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While in ancient Greece, incubation rooms were dedicated to the interpretation of dreams, sleep
was also studied by famous philosophers such as Aristotle. In 350 B.C.E., he wrote an essay titled “On
Sleep and Sleepiness”. In the essay, he described some basics of how sleep was regulated and how it
was naturally induced. Nowadays, we know much more about sleep and its regulation (circadian
rhythms, homeostatic processes, etc.) and the diurnal consequences of the lack of sleep (poor memory
and decision-making, lack of attention, increased car accidents, health issues, etc.).

Although some of us might decide today to cut down on our sleep because of work, family
or other related reasons, this choice is voluntary. Involuntary sleep reduction, as it is the case with
insomnia, brings its own consequences. With the advent of the modern world and the appearance of
stress, we have seen cases of insomnia grow from one century to the other. Today, worldwide, rates of
chronic insomnia are nearing 12% of the population, while about 30% of individuals report suffering
from an occasional bad night of sleep. Although we know that insomnia, albeit acute or chronic, is
often precipitated by an event, one can be predisposed to suffer from it (for example, being a woman
or an elderly) and can also maintain sleep difficulties with bad habits (for example, staying in bed
while unable to fall asleep).

At the core of insomnia, hyperarousal (cortical and physical) has been recognized as having a
dominant role to play. One can be predisposed to have a higher hyperarousal level, or hyperarousal
can develop with time. In fact, hyperarousal may be what prevents you from falling asleep and wakes
you up during the night, and is reflected through heightened cortical activity, for example. However,
hyperarousal might not explain everything. In fact, one perspective offered by Vargas and al. [1] questions
if hyperarousal has anything to do with either acute or chronic insomnia. By disentangling how the
flight-or-fight response suggested for acute insomnia is different to the learned hyperarousal observed in
chronic insomnia, this review sets the tone for the rest of the issue. However, a very innovative way to
study arousal, and especially hyperarousal, while looking at socioemotional processing is described by
Howlett and colleagues [2]. By studying responses in categorization of face-emotion stimuli and intensity
of risk-taking in both good sleepers and individuals suffering of insomnia, these authors suggests that
beta activity (which is considered the cortical signature of hyperarousal) interferes differentially in the
two studied groups and is not the hallmark of insomnia only.

Two other reviews in the issue discuss different issues. The first one discusses how important
and high the rate of comorbid insomnia and apnea is. According to authors [3], insomnia was long
considered secondary to apnea, and it is only recently that clinicians have begun to study how these
two sleep disorders can be dealt differently treatment wise and explain why response rate was often
so low in both previous sleep disorders in treatment studies. Next, a systematic review informs us
about the subtle but very disturbing role insomnia plays in traumatic brain injury patients. It is
worth mentioning that insomnia in conjunction with drowsiness will definitely impact on brain injury
patients’ daily life [4]. Recent research in the area of traumatic brain injury is so active that another
paper from this issue studies this very interesting area of research, especially when we know that both
insomnia and drowsiness are often underdiagnosed and thus undertreated in these patients, while
remaining persistent complaints [5].

Brain Sci. 2020, 10, 225; d0i:10.3390/brainsci10040225 1 www.mdpi.com/journal/brainsci
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One of the aims of the present issue was to demystify some of the less explored concepts, which
might, in fact, act as precipitating factors of insomnia, maintain it with an active comorbidity or have
health and societal consequences superseding hyperarousal. As such, jumping right in, we know
that alcohol interferes with sleep, and its abrupt cessation in regular drinkers can also cause severe
insomnia. However, what role does insomnia have in risky behavior when an individual also suffers
from insomnia? In fact, student athletes are at a higher risk of driving under the influence of alcohol
than non-athlete students and, furthermore, especially if they suffer from insomnia [6].

Finally, the last paper of this issue deals with some physical aspects of our body: choroid, retinal
nerve fibers and the inner plexiform layer [7]. Not only were those affected in individuals suffering of
insomnia, they were more so as the severity of insomnia increased. This new line of research might
pave the way not only for future research on insomnia and tissue degeneration, but also for sleep and
its implications together in non-degenerative profiles as measured by optical coherence tomography.

As more research evolves on insomnia treatment and sleep per se, the future is bright for those
working in these areas of research. It is not imminent that insomnia rates will dramatically drop, and
more research to understand how it develops and is maintained as well as the best way to treat it are still
more than ever needed. Let us disseminate our knowledge, to nurture what will need to be done next.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Nearly one-third of the population reports new onset or acute insomnia in a given year.
Similarly, it is estimated that approximately 10% of the population endorses sleep initiation and
maintenance problems consistent with diagnostic criteria for chronic insomnia. For decades, acute and
chronic insomnia have been considered variations of the same condition or disorder, only really
differentiated in terms of chronicity of symptoms (days/weeks versus months). Whether or not acute
and chronic insomnia are part of the same phenomena is an important question, one that has yet to
be empirically evaluated. The goal of the present theoretical review was to summarize the definitions
of acute and chronic insomnia and discuss the role that hyperarousal may have in explaining how the
pathophysiology of acute and chronic insomnia is likely different (i.e., what biopsychological factors
precipitate and/or perpetuate acute insomnia, chronic insomnia, or both?).

Keywords: insomnia; hyperarousal; diagnostic criteria

1. Introduction

There are two general, but fundamental beliefs about insomnia that are critically evaluated
in this article: (1) Acute insomnia is simply a briefer form of chronic insomnia, and (2) insomnia
(regardless of its chronicity) is characterized by a state of hyperarousal. In order to address these issues,
the definitions of, and concepts related to, acute and chronic insomnia and hyperarousal are briefly
reviewed. Ultimately, it is argued that the distinction between acute and chronic insomnia needs to
be the subject of empirical investigation, especially when evaluating the role of hyperarousal in the
pathophysiology of insomnia.

2. Defining Acute and Chronic Insomnia (Just a Matter of Time?)

Acute Insomnia. Historically, acute insomnia (AI) has not been well defined or precisely
delineated in the literature, despite its having been included in multiple classification systems
since at least the late 1970s [1,2]. Part of the problem is multiple terms have been used to refer to
Al over this time frame. AI has been classified as adjustment insomnia, stress-related insomnia,
transient psychophysiological insomnia, symptomatic insomnia, sub-acute insomnia, and sub-chronic
insomnia [3-10]. Such variability in terminology has discouraged consensus building, both conceptually
and operationally. Another problem has been that the durational criteria for Al has been defined by
default; by any time period shorter than the criteria for chronic insomnia (CI). Over the years, CI
has been variably defined as more than 1 month [11], 3 months [12], or 6 months [3], and therefore,
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Al has also been variably defined as shorter than each of these duration thresholds. Still yet another
problem, one that also extends to CI, is that Al has not been defined based on quantitative criteria for
sleep continuity disturbance (illness severity viz. sleep latency, wake after sleep onset, early morning
awakenings, etc.). Finally, it should be noted that the various definitions and nosological classifications
for both Al and CI have been made on the basis of consensus opinion and not based on any empirical
derivation (e.g., how many consecutive nights must occur until it is unlikely that the insomnia will
remit?).

