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Abstract: Chronic insomnia (insomnia disorder—ID) afflicts up to 10% of the adult population,
increases with age and affects more women than men. ID is associated with significant daytime
impairments and an increased risk for developing major somatic and mental disorders, especially
depression and anxiety disorders. Almost all insomnia models assume persistent hyperarousal on
cognitive, emotional, cortical and physiological levels as a central pathophysiological component.
The marked discrepancy between only minor objective alterations in polysomnographic parameters
of sleep continuity and the profound subjective impairment in patients with insomnia is still puzzling.
We and others have proposed that alterations in the microstructure of sleep, especially in REM
sleep (REM sleep instability), may explain this discrepancy and be at the core of the experience of
fragmented and poor sleep in ID. The REM sleep instability concept is based on evidence showing
REM time to be related to subjective wake time in insomnia as well as increased micro- and macro-
arousals during REM sleep in insomnia patients compared to good-sleeper controls. Our own work
showed that ID patients awoken from REM sleep more frequently reported the perception of having
been awake than good sleepers as well as having had more negative ideations. The continuous
measurement of event-related potentials throughout the whole night demonstrated reduced P2
amplitudes specifically during phasic REM sleep in insomnia, which points to a mismatch negativity
in ID reflecting automatic change detection in the auditory system and a concomitant orienting
response. REM sleep represents the most highly aroused brain state during sleep and thus might be
particularly prone to fragmentation in individuals with persistent hyperarousal, resulting in a more
conscious-like wake experience reflecting pre-sleep concerns of patients with ID, i.e., worries about
poor sleep and its consequences, thus leading to the subjective over-estimation of nocturnal waking
time and the experience of disrupted and non-restorative sleep. Chronic REM sleep instability might
also lead to a dysfunction in a ventral emotional neural network, including limbic and paralimbic
areas activated during REM sleep. Along with a postulated weakened functioning in a dorsal
executive neural network, including frontal and prefrontal areas, this might contribute to emotional
and cognitive alterations and an elevated risk of developing depression and anxiety.
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1. Introduction

Aetiological and pathophysiological ideas, hypotheses, concepts and theories about
insomnia (as a diagnosis: insomnia disorder = ID) in adults have been suggested not just
recently, but may have a longer history. The concept of “hyperarousal” has a long-standing
history in the academic work on insomnia. This article will provide an overview of current
thoughts and theories of insomnia in general and its underlying origins. In doing so, we
will draw extensively on both our own recent work and that of others [1-10], so that certain
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similarities and overlap to this are not entirely avoidable. We will then link the hyperarousal
concept with a more specific hypothesis, “REM sleep instability”, which ascribes a central
role to the phenomenon of fragmented REM sleep concerning the pathophysiology of
ID [9,11-14].

2. Aetiological and Pathophysiological Aspects of Insomnia

Recent literature on insomnia has specified behavioural, neurobiological and cognitive—
emotional insomnia models in detail, thus emphasizing the close relationship between
insomnia and psychopathology (for a summary, see Figure 1) [1-10].
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Figure 1. Comprehensive insomnia model (see text; taken from Riemann et al. [5]).

The basic structure of the model shown in Figure 1 is adopted from the so-called 3P
model of insomnia that was formulated by Spielman and colleagues [15]. The 3 P’s stand for
Predisposing, Precipitating and Perpetuating factors. This model has been very influential
for the insomnia field, as it constitutes an ideal basis for the different areas relevant for
insomnia theories. Our line of argumentation will closely follow the structure outlined in
this model.
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2.1. Predisposing Factors

A wide range of relevant biological and psychological predisposing factors for ID
have been identified. Biological factors include neurobiological mechanisms of sleep
regulation as well as growing knowledge in the field of (epi-)genetics. Psychological factors
refer to well-researched premorbid characteristics regarding cognition, emotion regulation
and personality.

2.1.1. Genetics

Family and twin studies confirm that genetic and epigenetic factors play a role in
the aetiology of insomnia [16,17]. GWAS (genome-wide association studies) indicate a
marked polygenicity involving more than 500 genes [18]. Common heritable factors were
documented for insomnia and restless legs (e.g., BTB domain containing 9 (BTBD9) and
protein tyrosine phosphatase receptor type D (PTPRD) genes), certain psychiatric traits
related to mood regulation (e.g., glycogen synthase kinase-33 (GSK3B) gene) and metabolic
dysfunction [17-20]. These studies indicated that vulnerability / predisposition to insomnia
does not stem directly from circuits playing a role in sleep regulation. Rather, brain tissues
(e.g., anterior cingulate cortex) and cell types expressing risk genes for insomnia seem to be
mainly part of circuitries being involved in the regulation of emotion [9].

