborated by future studies that 
apply high density EEG or intracerebral recordings allowing for 
a more precise analyses of long- and short-range synchroniza-
tion. Furthermore, we should emphasize that the assumption 
of partially reinstated alertness during tonic REM periods is still 

Figure  5. Average WPLI of adjacent (short-range) electrode combinations in 

phasic and tonic REM periods in different frequency bands. Dots show individual 

data points, the vertical line within the boxes shows the medians, boxes repre-

sent the first and third quartiles, whiskers indicate the interquartile range of 1.5.
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speculative and needs to be examined in further experiments 
that involve direct measurements of attentional processes dur-
ing tonic and phasic REM periods. Accordingly, the functional 
significance of the alternation between phasic and tonic micro-
states within REM sleep remains unanswered. Interestingly, in 
contrast to REM sleep, the heterogeneity of NREM sleep regard-
ing sleep stability and arousability is relatively well established 
[93]. These studies suggest that the dynamic structure of NREM 
sleep reflects two opposing, but at the same time complemen-
tary processes: an “offline” mode promoting the stability of sleep 
as well as internal memory processing and an “online” mode 
facilitating environmental alertness [93, 94]. The interchange 
of two microstates within REM sleep might reflect a similar 
process, alternating between phasic REM periods featured by 
intrinsic neuronal activity and reduced sensory processing [17], 
and tonic states characterized by reinstated environmental 
alertness.
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Part 4. Conclusion and future directions 
 

All the above presented studies are examples of various ways and different reasons how and why 

to harness the multidimensional signal acquired by PSG. During this nearly hundred years since 

human EEG has been invented and sleep has been defined as an active, heterogeneous state – with 

the help of PSG recordings – the possibilities to analyze and to exploit this signal grow 

significantly. The analog signal used to be recorded onto paper is now transformed into a digital 

signal, easily and swiftly decomposed into its basic components and these components can be used 

mostly independent of each other to investigate various scales of instantaneous communication 

between neuron populations in the sleeping brain. As study 1 and 5 shows we can use these 

different components to infer short-term, state-like changes related to for example information 

processing during sleep, such as consolidation of relevant information or phase synchronization 

changes accompanying different states within the REM phase representing different information 

processing milieu. Furthermore, these components can be also used to investigate trait-like markers 

of sleep related disorders such as cortical hyperarousal in the context of frequent idiopathic 

nightmares presented in studies 2, 3 and 4.  

Uncovering both state and trait signatures related to sleep, hyperarousal and information 

processing could be held at utmost importance for the recent movement in the field of psychiatry 

trying to identify biological and neurocognitive processes underlying specific symptoms across 

disorders (Insel et al., 2010). This initiative built upon the issue already mentioned within this short 

review (Part 2, Chapter 1, Sections 2.2 and 2.3), which is the purely subjective symptom based 

diagnosis and classification (ICD-10, DSM-5) of mental disorders such as depression, anxiety or 

even some sleep related disorders like insomnia and nightmare disorder (Cuthbert, 2014). The 

lacking biological validity of this purely verbal categorization is considered to be the primary 

reason for why psychiatry has made little progress in translating biomedical research findings into 

clinical practice. The past three decades have been marked by tremendous technological advances 

in basic scientific disciplines (such as genomics and neuroimaging). However, unlike in other 

medical branches (e.g. oncology), the new developments have not reached the patient suffering 
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from a mental disorder. The rapid gain in biological knowledge has not helped to improve the 

understanding, diagnosis and treatment of mental disorders (Insel, 2014). 

 A recent approach by the National Institute of Mental health (NIMH) called the Research 

Domain Criteria (RdoC) aims to identify common mechanisms throughout multiple various 

psychiatric disorders, as well as symptom specific mechanisms that can serve as objective markers 

or risk factors of these symptoms (Insel, 2014). To identify these mechanisms dimensional 

psychological constructs are defined and grouped into higher level domains, which constitute the 

so called RdoC matrix. Currently the following five main domains are identified: 1) Negative 

valence systems (e.g. anxiety, fear), 2) Positive valence systems (e.g. reward learning, approach 

motivation), 3) Cognitive systems (e.g. attention, declarative memory), 4) Systems for social 

processes (e.g. social communication, perception/understanding of others) and 5) 

Arousal/Modulatory System (e.g. arousal, sleep-wake) (Cuthbert, 2014). The aim is to explore 

these modules with a wide assortment of methods varying from molecular and genetic throughout 

cellular, circuitry and physiological to behavioral and self-report assessments. 

 Within this framework sleep parameters (macrostructural, spectral and phase 

synchronization characteristics) could be used to identify basic, common dimensions across various 

mental disorders. One of these basic dimensions – already mentioned in this review (Part 2, Chapter 

1, Section 2), – is the disturbed neurobiological balance between arousal and sleep promoting 

processes, which seems to be a common denominator for example in PTSD, insomnia and 

nightmare disorder (Baglioni et al., 2016). Quantitative EEG analysis can be a powerful tool in 

identifying specific objective markers, such as EEG signature of cortical hyperarousal, which 

markers in the future could be used as potential objective diagnostic criteria or predictive markers 

for treatment response. Furthermore, outlining task-specific or state-specific changes in the healthy 

brain could render a deeper understanding of the neurobiological backgrounds of the mechanisms 

responsible, advancing our insight into possible way of malfunctioning. 

 All in all, there is a great amount of research from the last decade showing high comorbidity 

between mental disorders and sleep disturbances and this correlation have been shown to have a 

significant effect on daily emotional and cognitive functioning (e.g. memory processing) (Rasch & 

Born, 2013; Walker & van der Helm, 2009). Sleep characteristics in mental disorders seem to be a 

surprisingly understudied area, even though different sleep fragmentation patterns would be ideal 
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candidates for transdiagnostic processes (Harvey, 2009; Harvey, Murray, Chandler, & Soehner, 

2011). The relationship between sleep and mental disorders seems to be rather intertwined, but a 

better understanding of the role of sleep difficulties in the facilitation and maintenance of daily 

symptoms in psychiatric disorders could help to imply treatments of sleep disorders in clinical 

settings (Harvey et al., 2011). To better understand the above mentioned relationship, and to find 

the needed transdiagnostic processes further PSG research in combination of quantitative EEG 

analysis would be needed not just in the field of sleep related disorders but also in all currently 

used mental disorder categories. Even though sleep occupies almost one third of our lives the 

information so far collected about the functions of it is scares. Additionally, sleep measurements 

using PSG are widely accepted and relatively low-cost, however rarely used to investigate sleep 

related characteristics of mental disorders. And even if a night of undisturbed PSG recording have 

been made, harnessing the true power of this multidimensional signal is seldom. Turning towards 

translational psychiatry and building a bridge between sleep research, diagnostics and treatment 

allocation could prove to be a very beneficial future direction for both sleep research and 

psychiatry. 
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