In recent years, the issue of “what is acute insomnia and how should it be defined?” has been the
subject of renewed interest, largely owing to the conduct of several natural history studies [10,13,14]
and the publication of one theoretical review dedicated to AI [6]. In the review, three definitions
of Al (Diagnostic and Statistical Manual of Mental Disorders [DSM], International Classification
of Sleep Disorders [ICSD], and International Classification of Diseases [ICD]) were compared and
contrasted. The central role of precipitating factors for Al was highlighted. Life stress was identified
as a/the primary precipitant for insomnia based on a review of several etiological models, and a
formal definition of Al was proffered. The definition had both qualitative and quantitative criteria,
included the delineation of sub-states, and required that a precipitating life event or stress condition
be identified. The specific definition put forward was as follows: Al is defined as sleep continuity
disturbance (i.e., difficulty initiating and/or maintaining sleep) occurring on at least 3 days per week
for anywhere between 1 week and 3 months. The more than or equal to one week duration threshold
(8-day minimum) allowed for the likely possibility of non-pathologic insomnia (i.e., insomnia as a
normal variation in sleep continuity, presumably occurring in association with less than optimal
circumstances for sleep [sleep without adequate homeostatic priming or sleep that occurs at times
outside the individual’s preferred sleep phase]). The remaining time frame (>1 week to 3 months) was
subdivided into: Acute (>3-14 days), transient (2—-4 weeks), and sub-chronic insomnia (1-3 months).
It is important to note that this categorization was not empirically based on insomnia but was in line
with other mood disorders [6,12,15]. The quantitative criteria applied to the definition of Al were
those that are typically adopted for clinical research [13,16]. This rule is generally applied to typical
or average sleep latency and/or wake after sleep onset values. More specifically, individuals that
take > 30 minutes to fall asleep or who are awake for periods of this magnitude during the night
are identified as having ‘difficulty initiating and/or maintaining sleep’ (insomnia of a severity that
warrants and/or can be successfully treated). While Ellis and colleagues do not, it is also possible
to apply the 30-minute rule to early morning awakenings (awakening 30 or more minutes prior to
one’s desired time to awake is deemed problematic). In addition to chronicity, frequency, and severity
criteria, it was also stipulated that an Al episode must have a clear precipitant, i.e., that the individual
must be able to identify a triggering event characterized as, “(1) any life event or train of life events that
results in a significant reduction in quality of life from the individual’s ideal and/or (2) distress at one’s
current situation” [6]. The concept that Al must be triggered by an event (a bio-behavioral reaction to
stress [perceived or real threat]) is further amplified in the closing section of the review. Here Ellis
and colleagues suggest that AI may be conceptualized as part of a larger, and non-pathological,
biopsychosocial process. That is, acute insomnia may be considered a normal part of the fight/flight
response. Evolutionarily speaking, Al likely represents a necessary override to the normal two process
regulation of sleep [17]. That is, if it is not safe to sleep, one should not sleep (regardless of the duration
of prior wakefulness and/or time of day). This concept is not new but was presaged by Spielman and
Glovinsky in the 1990s when they stated, “No matter how important sleep may be, it was adaptively
deferred when the mountain lion entered the cave” [7].

Chronic Insomnia. In contrast to Al, the literature on chronic insomnia is extensive [18,19].
As would be expected, formal definitions have been developed and adopted, though not without
revisions over the last 40 years. Historically (and as noted above), the definition of what constitutes
“chronic” has varied greatly. Presently, CI is a diagnostic category within all three of the major
nosological systems: ICSD-3 (Chronic Insomnia Disorder [20]), ICD-11 (Chronic Insomnia [21]) and
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DSM-5 (Insomnia Disorder [12]). All three classification systems include as criteria that the sleep
problem is: (1) Characterized by difficulty initiating and/or maintaining sleep; (2) associated with
significant daytime consequences, impairment, or distress; and (3) present despite adequate opportunity
for sleep. The ICSD-3 and the DSM-5 additionally specify that the sleep continuity problem must occur
with a frequency > to 3 days per week and be of a duration of at least 3 months. The ICD-11 does not
specify quantitative criteria for insomnia frequency or chronicity and none of the diagnostic systems
utilize a quantitative threshold for severity (i.e., adopt the 30-minute rule that is commonly used for
clinical research [13,16]).

The changes in diagnostic criteria, especially with respect to chronicity, have made it difficult to
differentiate what constitutes Al versus CI (i.e., when does Al end and CI begin?). Assuming that Al
and Cl represent different stages of a single disease process, it may be that the common dichotomization
is too simplistic and does not adequately capture the clinical course of insomnia disorder. For example,
when conducting a natural history study, we observed that not all individuals experiencing Al go on
to recover normal sleep or develop CI, some individuals develop a form of persistent poor sleep that
does not meet criteria for either Al or CI[14]. This observation has prompted some investigators to
denote a third type of insomnia as “subsyndromal insomnia”, “intermediate insomnia”, or “persistent
poor sleep” [9,13,14,22]. Finally, it should be noted that Al and CI may not represent different stages
of a single disease process; it may be that Al and CI are symptomatically similar but are distinct
clinical phenomena (e.g., occur with different frequencies and severities) with distinctly different
biological bases. For example, acute insomnia may occur in association with hypercortisolemia [23],
while chronic insomnia may occur in association with hyperorexinemia [24] or abnormally low levels
of y-aminobutyric acid (GABA) [25].

3. Prevalence and Incidence of Acute and Chronic Insomnia

A number of epidemiological studies have been conducted over the course of the last
30 years [26-28]. Nearly all of these investigations have focused on the prevalence rate of chronic
insomnia. In general, chronic insomnia has been found to occur in 6-10% of the population [26-29].
Prevalence rates as high as 30% have been reported when: Duration of illness is not taken into account,
qualitative criteria are used for insomnia frequency, and/or when daytime impairment criteria are not
used to define “caseness” [27,28]. Data on the prevalence of Al has only recently been published [13].
Using the same criteria as outlined in the previous section, the prevalence rates of Al were 9.5%
(USA sample) and 7.9% (UK sample). Alternatively, several studies have attempted to estimate the
incidence of acute insomnia (typically defined as new onset insomnia). The first such study was
undertaken by Ford and Kamerow (1989) [26]. They reported that the incidence rate of new-onset
insomnia was 6.2% [26]. A decade later, a similar study was undertaken by Foley and colleagues [30].
They reported that the three-year incidence rate of insomnia was 15% (or an annual incidence rate of
approximately 5%). More recent studies provide convergent data suggesting that the annual incidence
of insomnia is between 7-8% for insomnia “syndrome” and up to 30% for the occurrence of “insomnia
symptoms” [10,31]. The only study to explicitly assess Al (using diagnostic criteria) reported that
the incidence rate of Al was between 31-37% (depending on whether DSM criteria with or without
additional case criteria (sleep latency or wake after sleep onset of 30 min or longer and a self-reported
increase in daytime impairment) was used) [13].

While there is a large measure of consistency among the Al studies (despite different methods,
measures, sampling rates, and time frames), the reported incident rates, for most of these studies,
were not truly the incidence of acute insomnia but rather the identification of new onset insomnia of
any duration (includes both Al and CI). Put differently, most of the incidence studies used interval
assessment strategies, where sleep continuity was profiled every one to three months [10,30,31].
This sampling rate lacks the temporal resolution needed to identify the onset and offset of short bouts
of insomnia. In order to resolve such a phenomenon, one would need to start with a proband of good
sleepers and assess them on a daily or weekly basis. Our group recently undertook such a study [14].
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Using these data, it was determined that the annual incidence of Al was 27% and that the annual
incidence rate of CI was 1.8%. Of those that developed Al, approximately 72% went on to recover
good sleep and 19% developed persistently poor sleep (i.e., these subjects did not recover good sleep
but also did not meet duration and/or severity thresholds consistent with DSM-5 Insomnia Disorder).

In sum, the population prevalence of chronic insomnia is around 10% while up to 30% of the
population experiences new onset or acute insomnia on an annual basis. Of those that experience Al,
the majority recover, a small minority develop CI, and up to 20% develop an intermediate form of
sleep continuity disturbance that does not meet criteria for either Al or CIL. The existence of this third
group speaks to the need to think more dimensionally about insomnia chronicity and/or the need to
create a more pluralistic typology. While this may be done on theoretical grounds, empirically defining
what constitutes normal sleeplessness, acute insomnia, persistent poor sleep, and chronic insomnia
(and how these stages differ with respect to symptom severity and frequency) will no doubt make
clearer how these stages differ with respect to their etiology and pathophysiology.

4. Defining “Hyperarousal”

When acute, hyperarousal occurs as a triggered psychosomatic response to threat-related stimuli.
This response, also known as the “fight-or-flight response”, is characterized by the activation of
the autonomic nervous system and adrenal cortex with corresponding increases in adrenergic
and hypothalamic-pituitary-adrenal (HPA) axis activity [32,33]. The physiologic consequences
of such activation include increased heart and respiration rate, peripheral vasoconstriction, increased
perspiration, dilation of pupils, increased muscle tension, and increased glucose release via the
breakdown of glucogenic stores [34-36]. These responses allow the organism to be optimally resourced
(for a brief period of time) to fight or flee. While this type of hyperarousal is obviously adaptive,
this level of activation is not typically maintained for extended periods of time (e.g., the average
HPA axis stress response is between 45-60 minutes from start to finish [35,36]). Put differently,
most human stress systems in the body are self-regulating, which prohibits them from staying “on”
for extended periods of time [37,38]. This being the case, it has been hypothesized that a secondary
process or system exists that allows the individual to maintain an elevated state of “preparedness”
in response to longer-lasting environmental demands, if not overt threats [39—41]. This form of
“hyperarousal” may consist of a lower-level tonic activation of the fight/flight system [42,43] or the
activation of an, as of yet to be identified, alternative system. Consistent with the former point of
view, it has been found that individuals who work under chronic stressful circumstances, for example,
first responders or military service members, have been shown to exhibit higher levels of HPA and
adrenergic activation [44,45], though such activation is of significantly lower magnitude than occurs
with fight-or-flight responses [46—48].