2.1.2. Neurobiologically Relevant Sleep Mechanisms

A review on the neurobiology of insomnia needs to encompass major neuroanatomic
and neurophysiological mechanisms of sleep regulation, especially with regard to well-
described homeostatic and biological time-keeping factors [21]. From a sleep—neurobiological
perspective, insomnia can be associated with an imbalance between mechanisms governing
wakefulness and arousal, and sleep-inducing mechanisms.

The flip-flop switch model of sleep—wake regulation [22] postulates regular mutual
inhibitory processes between wake and sleep promoting neuronal cell groups. Activation
of one cell group firstly inhibits the other, and after a certain time, inhibits its own activa-
tion, allowing switches between sleeping and waking. Wakefulness involves a network of
hypothalamic cell groups (including orexinergic neurons in the lateral hypothalamus [23]),
the brainstem and the basal forebrain. These activate the thalamus and cerebral cortex
structures, which include cell groups of the ARAS (ascending reticular activating sys-
tem). During sleep, the VLPO (ventrolateral preoptic nucleus) is disinhibited and blocks
wake/arousal-promoting neurons in the hypothalamus and brainstem through GABA
(gamma-amino-butyric acid). The VLPO obtains afferent input from the main monoamin-
ergic systems (including cell groups in the raphe nuclei and locus coeruleus, containing
dopamine) and is inhibited by norepinephrine and serotonin. In addition, GABAergic
neurons in the ventrolateral periaqueductal gray region are thought to play an important
role in gating REM sleep [24].

From this perspective, a relative increased activity in the wake-promoting system, a
decrease in the sleep system’s activity or a combination of both factors simultaneously
could be at the core of insomnia [23].

2.1.3. Sleep Reactivity, Emotion and Personality

Psychological factors that are involved in both sleep regulation and predisposition
to insomnia arise from the areas of emotion and personality. Although this is sometimes
neglected, it is widely known that sleep initiation is hampered with any sort of inter-
nal/external threat. Numerous observations indicate that these factors play a central role
in the predisposition to insomnia [9]. For example, empirical work points to sleep reac-
tivity [25,26], i.e., the premorbid tendency to experience disrupted sleep as a reaction to
stressful life events, as a significant risk factor for insomnia. A range of other traits, often
closely associated with the regulation of emotions, seem to be linked with insomnia. Per-
fectionism, neuroticism, a stable tendency to internalize problems as well as an increased
sensitivity to anxiety symptoms have to be mentioned here [27,28]. These characteristics
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could be coupled with heightened baseline levels of arousal and/or the increased tendency
to respond to relevant stressors with signs of (hyper-) arousal. In this vein, perfectionism
might increase arousal when faced with a night of insomnia by promoting the subjective
perception of a personal failure not being able to sleep [28].

3. Precipitating Factors

In everyday life, acute bouts of insomnia are usually triggered with relevant stressors
like significant life events. This type of event is often coupled with negative emotional
valence and relates to a threat of security to family, health or the areas of work, school
or other aspects of living. Precipitating factors may include environmental factors such
as heat or noise, either in the form of a single significant event or an accumulation of
many minor stressors, or in a prolonged form as chronic stressors [29]. Needless to say,
not everyone reacting with insomnia to acute stressors will develop chronic insomnia.
Probably in the majority of cases, the insomnia disappears after the stressor has passed
or has successfully been coped with. Possessing certain predisposing traits, however,
will lead more easily to the emergence and establishing of vicious psychoneurobiological
circles that pave the path to the chronification of insomnia symptoms. The increase in
hypothalamic-pituitary-adrenal (HPA) axis activity due to acute stress can directly impair
sleep [30], while this stress response may be solidified with personality and emotional
factors and maladaptive behaviours like prolonged bedtimes and frequent clock-watching
(see Perpetuating Factors).