5. Hyperarousal in the Context of Insomnia

It is practically axiomatic that insomnia is considered a hyperarousal disorder, i.e., that
sleeplessness occurs because of cognitive, and/or somatic, and/or neurophysiologic hyperarousal [49-52].
The evidence base for this belief, however, is not as large or unequivocal as one might expect. In
general, the case for hyperarousal is supported by studies of central and/or autonomic nervous
systems and endocrine system activation in patients with chronic insomnia as compared to good
sleepers. Examples of central nervous system measures include power spectral measures of high
frequency electroencephalogram (EEG) activity [51,53,54], EEG-based evoked response potential
measures [55,56], imaging measures of brain glucose or oxygen utilization [57], and/or neuroimaging
measures of GABA [25,58,59]. Examples of autonomic measures include heart rate [60], heart rate
variability [61], electrodermal activity [62], epinephrine or norepinephrine [63], core body temperature
measures [64], and/or metabolic rate measures [65]. Endocrine measures typically include blood-
and/or saliva-based measures of cortisol [66,67]. It is important to consider, however, that prior research
on the hyperarousal theory of insomnia has mostly observed incremental increases in psychobiological
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indices (e.g., evening levels in cortisol, core body temperature, glucose metabolism, etc.) in comparison
to what is “average”. For example, while prior studies have shown significantly greater MSLT scores
in patients with insomnia (suggesting a greater daytime wake drive relative to controls (i.e., greater
hyperarousal)), the mean group differences ranged from 2-5 minutes [68,69]. That is, these studies
compared differences in patients with insomnia to good sleeper controls (i.e., no insomnia history),
but not in comparison to fear states (e.g., subjects experiencing acute environmental threats). Put
differently, when differences were observed, it was unclear whether the magnitude of the differences
observed represented a level of activation that could preclude sleep or whether the observed tonic
activation simply represented one factor, of several, responsible for protracted difficulties with sleep
initiation and maintenance [70]. This distinction is important as increases above what is normal or
average may be statistically significant, but not necessarily clinically meaningful. One approach to
clarifying this issue would be to assess the “hyperarousal” of acute and chronic insomnia (across
multiple indices) and to compare such data with experimentally elicited startle or fear responses. In
this way, the scale of the arousal could be “biocalibrated” and this would allow for inferences about
when “hyperarousal” may or may not account for sleeplessness. Alternatively, another approach is to
use more naturalistic studies that estimate the level of hyperarousal required to prohibit sleep. For
example, findings from two classical studies on ship engineers during on-call periods showed that
high-stress/high-anticipation situations can disturb the subjective and objective quality of sleep [71,72].

Three additional important considerations when investigating the association between insomnia
and hyperarousal are that (1) daytime indices of hyperarousal may be unrelated to nocturnal indices
of hyperarousal (and insomnia may be about one or both), (2) the relative impact of wakefulness at
night should be taken into consideration when conceptualizing the effect of hyperarousal, and (3)
the association between insomnia and hyperarousal may vary with regard to insomnia type and/or
sub-type. With regard to diurnal/nocturnal differences, the neural or hormonal indices that are
overactive during sleep (e.g., increases in high frequency EEG activity [51,53]), suggesting a state
of hyperarousal) may be separate and distinct from those that are overactive during wakefulness
(e.g., increases in glucocorticoids [73-75]). Put differently, evidence that supports hyperarousal during
one phase (e.g., daytime) or state (e.g., wake), does not necessitate that hyperarousal also be present
during other phases/states. With regard to nocturnal wakefulness, it is unclear whether the group
differences in hyperarousal observed during sleep, such as increased EEG activity, metabolic rate,
or hormonal secretion [49,50], are related to condition (i.e., insomnia disorder) or whether they are
related to other factors. It is possible, for example, that these differences observed at night are better
explained by time spent awake, and not any insomnia-related disease process. Future work should,
therefore, account for the extent to which hyperarousal varies as a function of nocturnal wakefulness,
as compared to insomnia diagnosis. Finally, it may be the case that hyperarousal is more characteristic
of certain types (e.g., CI with objective short sleep duration phenotype [76]) or sub-types of insomnia
(initial, middle, and late insomnia [66]), and, therefore, these differences should be accounted for in
future research.

6. Hyperarousal May Apply to Acute but not Chronic Insomnia

If acute insomnia is genuinely a part of the fight/flight response (i.e., an override to the normal
two-process regulation of sleep timing, depth, and/or duration), it follows that hyperarousal is the
mechanism by which adaptive sleeplessness is ensured. That is, under unsafe conditions, sleep is
naturally inhibited. In the case of CI, while it is logical that the precipitant for sleeplessness may be the
same, it is unlikely given that fight/flight levels of hyperarousal may only be sustained for minutes
to hours. Thus, the emergent question is whether chronic hyperarousal (e.g., tonic activation of the
autonomic nervous system and adrenal cortex) is sufficient to produce sleeplessness by itself or in
combination with other factors. The concern, however, is that past research has, in most cases, assumed
this to be true. Recent research has been so focused on identifying the marker of hyperarousal in
insomnia, its reliance on theory and making theory-driven hypotheses has wavered. That is, what
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markers of hyperarousal, and in what context, are investigators evaluating and are these markers
consistent with the theoretical models regarding the etiology and pathophysiology of insomnia? Let’s
take hypercortisolemia as an example. One possible explanation for the pathophysiology of insomnia
is that CI results from excessive CNS activation [53,77-80]. The identified substrates for excessive
CNS activation have been related to catecholaminergic function and/or HPA axis dysregulation, in the
form of increased cortisol secretion [81]. Theoretically this seems plausible given what was discussed
above regarding the acute sleeplessness that naturally occurs in response to a perceived or real threat.
The scientific literature on hypercortisolemia as an index for hyperarousal in chronic insomnia is
surprisingly mixed [66,73,82-87]. The primary issue here is that the definition of hypercortisolemia
has been inconsistent across studies [67]. Like most other biological systems, the HPA axis is dynamic,
with multiple regulatory inputs [88,89], and, therefore, no two measures of HPA axis functioning (or the
resultant cortisol secretion) are the same. For example, cortisol secretion at night while one is asleep
has a very different regulatory function than the subsequent cortisol awakening response (CAR) [90].
Comparisons between these two indices, in the context of insomnia, are, therefore, difficult to interpret.
The overarching point is that our measures of hyperarousal must be theoretically derived. It is not
enough to implicate a biological system in the pathophysiology of insomnia and then measure its
association using established methods, but without consideration to whether those methods are
consistent with theory (e.g., there’s minimal conceptual rationale for observing group differences in
CAR among patients with CI) [74,91].

All this said, a conservative reading of the behavioral models of insomnia suggest that acute
hyperarousal is sufficient to precipitate acute insomnia but that chronic hyperarousal is not sufficient
to serve as a perpetuating factor for chronic insomnia. The behavioral models (i.e., the 3P and
4P renditions) suggest that chronic insomnia occurs largely in association with behavioral factors
(e.g., sleep extension or being awake for extended periods of time in the bed and bedroom) and
that with time insomnia occurs as “conditioned” wakefulness. Thus, it may be the case that Al is
precipitated by hyperarousal and that CI is perpetuated, to some extent by tonic activation of the
fight/flight system, but in larger measure by conditioned wakefulness and/or the failure to inhibit
wakefulness [92]. If true, it would be expected that Al would show dramatic elevations on measures of
sympathetic activation, while CI would only show modest elevations as compared to what is typical of
good sleep.