4. Perpetuating Factors
4.1. Cognitive Factors

Cognitive factors play an important role in the perpetuation of insomnia [31,32], in-
cluding dysfunctional and/or incorrect beliefs about sleep requirements and consequences
of not being able to sleep, as well as meta-cognitive beliefs about the process of worrying
itself and/or appropriate ways to cope with it [33,34], including dysfunctional regulation
of the ensuing emotions [35]. This often leads to excessive worrying, negative expectations
and negative emotional tone during the pre-sleep period. This is associated with sleep
disturbances, the extent of which in turn seems to depend on the content of cognitive
activity. In this regard, it has been demonstrated that only sleep-related cognitive activ-
ity (e.g., “When I sleep poorly on one night I know that it will interfere with my work
performance on the next day.” [36]) but not general cognitive arousal is associated with
polysomnographically determined sleep disturbances [37].

It has been suggested that, possibly as a result of negative expectations and emotions,
selective attentional processes further reinforce dysfunctional cognitions in insomnia. The
attentional system of patients with insomnia was found to be especially sensitive to sleep-
related stimuli (attentional bias) [38]. Such attentional bias may provoke an increased sleep
effort that interferes with the automaticity of sleep, and further reinforces the experience of
insomnia [31].

4.2. Behavioural Factors

To make up for their perceived sleep loss, a majority of insomnia patients tend to adopt
dysfunctional behaviours. Bedtimes will be prolonged, more daytime napping will take
place and alcohol consumption might be increased to facilitate sleep. In general, sleep-wake
schedules will become more irregular. Nevertheless, any of these self-help strategies are
dysfunctional as they perpetuate insomnia symptoms by reducing sleep pressure and/or
further weakening the conditioned association between the bed environment and sleep
(see the classical work by Bootzin [39]).
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4.3. Hyperarousal

The above-mentioned factors are intertwined with the pathophysiological concept of
hyperarousal (HYA). HYA manifests as increased levels of arousal in physiological, cogni-
tive/emotional and cortical arousal domains. HYA is considered a stable trait characteristic
of individuals prone to developing insomnia, as well as a pathophysiologically central
state following disease onset, occurring throughout the entire 24-h cycle [2,4-7] and not
just during the night. Nevertheless, HYA is a broad and heterogeneous construct, and
it is likely that patients suffering from insomnia exhibit different HYA foci, with some
being physiologically highly aroused and others showing more intense cognitive/cortical
arousal [7,40,41]. Furthermore, arousal levels are unlikely to be constant throughout the
day. For example, conditioned arousal responses in the bedtime environment [8] and sleep
effort [31] could lead to particularly high levels of arousal before bedtime and during
the night.

Markers of hyperarousal include increased autonomic activity (heart rate, heart rate
variability, etc.) and HPA axis overactivity, which is expressed in an increased output of cor-
tisol during the day and night [30]. On a neurotransmitter level, an overactive orexin system
might be critically involved, especially in emotional components of hyperarousal [23].

Neuroimaging research on insomnia indicates hyperactivity of cortico-limbic net-
works relative to sleep-promoting networks [4]. Signs of central nervous system (CNS)
hyperarousal in insomnia further include an increase in fast-frequency EEG activity (e.g.,
in the sigma, beta and gamma bands) during sleep (see, for example, Feige et al. [11]). In
addition, as predicted with the hyperarousal model, there is also evidence of increased
arousal in the wake EEG [42].

4.4. REM Sleep Instability

A well-replicated finding in patients with insomnia is an increase in micro-arousals
during sleep. Regarding this, an important role for a disturbance of REM sleep (either
termed REM sleep instability or restless REM sleep) has been postulated [3,6] regarding the
pathophysiology of insomnia and, in particular, for the altered perception of sleep and the
inability to down-regulate hyperarousal. For the first time, this was highlighted in 2008
by Feige et al. [14]: in this study, 100 good-sleeper controls and 100 patients with ID were
investigated for two nights in a drug-free state with routine polysomnography in a sleep
laboratory. The analysis of night 2 (termed baseline), besides looking at routine parameters
of sleep continuity, sleep architecture and REM sleep, included scoring of micro-arousals
during all stages of sleep (for an example, see Figure 2).

When relating subjective wake time to a linear model of the times spent in all PSG
sleep stages including wake, only REM sleep time contributed to subjective wake time in
addition to PSG wake time, indicating that the amount of REM sleep in insomnia predicts
an overestimation of nocturnal wake times. Additionally, the density of micro-arousals was
found to be increased relative to good sleepers in REM but not in N2 sleep. Furthermore, the
percentage of REM sleep was lower in ID than in good sleepers. These three observations
led us to assume that REM sleep quality was modified in ID.