Conditioned wakefulness is related to poor stimulus control, or the act of engaging in nonsleep-related
behaviors in bed (or the bedroom) or being awake while in bed for extended periods of time. These behaviors
result in conditioned wakefulness, which refers to the notion that the induction of the physiology of wakefulness,
for example, during the anticipation of sleep, is due to an environmental precipitant. An environmentally
conditioned stimulus (CS) produces the conditioned response (CR) of insomnia [93,94]. This CR may also occur
during sleep, which may explain why individuals with insomnia are quicker to wake up (i.e., the latency to
transition out of the physiological state of sleep may be shorter) and experience more prolonged awakenings
during the night (i.e., the probability of a brief interruption in sleep to lead to a full-blown awakening is greater).
It is possible that there may be a role for hyperarousal here, in that the environmental CS may elicit a conditioned
(physiological) stress response (e.g., an acute increase in HPA/adrenergic hormones or pulse) and that this may in
turn elicit conditioned wakefulness. It is important, however, to distinguish this from a true fear response, in that
this “stress response” is likely not at that level but only incrementally higher than baseline (normal), but enough
to elicit wakefulness. Given some perspectives that insomnia is characterized by a hybrid brain state (localized
wakefulness during otherwise global sleep) [95,96], it may also be the case that these psychobiological responses
are producing localized wakefulness, which may contribute to the high prevalence of sleep-state misperception in
patients with insomnia, or the phenomenon that an individual perceives oneself to be awake (retrospectively),
despite being classified (polysomnographically) as being asleep. This said, rather than “hyperarousal”, CI may
be better characterized by disinhibition of wakefulness or a failure to inhibit wakefulness during times of sleep
or a disconnect between systems that are supposed to be onlinefoffline during wake/sleep (i.e., maladaptive
conditioning) [92,95].
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7. Where to from Here?

The goal of the present theoretical review is three-fold: (1) To provide a clear definition for acute
and chronic insomnia, based on the available nosological manuals and the scientific literature, with a
special emphasis on the limitations of these definitions; (2) to provide a clear definition for hyperarousal,
as it relates to insomnia; and (3) to proffer the perspective that the two beliefs described at the opening
of this paper are not necessarily true, or at least, that the relationship between acute and chronic
insomnia (and hyperarousal) is more complex than previously believed. This alternative perspective
suggests that Al and CI are not necessarily different points in the natural history of insomnia (disorder),
but rather that they are distinct states. More, there is no clear evidence to support that the severity and
frequency of Al and CI are the same (it may be the case that Al is a brief yet more intense version of CI)
and/or that the biopsychosocial concomitants of Al and CI are the same. While the symptom profiles
for the two are the same (at least from a theoretical perspective), the etiology and pathophysiology of
each are likely very different, and specifically AI may be more about “hyperarousal”, whereas CI may
be more related to other processes, such as homeostatic dysregulation and/or conditioned wakefulness.
It is possible that these processes are related to traditional indices of hyperarousal. However, we argue
here that the use of the term “hyperarousal” may be a misrepresentation of the magnitude of these
responses and that the hyperarousal observed in CI may be different than the hyperarousal observed
in Al, and importantly, that these two should not be conflated.

Based on the current state of the science, the following recommendations are offered, with the
intention that they could potentially guide future research efforts:

(1) Natural history of insomnia data should be used to define what constitutes the temporal stages
of insomnia. Note: It seems likely that such data will need to capture normal variation in sleep
continuity, acute sleeplessness, persistent poor sleep, and chronic insomnia (e.g., Insomnia Disorder).

(2) The temporal stages of insomnia should be compared regarding incident frequency and severity
(i.e., does sleep continuity disturbance occur on more days per week and/or with greater average
severity when the insomnia is normative vs. acute vs. persistent vs. chronic?).

(3) Multi-method, multi-trait type studies of insomnia should be used to define when “acute
hyperarousal” (fight-or-fight responding) is and is not solely responsible for the occurrence of
difficulties initiating and maintaining sleep.

(4) Experimental assays or protocols should be developed to distinguish between sleeplessness
due to hyperarousal and insomnia due to conditioned wakefulness and/or the failure to
inhibit wakefulness.
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Abstract: Despite complaints of difficulties in waking socioemotional functioning by individuals
with insomnia, only a few studies have investigated emotion processing performance in this group.
Additionally, the role of sleep in socioemotional processing has not been investigated extensively
nor using quantitative measures of sleep. Individuals with insomnia symptoms (n = 14) and healthy
good sleepers (1 = 15) completed two nights of at-home polysomnography, followed by an afternoon
of in-lab performance testing on tasks measuring the processing of emotional facial expressions.
The insomnia group self-reported less total sleep time, but no other group differences in sleep or task
performance were observed. Greater beta EEG power throughout the night was associated with higher
intensity ratings of happy, fearful and sad faces for individuals with insomnia, yet blunted sensitivity
and lower accuracy for good sleepers. Thus, the presence of hyperarousal differentially impacted
socioemotional processing of faces in individuals with insomnia symptoms and good sleepers.

Keywords: insomnia; hyperarousal; emotion processing

1. Introduction

The capacity to function well in daytime life is dependent on a night of quality sleep.
Approximately 10%-15% of the population suffers from chronic poor sleep due to insomnia, a chronic
condition characterized by difficulty initiating and/or maintaining sleep [1-4]. Insomnia leads to
daytime performance deficits in cognitive abilities such as memory, attention, and concentration,
and several of these performance deficits have been linked to poor sleep [5-11]. Another feature of
insomnia is reports of reduced social engagement [12-14], suggesting that one consequence of insomnia
is poor social functioning. However, little research has examined the processing of socioemotional
content in patients with insomnia, despite complaints of daytime impairment in these areas (e.g., [12,15]),
and the literature showing that both experimental sleep deprivation and insomnia lead to alterations
and/or impairments in emotion processing (for reviews, see [16,17]).

There is some evidence to suggest a role for sleep in waking emotion processing in insomnia.
Less time in SWS and REM sleep has been linked to heightened amygdala reactivity to intense
negative emotion stimuli [18]. Moreover, the functional connectivity of orbitofrontal areas (a region
of emotion processing) was also positively associated with complaints of poorer sleep history [19].
Waking differences in the activity of the fusiform gyrus, a region associated with the processing of
faces, have also been linked to subjective reports of historic poor sleep quality and greater symptom
duration of insomnia [20]. Findings of altered relative glucose metabolism, in sleep relative to wake,
in regions associated with salience and emotion processing in individuals with insomnia [21,22],
suggest that the cortical activation of these regions may continue to be engaged and/or uninhibited
during sleep, potentially taxing cognitive resources for next-day emotion processing and functioning.
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Following from this imaging work, the severity of sleep impairment experienced by individuals with
insomnia may be associated with the extent of waking impairment in emotion processing.

Only a few studies have investigated waking emotion processing in individuals with insomnia.
Baglioni and colleagues reported that insomnia patients showed greater physiological response
to emotional picture scenes using measures of facial EMG and heart rate [23]. Subjectively they
rated negative sleep-related stimuli as more unpleasant and arousing. In a subsequent fMRI study,
insomnia patients showed a heightened amygdala response to insomnia-related negative picture
stimuli, which was interpreted as evidence for a negativity bias towards stimuli of salience [18].
Two recent studies more directly addressed waking socioemotional processing in insomnia by
measuring categorization accuracy and intensity judgements when viewing emotionally expressive
faces [24,25]. Cronlein and colleagues reported that both patients with insomnia and patients with
sleep apnea were less accurate than good sleepers at identifying happy and sad faces. Kyle et al.
reported that insomnia patients gave lower intensity ratings than good sleeper controls for faces of fear
and sadness. Therefore, complaints of poorer social functioning [12,15] might stem from a reduced
capacity of individuals with insomnia to correctly identify or be sensitive to the valence of emotional
face expressions, which are important cues for socioemotional functioning [24-28]. Neither study
by Kyle et al. or Cronlein et al. found support for a role of sleep in waking performance; however,
they only reported basic measures of sleep/wake architecture (such as total sleep time and sleep onset
latency) related to performance and did not assess more direct measures of EEG power spectra during
sleep/wake periods, which may provide additional insight into relationships between sleep physiology
and waking performance.

The contributions of sleep to socioemotional processing in individuals with insomnia have not
been examined beyond sleep architecture or self-report measures. The limitations of using PSG for
quantifying sleep in insomnia have been well documented [29,30]; quantitative EEG measures
of sleep offer more sensitive measures of possible alterations in neurophysiological activity in
insomnia sleep [31-42]. Several studies have reported greater power in the high-frequency beta
(16-35 Hz) and gamma EEG bands (40-70 Hz), which are normally predominant in waking brain
wave activity [43] during both sleep onset and non-REM sleep in individuals with insomnia compared
to good sleepers [32,35-38,40-42]. Elevated high-frequency EEG activity in patients with insomnia
is thought to represent abnormal arousal and enhanced information processing during sleep and a
misperception about sleep states. As such, the presence of high-frequency EEG in sleep in patients
with insomnia has been described as hyperarousal, underlying the etiology and pathophysiology
of the sleep disorder (see [5,39,44-46] for comprehensive reviews on the topic). Quantitative EEG
measurement of sleep allows for the investigation of markers of disturbed sleep beyond differences in
gross sleep architecture or subjective perceptions of sleep quality.