To obtain more direct evidence for this hypothesis, a next study with four nights in the
laboratory investigated NREM (stage N2) and REM sleep awakenings in nights 3 and 4 in
subgroups of 27 good sleepers and 27 patients with ID [12]. All subjects were awoken three
times out of N2 and three times out of REM sleep (not including the first sleep cycle) either
in night 3 or 4 according to a counterbalanced design. The main outcome parameter was
the judgement of the acute state when awoken, i.e., sleeping vs. being awake. Although
more awake judgments were found for both groups when awoken from N2 than from REM
sleep, insomnia patients reported having been awake more frequently than good sleepers
after REM but not after N2 awakenings [12]. It was found that REM sleep spectral power
was related to this increased perceived wakefulness (in particular, lower delta, theta and
alpha power in the minute prior to the REM awakenings) [43]. Additionally, mood ratings
performed after the awakenings revealed a progressive worsening of mood in insomnia
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after REM sleep awakenings, which did not occur in stage N2 awakenings nor in good
sleepers. These results are only partially consistent with the findings of a previous smaller
awakening study by Mercer and colleagues [44]. In this study, insomnia patients had a
higher probability of wake judgments when awakened from either N2 or REM sleep. For
both groups, a higher probability of awake judgments was observed when awakened from
N2 sleep. They suggested that this difference was due to the more wake-like content of N2
mentation, which makes it more difficult to distinguish between sleep and wakefulness. In
this context, it may be an important pathophysiological mechanism in insomnia that due to
pre-sleep cognitive arousal and the known continuity between waking mental activity and
dreaming [45], REM sleep mentation becomes more realistic and thought-like too, which may
contribute to the more pronounced misperception of REM sleep noted by Feige et al. [3,12].
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Figure 2. Polysomnographic profiles of a good sleeper (upper panel) (a) and a patient with insomnia
(lower panel) (b). The y-axis displays arousal (micro-arousals), wake and sleep stages (REM, stage
N1, N2 and N3) as well as eye movements. The x-axis is the time axis.

In a next step, Feige et al. [13] looked at the continuous measurement of event-related
potentials (ERP; more than 10 000 stimuli per night) over the course of the night in 50 good
sleepers and 50 patients with ID. In contrast to good sleepers, patients with ID exhibited
reduced P2 amplitudes in phasic REM sleep exclusively, but not in any other sleep state. A
further topographical analysis showed that this was most likely due to increased mismatch
negativity in ID, mirroring increased automated change detection in the auditory system
and a concomitant orienting response [13]. The assumption was made that especially
phasic REM sleep could be prone to sensory afferences in ID, thus contributing to the
perception of being awake instead of sleeping/dreaming. These series of experiments
emphasize the important role of REM sleep and its instability in insomnia. In an ongoing
study, we are now investigating the impact of two bedtime stories (confrontation—a story
about insomnia and its consequences vs. distraction—a very funny story without any
insomnia-related content) on PSG recorded sleep and event-related potentials in ID.

Wassing et al. [46—49] conducted experiments to further elucidate the underlying
mechanisms and showed that REM sleep disturbances hamper the nocturnal adaptation of
limbic circuits (as a response to shameful experiences). As a consequence, difficulties in
resolving distress may occur, which may be a crucial component of the development and
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maintenance of hyperarousal as well as the risk to develop other mental disorders. This
relationship was confirmed with other studies [50,51]. Interestingly, unperturbed REM
sleep is accompanied with the prolonged silence of the locus coeruleus (LC), which in turn
is coupled to a decrease in cerebral norepinephrine [52].

REM sleep is supposed to serve the limbic reactivation of emotional memory traces.
Van Someren [9] postulated that increased levels of norepinephrine during restless REM
sleep could disrupt synaptic plasticity processes underlying the adaptation of neuronal
engrams that represent distress, and possibly even result in further sensitization. It has
also been suggested that low norepinephrine during REM sleep is central to the restoration
of norepinephrinergic tone and to allow for low tonic and high phasic LC activity during
wakefulness [53]. In the same publication, it is also hypothesized that undisturbed REM
sleep over the course of the night, because of the silence of the LC, allows for the integration
of emotional memories and helps to balance the emotional equilibrium of the individual.

On a neurobiological level, a role for orexin in these REM sleep disturbances is sug-
gested with the fact that a new generation of pharmacological treatments for insomnia that
block orexin-1 and orexin-2 receptors have been shown to promote REM sleep [54].

Given these theoretical considerations backed with first experimental data, REM sleep
perturbations in ID might also be interpreted as a major pathway to develop significant
psychopathology over the chronic course of the disorder.

5. Insomnia, Hyperarousal and REM Sleep Instability: A Major Pathway to
Develop Psychopathology

Instability of REM sleep appears to be closely related to emotional perpetuating factors,
thus constituting an important pathway for a subsequent development of depressive and
anxiety disorders. Impairments of sleep continuity indeed occur in most mental disor-
ders [55] and insomnia-related problems in children have been associated with problems in
socio-emotional development [56]. In adults, it has been shown that insomnia is a predic-
tor of sustained emotional distress and of both anxiety disorders and depression [57,58].
Experimental studies have further demonstrated that insomnia patients compared to those
with good sleep report more negative emotions [59,60]. Psychophysiological studies have
also demonstrated that patients with insomnia show an emotional bias to sleep-related
stimuli with negative valence [61,62]. These data are consistent with the perspective that
sleep is a fundamental psychophysiological process owning a key role in the regulation of
stress and emotion [63,64].

In an overview paper [1], we outlined in more detail the relationships especially
between sleep, insomnia and depressive disorders. Thus, insomnia qualifies as a transdi-
agnostic factor for psychopathology in general, and especially for mood disorders. The
relations between insomnia and depression are bi-directional. Insomnia is a significant pre-
dictor of depressive disorders and depressive disorders are frequently accompanied with
insomnia symptoms. Insomnia treatment may be even conceived of as a helpful strategy to
prevent mood disorders. As discussed in the previous sections, insomnia-related distur-
bances of REM sleep appear to be an important pathway for the link between insomnia
and mental illness. Because REM sleep is the most highly aroused brain state during sleep,
it is likely to be particularly susceptible to disturbances due to hyperarousal, suggesting an
important link between the concepts of REM sleep instability and hyperarousal in insom-
nia. Insomnia, hyperarousal and REM sleep instability might in the long run destabilize
synaptic plasticity and thereby increase the vulnerability for depressive disorders.

6. Perspectives for the Future

In recent decades, significant progress has been achieved in the understanding of
insomnia. Nevertheless, many open questions still remain. In the following, we will outline
promising avenues for future research concerning the aetiology and pathophysiology
of insomnia.
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The fact that all important diagnostic systems (DSM-5, ICD-11 and ICSD-3-TR) are
currently in agreement on insomnia disorder [65-67] as the main diagnostic entity carries
huge potential to achieve greater comparability of insomnia research from different parts
of the world. Aggregating data from different insomnia centres could also be beneficial to
overcome the issues of small sample sizes and a poor replicability of findings. In addition
to the use of consistent diagnostic criteria, this would require the application of standard
methods and paradigms across different laboratories.

In spite of the overarching category of ID, the presence of different insomnia sub-types
should not be overlooked. In this regard, adopting a data-driven approach to delineate
and characterize such subtypes appears to be reasonable [68]. This could be enhanced by
adding relevant questionnaires and physiological data.

Given the high costs and artificial character of sleep laboratory settings, a need is
evident to develop home-based EEG measures that are easy to use and allow for repeated
CNS-based measurements in the patients” natural environment, thereby going beyond
classical actigraphy [69]. This would enable more fine-grained studies on the dynamics of
features that reflect sleep drive and characteristics of REM sleep both over the long-term
and in the context of treatments.

Since the concept of hyperarousal plays a central role in almost all insomnia mod-
els, the development of a hyperarousal test should be considered. At best, this could be
performed during the day. Considering that the general tendency to hyperarousal can
be regarded as a central predisposing factor, such a test could also help to evaluate an
individual’s risk for the development of chronic insomnia. In addition, data from a cor-
responding test could be used to relate them to (epi-)genetic data and help to refine the
clinical diagnosis and personalize therapy by identifying specific hyperarousal profiles.

To examine which sleep characteristics govern the decrease in distress overnight
(from full adaptation to maladaptive sensitization), it seems necessary to conduct repeated
measurements of hyperarousal from evening to morning [47,49].

Finally, we still require a deeper understanding of the psycho-neurobiological mecha-
nisms of insomnia to evaluate the treatment effects of cognitive behavioural therapy for
insomnia (CBT-I) beyond mere subjective measures and help develop complementary
therapeutic approaches. In this context, dual orexin receptor antagonists have emerged as
promising new pharmacological treatment strategies. However, the precise role of orexin
in the pathophysiology of insomnia, particularly with regard to REM sleep disturbances, as
well as the role of other neurotransmitters known to be involved in the regulation of sleep,
such as acetylcholine and dopamine, requires further investigation.
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