The central aim of this study was to examine the relationship between sleep physiology and waking
emotion processing in patients with insomnia symptoms compared to good sleepers. To do this, we
employed one task that measured the ability to accurately categorize emotionally expressive faces and
intensity ratings of those faces using a task previously employed in insomnia patients by Kyle et al. [24],
and another emotional face processing task that included an additional element of attentional control to
increase the cognitive complexity of the task, particularly given that attentional control has been found
to be impaired in insomnia [9,47]. Based on previous findings of differences in salience assessment and
perceptual accuracy of emotion expressions [24,25] as well as deficits in attention and inhibitory control
in insomnia [5,9], we predicted that individuals reporting insomnia symptoms would have poorer
accuracy and lower intensity ratings for emotional face expressions, as well as poorer inhibitory control
for emotion distractors. We measured sleep quantitatively using an EEG power spectral analysis and an
innovative measure of sleep-depth called the Odds-Ratio-Product (ORP; [48]) in order to more precisely
assess the role of sleep physiology in emotion processing. Greater levels of high-frequency EEG activity
throughout sleep (e.g., [36,39,41]) and findings of altered relative glucose metabolism in sleep/wake
states in regions associated with emotion processing in individuals with insomnia [21,22] suggest that
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regions of emotion processing may have uninhibited/maintained wake-like activity throughout sleep
which could lead to a lack of restoration and/or alteration in waking socioemotional processing the
following day. Therefore, we expected that measures of disrupted sleep and hyperarousal over the
night would be associated with performance differences on emotion processing tasks for individuals
with insomnia symptoms.

2. Method

2.1. Participants

Participants with insomnia (INS) met the DSM-5 criteria for diagnosis [49] as well as having
an Insomnia Severity Index (ISI; [50]) score greater than seven (i.e., subclinical or greater levels of
insomnia symptomology). Eligible INS individuals reported less than 6.5 h of sleep per night on
average, greater than 30 min to fall asleep and/or stay awake throughout the night or early morning
awakenings without being able to return to sleep, sleep disturbances for at least three nights a week
and lasting three or more months, and that their sleep had negative consequences on daily functioning
and/or quality of life. These individuals are described herein as having insomnia symptoms because
they met the DSM-5 criteria for insomnia, but PSG recording was not carried out to exclude sleep
apnea, restless leg syndrome or periodic limb movement disorders (although they did not endorse
symptomology on questionnaires). All the participants reported having no other sleep disorders (e.g.,
sleep apnea, restless leg syndrome), having no psychiatric illnesses (e.g., schizophrenia, depression,
anxiety), no history of concussion or head injury, and taking no medication that affects cognition or
sleep. They also reported no recent history of trans-meridian travel, shift-work, or smoking.

Of the 45 participants that passed the preliminary screening and completed the in-lab orientation
session, two participants were withdrawn due to technical difficulties with the sleep equipment during
the nights of home recording (i.e., no PSG data recorded), one good sleeper was omitted from final
analysis for failure to comply with instructions to wake up by 8:00 a.m. on the performance testing
day and two participants from the INS group were excluded due to inability to remain awake during
performance assessment (i.e., no performance data). One good sleeper was removed who scored
greater than seven on the ISI, one good sleeper was removed due to an atypical poor night of sleep,
and nine good sleepers were removed because they did not comply with the study instructions and
severely restricted their time in bed. Fourteen individuals with insomnia symptoms (INS) (10 women,
M age =27 years, SD = 9.81) and fifteen good sleeper (GS) controls (13 women, M age = 25.60 years,
SD = 9.56) were included in the data analysis. Participants were paid an $60 honorarium for study
completion; the INS group received a copy of a home treatment module [51].

2.2. Materials

Face emotion categorization and intensity task (FCI). This task was adapted from the study by
Kyle et al. [24]. A variable inter-stimulus fixation point was displayed for 500-800 ms before a face
expressing one of four emotions (happy, sad, fearful, angry) was presented for 400 ms. An empty black
screen followed each face stimuli and continued until participant response. Participants responded
by a keystroke (keyboard number row 1-4) corresponding with each emotion to categorize the face.
Participants were then presented, until response, with a 5-point Likert scale to rate the intensity of the
face (1 = “Not very intense” to 5 = “Extremely intense”) without the face stimuli present. There was a
total of 60 trials of each emotion (240 total trials) and the sequence of stimuli presented was randomized.
Stimuli were static greyscale face images (17 cm high) from the NimStim face database [52] and were
cropped to remove clothing, background, and hair. This task differed from the one employed by
Kyle et al. [24] as follows: different face stimuli, stimulus presentation duration, and response option
for intensity ratings was changed from 1-7 to 1-5 as piloting revealed a tendency for participants to
not move the hand further along the keyboard to choose higher intensities.
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Face-word emotion Stroop task (EST). This task was adapted from the study by Preston and
Stansfield [53]. A variable inter-stimulus fixation point was displayed for 500-800 ms before a face of
one of three emotions (happy, sad, angry) or neutral expression was displayed for 400 ms. Each face
stimuli had the words “happy”, “sad”, “angry” or “neutral” displayed across the ridge of the nose
in order to not obscure facial or eye cues and to appear in the center where the fixation point was
previously located. After 400 ms, the stimulus was removed; the task did not proceed to the next trial
until the participant responded. The participant responded by indicating the emotion of the face, not
the word (using numpad keyboard keys 0-3), as this approximates the original Stroop task where
processing of the semantics of the word is automatic and distracting, requiring inhibitory control [54].
There was a total of 36 congruent (face-word matched) and 36 incongruent trials (face-word did not
match) for each face type (288 total trials) and the sequence of stimuli presented was randomized.
Stimuli were greyscale images (17 cm high) taken from the Karolinska Directed Emotional Faces
database [55] and were cropped to remove clothing, background, and hair. This task differed from
Preston and Stansfield [53] as follows: different face stimuli, stimulus presentation duration, using the
prototypical emotion words (“happy”, “sad”, “angry”) instead of emotion adjectives (e.g., “blissful”,
“hopeless”, “enraged”) as the distractor, and the inclusion of a neutral condition (“neutral” word and
neutral face expressions).

Sleep recording equipment. Ambulatory PSG was employed using the Prodigy Sleep System
(Cerebra Medical Inc., Winnipeg, Canada) in order to capture more naturalistic sleep in participants’
homes. The Prodigy Sleep System had eight recording channels: left-frontal EEG and right-frontal
EEG, ground and reference, all fixed on the forehead in a box, and drop down electrodes for left EOG,
right EOG, right mastoid (M2/A2), and left chin EMG. These channels were used to obtain measures of
sleep architecture, average EEG power (1tV2/Hz) for each frequency band over the night, and values of
the ORP, a continuous measure of sleep depth ranging 0-2.5 (0 = deepest sleep, 2.5 = awake; [48]).

2.3. Procedure

All the study procedures were cleared by the Brock University Bioscience Research Ethics Board
(file#17-322, approval date: 3/28/2018) and the study was conducted in accordance with the Canadian
Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans (TCPS2). All subjects
gave both verbal and signed consent to participate in the study. For an overview of the study procedure,
see Figure 1. Participants were recruited via advertisements on campus and in the community.
Individuals interested in the study consented to participation in a preliminary telephone interview to
ensure that eligibility criteria were met. Next, they completed a written consent form and additional
online questionnaires to further assess eligibility and to collect data on sleep and affect. The subset
of the questionnaires reported in the current study included the Pittsburgh Sleep Quality Index
(PSQYI [56]) and the Insomnia Severity Index (ISI; [50]), widely used measures of subjective sleep
quality, over the past four and two weeks, respectively. The Depression Anxiety Stress Scale (DASS; [57])
and State Trait Anxiety Index—trait (STAI-T; [58]) were completed in order to assess the presence of
affective symptomology.

| Sleep Diary Nightly Recording - 7 days | e
Phone Psychology Home-sleep
. & Sleep Orientation
Interview b= o cicnmaires1  Session > (T;;;:E’::?y —>| In-lab performance test battery
(Screening) (Online) PSG) - 2 nights

Figure 1. Overview of the progression of study protocol from recruitment to completion.

Eligible participants came to the Sleep Research Laboratory for an orientation session where
they signed informed consent for laboratory testing and at-home sleep recording and completed a
practice version of the performance assessment battery. They were then instructed on use of the
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Prodigy home sleep monitoring equipment which they used for two consecutive nights at home.
Additionally, participants completed an online sleep diary following the first night of PSG recording
and for up to seven days after. Immediately following the second night of at-home PSG recording,
participants came to the lab at 13:00 and had EEG recorded during a performance assessment battery
from 14:00 to 16:00. The battery consisted of a number of information processing tasks, not all reported
here. In addition to the two emotion processing tasks reported herein, participants also completed a
Psychomotor Vigilance Task (PVT), the Stanford Sleepiness Scale (SSS; [59]), the Positive and Negative
Affect Schedule (PANAS; [60]), and the STAI-State questionnaire [58], all commonly used to verify
changes in waking function due to insufficient sleep. Upon completing the task battery, electrodes
were removed and participants were free to leave the lab after debriefing.

2.4. Data Analysis

Sleep files were first scored by automatic sleep-scoring software (Michele software, [61]) following
AASM Scoring guidelines [62]. A second pass by a trained human scorer was done to review and edit
sleep staging following recommendations from the scoring software. Interclass correlation coefficients
between human edited and automatically scored files were calculated for sleep stage times and the
coefficient was > 0.8 overall for all files. Sleep scoring yielded the following variables: total sleep time
(TST), sleep efficiency (SE), sleep onset latency (SOL), wake after sleep onset (WASO), time in each sleep
stage (N1, N2, N3, REM), number of awakenings, total stage shifts, and number of arousals in REM and
Non-REM (stages N2 and N3 combined). A discrepancy score between subjective and objective sleep
times was calculated for TST, WASO, and SOL, by subtracting PSG values from the sleep diary values
for each participant (subjective minus objective). The ORP data as well as average EEG power values
for each band were provided by Cerebra Medical Inc on the sleep-scored edited files. EEG measured
power was calculated by averaging the squared microvolts of power over the entire sleep file (from
lights out to lights on) for each band (delta = 0.33-2.33 Hz, theta = 2.67-6.33 Hz, alpha = 7.33-12 Hz,
sigma = 12.33-14.00 Hz, beta-1 = 14.33-20.0 Hz, beta-2 = 20.3-35.00 Hz, beta = average of beta 1 and
beta 2) and separately for each EEG channel of the Prodigy equipment: left-frontal and right-frontal
EEG channels. Only sleep diary and PSG/EEG data from the second night of recordings which preceded
the afternoon of in-lab performance assessment were analyzed.

All variables were tested for violations of normality as well as outliers. Measures violating
normality were square-root or log transformed and were tested again for normality. Outliers were
identified by box-plots and by individual means greater than +/— 3 SD from the group mean.

Independent sample t-tests were used to compare good sleepers and individuals with insomnia
symptoms for measures of mood (VAS-M, PANAS, STAI-State), sleepiness (SSS), affect (DASS),
anxiety (STAI-Trait), sleep history (ISI, PSQI), sleep architecture, EEG band powers, and ORP values.
A two-way ANOVA was conducted for analysis of response time, accuracy and intensity ratings
on the Face Categorization and Intensity Rating Task, with between-subjects as Group (GS, INS)
and within-subjects as Face (Happy, Sad, Angry, Fearful). For the Face-word Emotion Stroop Task,
a three-way ANOVA with the between-subject factor of Group (GS, INS) and within-subject factors
of Congruency (congruent, incongruent) and Face (Happy, Sad, Angry, Neutral) was conducted for
response times. Equality of variance was examined using Levene’s test and violations were corrected
using the Welch-Satterthwaite adjustment. For tests of sphericity, violations were corrected using the
Greenhouse-Geisser correction.

An exploratory analysis of the interaction between group (GS, INS) and sleep on behavioural
performance was conducted using a moderation regression model in PROCESS 3.3 macro for
SPSS [63]. For regressions violating heteroscedasticity, heteroscedasticity-consistent standard errors
using Hinkley’s method [64] were employed in consideration of the small sample size [65]. For the
moderation model, predictors were examined independently and included subjective sleepiness, TST,
time in Stage 2 sleep, time in SWS, time in REM, ORP Stage 2 sleep, ORP SWS, ORP REM, ORP NREM,
PSQY, ISI, and beta power averaged over the two bands (beta-1 and beta-2). The moderation term
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was group (GS, INS). Further investigation of significant interactions was followed by a simple effects
analysis using a bivariate correlational analysis for each group to determine how relationships between
sleep and emotion processing outcomes might differ for each group.

Post-hoc Analysis of Poor Sleepers

Because individuals with insomnia do not sleep poorly on every night and previous research
has suggested that differences in cognitive functioning occur after a night of poor or short sleep
(e.g., [5,6,66]), a secondary post-hoc analysis of sleep and performance on emotion processing tasks was
conducted to compare the good sleeper controls to the subset of individuals with insomnia symptoms
that were confirmed to have a night of poor sleep prior to performance assessment (1 = 8). Good and
poor nights were judged using multiple variables including TST, SOL, SE, and WASQO, from the two
nights of PSG recording as well as sleep diary data.

3. Results

3.1. Participant Characteristics

Group comparisons of participant characteristics revealed that the INS group compared to the
GS group had significantly greater complaints of insomnia severity and poor historic sleep quality
indicated by greater scores on the ISI (#(18.20) = —6.65, p < 0.001), and PSQI (#(25) = —11.80, p < 0.001).
No differences in affect were observed on the DASS subscales or for STAI-trait (Table 1).

Table 1. Group comparisons and means and standard deviations for historic sleep quality and
trait affect.

Good Sleepers Insomnia
(n=14) (n=15)
M SD M SD t df Sig. (2-tailed)

IsI 3.60 2.56 14.21 5.44 -6.65  18.20 0.001 **

PSQI 2.87 1.55 11.39 214  -1216 26 0.001 **
DASS-Anxiety 2.60 229 3.71 4.34 —-0.86 19.43 0.403
DASS-Depression  3.73 3.53 6.36 6.78 -129  19.28 0.211
DASS-Stress 6.00 417 8.71 5.80 —1.46 27 0.157
STAI-Trait 36.87 9.46 39.86  14.07  —0.68 27 0.505

Note. ** = significant at p < 0.001.

3.2. Sleep Comparisons by Group

The INS group (1 = 15) overall reported less TST on the sleep diary (£(24) = 3.61, p < 0.001), but
differences in PSG-measured TST were not observed. No other differences in objective and subjective
sleep parameters were observed (Table 2). For quantitative EEG measures of sleep, the INS group did
not significantly differ in average power in any band across the night and an examination of group
differences in ORP values did not find any differences in sleep depth (Table 3).

Table 2. Group comparisons and means and standard deviations for PSG sleep, sleep diary, and the
discrepancy between objective and subjective sleep.

Good Sleepers Insomnia
(n=14) (n=15)
M SD M SD t df Sig. (2-tailed)
PSG Parameters
TST 43282 3342 39342 7827 168 1599 0.113
SE 93.39 265 89.74 1028 1.24 1348 0.236
SOL 12.39 770 1669 1479 -0.96 25 0.347
WASO 1943  10.18 28.08 3689 —0.82 13.69 0.428
Wake Time 29.83  21.07 4028 3920 -0.87 25 0.392
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Table 2. Cont.

Good Sleepers Insomnia
n=14) (n=15)
M SD M SD t df Sig. (2-tailed)
PSG Parameters

N1 Time 46.94 19.74 4292 1784 -0.10 24 0.923

N2 Time 23290 4752 203.01 4581 1.66 25 0.109

N3 Time 80.48 3376 88.69 3030 —0.66 25 0.514

REM Time 74.22 1820 6242 3388 1.14 25 0.265

NREM Time 362.65 3695 33672 5371 147 25 0.154
Number of Awakenings 16.07 6.04 14.69 7.86 0.51 25 0.612
Total Stage Shifts 129.21 2495 12631 35.12 025 25 0.805
Number of Arousals in REM 12.36 741 1238  8.09 -0.01 25 0.993
Number of Arousals in Non-REM 73.43 19.64 7615 3338 -026 19.13 0.801

Sleep Diary

TST 47585 50.67 38923 70.14  3.61 24 0.001 *

SOL 12.89 6.60 27.69 3551 -1.48 1283 0.163

WASO 6.38 820 1785 2080 -1.64 11.33 0.128

Sleep Quality Rating (1-7) 4.54 1.51 3.92 0.95 124 20.29 0.228
Number of Awakenings 1.92 1.88 342 442  -1.08 22 0.291

Subject-Objective Discrepancy

TST 32.38 3195 -419 9212 135 14.85 0.196

SOL 2.08 459 11.00 29.18 -1.09 1259 0.297

WASO -12.21 1227 -1435 4342 020 1376 0.847

Note. * = significant at p < 0.05.

Table 3. Group comparisons and means and standard deviations for quantitative EEG parameters

of sleep.
Good Sleepers Insomnia
(n=14) (n=15)
Measure M SD M SD t df  Sig. (2-tailed)
Average EEG Power
LF delta 22726 132.69 208.15 8548 045 26 0.660
RF delta 263.67 15341 226,53 113.74 0.51 24 0.618
LF theta 13.87 478 1382 378 0.03 26 0.975
RF theta 15.58 490 1529 3.82 017 24 0.870
LF alpha 5.00 2.60 4.37 1.18 0.80 26 0.430
RF alpha 5.99 2.85 5.08 1.40 1.00 24 0.327
LF sigma 0.71 0.23 0.93 045 -168 27 0.104
RF sigma 0.85 0.29 1.09 049 -156 25 0.132
LF beta-1 0.87 0.27 1.04 040 -136 27 0.186
RF beta-1 0.95 0.30 117 0.50 0.51 25 0.181
LF beta-2 0.57 0.36 0.63 026 -054 27 0.594
RF beta-2 0.60 0.32 0.74 044 -108 25 0.279
LF beta Average 0.71 0.31 0.84 032 -110 27 0.277
RF beta Average 0.78 0.30 0.96 0.46 -127 25 0.216
ORP Measures
ORP Non-REM 0.50 0.17 0.51 018 -023 27 0.905
ORP REM 0.67 0.30 0.74 040 -7.08 27 0.638
ORP N1 0.84 0.26 0.89 025 -1.06 27 0.609
ORP N2 0.53 0.18 0.54 017 -033 27 0.869
ORP N3 0.24 0.11 0.25 013 -0.18 26 0.883
R/L ORP Correlation 0.87 0.09 0.87 0.12 1.03 26 0.560
ORP Max During Arousal 1.99 0.21 2.00 018 -038 27 0.925
ORP Baseline Before Arousal 0.63 0.22 0.61 0.21 0.01 27 0.786
Number of Arousals with ORPMax -ORPBaseline > 0.5 ~ 45.27 1695 4850 2692  0.66 27 0.886
ORP-9 Post Arousal 0.81 0.20 0.80 0.23 0.03 27 0.700

Note. LF = Left-frontal EEG channel. RF = Right-frontal EEG channel. ORP = Odd Ratio Product (values range from
0 = deepest sleep to 2.5 = wake/arousal).
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3.3. State and Psychomotor Vigilance Comparisons by Group

The INS group (M = 2.64, SD = 0.84) reported being significantly sleepier on the Stanford Sleepiness
Scale than the GS (M = 1.87, SD = 0.64), t(27) = 2.81, p = 0.009. The INS group (M = 32.00, SD = 8.88)
did not significantly differ from GS (M = 31.43, SD = 5.67) in positive state affect, nor did the INS
group (M =12.87, SD = 3.56) differ from GS (M = 12.79, SD = 6.58) in negative state affect. Further,
the INS group (M = 33.67, SD = 7.78) did not differ in state anxiety from GS (M = 33.00, SD = 6.58).
No evidence for differences between INS and GS groups was observed for psychomotor vigilance
performance. Specifically, the INS (M = 247.16, SD = 30.47) and GS group (M = 240.81, SD = 51.02) did
not differ in response time. There was no difference in number of lapses for the INS group (M = 0.36,
SD = 0.50), compared to GS group (M = 0.40, SD = 0.74), nor the standard deviation of response time
between INS (M = 51.02, SD = 24.24) and GS groups (M = 49.40, SD = 28.57). There was no observed
difference in average RT for the INS group (M = 193.65, SD = 18.68) compared to GS (M = 190.71,
SD = 19.17) for the fastest 10% of trials, and no difference in the slowest 10% of trials between INS
(M = 344.26, SD = 72.34) and GS (M = 330.16, SD = 64.94) groups.

3.4. Emotion Processing Performance: Face-Emotion Categorization and Intensity Rating Task

The descriptive statistics for performance on both emotion tasks by group are presented in Table 4.
The results from the analysis for response time, accuracy and intensity rating differences on the FCI are
presented as follows:

Table 4. Means and standard deviations for measures from the Face Categorization and Intensity
Rating Task (FCI) and the Face-word Emotion Stroop Task (EST).

Good Sleepers Insomnia
(n=14) (n=15)

M SD M SD M SD

All

FCI Response Time
Happy 40246 11392 367.48 9297 38557  104.01

Angry 480.93 120.49 448.98 103.10 465.51 103.10
Fearful 496.34 115.62 488.87 87.28 492.73 101.17

Sad 487.78 12846  460.18 89.03 47446  110.13
FCI Accuracy
Happy 0.99 0.01 0.98 0.03 0.98 0.02
Angry 0.90 0.08 0.90 0.08 0.90 0.08
Fearful 0.84 0.12 0.79 0.12 0.82 0.12
Sad 0.86 0.09 0.82 0.13 0.84 0.11
FCI Intensity Ratings
Happy 2.87 0.49 2.96 0.75 291 0.62
Angry 3.30 0.51 3.23 0.48 3.26 0.48
Fearful 3.39 0.48 329 0.41 3.34 0.44
Sad 2.92 0.56 2.99 0.55 2.95 0.55

EST Interference (Faces)

Happy 95.75 58.77 85.15 61.47 90.63 59.25
Angry 126.06 91.91 133.65 86.48 129.73 86.48

Sad 109.55 100.90 119.61 76.94 114.41 88.69
Neutral 137.52 95.87 122.94 101.22 130.48 96.99

EST RT Incongruent Trials (Distractors)

Happy 1048.60 17836  1029.85 162.81  1039.55  168.24
Angry 994.90 144.24 977.89 158.19 986.69 148.15

Sad 1000.10  180.46 956.92 148.14 979.25 164.18
Neutral 997.75 207.40 951.96 161.64 975.13 184.82
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For response time on the FCI task, the ANOVA revealed a non-significant interaction between
Face and Group and no main effect of Group, but there was a significant effect of Face on response
time (F(2.10,56.78) = 25.95, p < 0.001, n% = 0.490). Happy faces were classified more quickly than Angry
(#(26) = —4.90, p < 0.001), Fearful (#(26) = —8.10, p < 0.001) and Sad faces (#(26) = —9.64, p < 0.001).

The Face x Group ANOVA for accuracy yielded a non-significant Face x Group interaction and no
main effect of Group, but a significant main effect of Face emotion was observed (F(1.91,51.52) = 22.92,
p < 0.001, ? = 0.459). Post-hoc comparisons of accuracy of the different expressions revealed that
all participants were more accurate for Happy faces than Angry (t(26) = 6.00, p < 0.000), Fearful
(#(26) = 7.68, p < 0.001), and Sad faces (#(26) = 7.25, p < 0.001), and more accurate for Angry faces than
Fearful faces (£(26) = 4.72, p < 0.001).

For intensity ratings on the FCI, there was also a significant effect of Face, F(2.12,57.11) = 13.75,
p <0.001, 172 = 0.337, and again, no significant effect of Group, or significant Group x Face interaction.
Post-hoc comparisons between Faces revealed that all participants rated Angry faces as more intense
than Happy (#(26) = 3.20, p = 0.020) and Sad faces (£(26) = 4.92, p < 0.001), and also rated Fearful faces
as more intense than Happy (#(26) = 4.64, p < 0.001) and Sad faces (#(26) = 6.60, p < 0.001).

In summary, there were no group differences observed for response time, accuracy and intensity
ratings on the FCI. Overall, participants were faster and more accurate for Happy faces compared to
other face-types. Additionally, all participants found Angry and Fearful faces as more intense than
Happy or Sad faces.

3.5. Emotion Processing Performance: Face-Word Emotion Stroop

For the EST, the three-way interaction for response time was not significant, nor were the two-way
interactions of Group x Face, Group x Congruency, or Congruency x Face. There was no main effect of
Group. There was a main effect of Congruency on response time, F(1,27) = 155.31, p < 0.001, 172 =0.852,
and post-hoc pairwise comparisons found that all participants were slower for incongruent trials
compared to congruent trials, t = —12.46, p < 0.001. There was also a significant main effect of Face on
response time, F(3,34) = 49.04, p < 0.001, n? = 0.879; post-hoc comparisons revealed that participants
were significantly faster for Happy faces compared to Angry (£(26) = 9.90, p < 0.001), Sad (#(26) = 9.95,
p < 0.001), or Neutral faces (£(26) = 10.52, p < 0.001). In summary, all participants were slower for
incongruent trials compared to congruent trials and were faster for trials with Happy target faces than
any other target faces and there were no detectable differences in response times between individuals
with INS and GS.

Response time differences for the distractor-words on the EST were also examined. The three-way
interaction between Group, Distractor, and Congruency for response times for distractors was
non-significant. The two-way interactions between Group and Congruency, and Group and Distractor
were also non-significant. There was a significant interaction between Congruency and Distractor for
response time on the Emotional Stroop Task, F(3,81) = 30.80, p < 0.001, 712 = 0.533. A post-hoc analysis
of distractors at the level of incongruent trials found that all participants were significantly slower for
incongruent trials with a Happy distractor than Angry (¢(26) = 4.65, p < 0.001), Neutral (#(26) = 5.37,
p <0.001) or Sad (#(26) = 4.53, p = 0.001) distractors (see Table 4). No significant main effect of Group
was observed. The distractor word of “Happy” slowed response times more than any other distractors
for incongruent trials and the INS group did not differ from GS in response time.

3.6. Post-hoc Analysis of Insomnia Subgroup with a Night of Objectively Poor Sleep

The post-hoc analysis comparing the INS group with a night of poor sleep preceding the afternoon
of task performance (1 = 8) and good sleepers (1 = 15) revealed that this INS subgroup differed in sleep
the night before testing. Specifically, the INS group with a night of poor sleep subjectively reported less
total sleep time, #(19) = 3.77, p = 0.001 and differences in objective sleep architecture were found in less
total sleep time (#(19) = 3.68, p = 0.006), less time in N2 sleep (£(19) = 2.63, p = 0.017), less time in REM
sleep (t(19) = 2.99, p = 0.007), a smaller portion of time in REM, #(19) = 2.24, p = 0.038, and less time
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in Non-REM sleep overall (£(19) = 3.23, p = 0.004) than GS. This INS subgroup also trended towards
greater power in the left-frontal sigma band, #(21) = —=1.96, p = 0.064, and left-frontal beta-1 band,
#(21) = =2.07, p = 0.052, compared to the GS group.

Some evidence for accuracy deficits in the expected direction were observed for this INS subgroup
with a night of poor sleep. The ANOVA analysis of FCI accuracy with the INS subgroup with a night
of poor sleep (n = 8) revealed a trending effect of Group in the direction of the hypothesis (using a
1-tailed test), F(1,21) = 2.90, p = 0.052, such that the INS group with a night of poor sleep had a trend
for poorer accuracy overall on the FCI compared to GS. No other effects were observed in behavioural
performance for this post-hoc subgroup analysis.

3.7. Moderation Analysis of Sleep Quality and Emotion Processing by Group

Overall, significant interactions between Group and beta EEG activity and follow up simple slopes
analysis found that greater beta EEG activity at frontal sites was associated with greater intensity
ratings for emotional faces of Happy, Fearful and Sad (trending), for the insomnia group. For the
good sleepers, greater beta EEG activity was associated with poorer accuracy identifying Happy faces,
and lower intensity ratings for Happy, Angry, Fearful (trending), and Sad faces. In addition, for good
sleepers, greater sleepiness levels were associated with poorer accuracy for Fearful faces, and less time
in slow wave sleep was associated with greater intensity ratings of Angry faces. These findings are
reported in detail below.

Accuracy. There was a significant interaction between Group and right-frontal beta on accuracy
for Happy faces on the FCI, b = 0.033, t = 2.83, p = 0.010. Simple slopes analyses for each Group revealed
a significant negative relationship between right-frontal beta and accuracy for Happy faces for good
sleepers, b = —0.02, t = =3.99, p < 0.001, but not for the INS group, b = 0.01, t = 1.04, p = 0.309 (Figure 2).
For the EST, there was a significant interaction between Group and right-frontal beta on accuracy for
incongruent Happy trials, b = 0.03, f = 3.00, p = 0.006. Simple slopes analysis of each Group revealed
a significant relationship between greater right-frontal beta power and poorer accuracy for Happy
faces on incongruent trials for good sleepers, b = —0.08, t = —=3.77, p = 0.001, but no relationship was
found for the INS group, b = 0.00, t = 0.01, p = 0.996 (Figure 3). Due to the lower variability in accuracy
performance for Happy faces across participants, these relationships are interpreted cautiously.
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Figure 2. The correlations between right-frontal beta power and accuracy for Happy faces on the FCI
for GS and INS groups. A night of greater right-frontal beta activity was associated with lower accuracy
for the GS group.
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Figure 3. The correlations between right-frontal beta power and accuracy for incongruent Happy face
trials on the Emotional-Stroop for GS and INS groups. A night of greater right-frontal beta activity was
associated with lower accuracy for Happy faces on incongruent trials for the GS group.

There was a significant interaction between Group and scores on the Stanford Sleepiness Scale
on accuracy for Fearful faces on the FCI, b = 0.15, t = 2.89, p = 0.008. The simple effects analysis of
each Group found that sleepiness scores were negatively associated with Fearful accuracy for good
sleepers, b = —0.13, t = =3.08, p = 0.005, but not significantly associated in the INS group, b = 0.01,
t =0.55, p = 0.590 (Figure 4).
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Figure 4. The correlation between Stanford Sleepiness Scale and accuracy for Fearful faces on the FCI
for GS and INS groups. Sleepiness levels were negatively associated with Fearful accuracy for GS but

not the INS group.
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Angry interference. There was significant interaction between Group and right-frontal beta,
b =-283.27,t = —4.38, p < 0.001, on the interference effect during Angry trials. The simple slopes
analysis for each Group revealed a significant positive correlation between right-frontal beta and Angry
interference scores for the good sleepers, b = 224.40, t = 5.31, p < 0.001, but no significant relationship
for the INS group, b = -58.87, t = —1.20, p = 0.242 (Figure 5).
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Figure 5. The correlations between right-frontal beta power and the interference effect for Angry trials
on the Emotional-Stroop for GS and INS groups. A night of greater right-frontal beta power was
associated with greater interference on Angry trials for the GS group.

Intensity ratings. For intensity ratings for Happy faces on the FCI, there was a significant
interaction between Group and left-frontal beta power over the night, b = 1.61, t = 4.16, p < 0.001.
Simple slopes for each Group revealed a significant negative relationship between left-frontal beta and
Happy intensity ratings for good sleepers, b = —0.47, t = —=2.32, p = 0.029, but a significant positive
relationship for the INS group, b = 1.13, t = =3.46, p = 0.002 (Figure 6). The interaction between Group
and right-frontal beta power on intensity ratings for Happy faces was also significant, b = 1.12, t = 3.19,
p = 0.004; there was a significant relationship between greater right-frontal beta and greater Happy
intensity ratings for the INS group, b = 0.76, t = 4.22, p < 0.001.

There was also a significant interaction between Group and right-frontal beta power on intensity
ratings of Angry faces, b = 0.98, t = 3.15, p = 0.004. A simple slopes analysis of each Group revealed a
significant relationship between greater right-frontal beta and lower Angry intensity ratings for good
sleepers, b = —0.99, t = -3.81, p < 0.001, but no significant relationship was found for the INS group,
b=-0.01,t = —0.08, p = 0.941 (see Figure 6). There was also a significant interaction between Group
and time in N3 sleep on intensity ratings of Angry faces, b = 0.01, t = 2.97, p = 0.007. A simple slopes
analysis for each Group revealed a significant negative relationship between time spent in N3 sleep
and Angry face intensity ratings for good sleepers, b = —0.01, t = =2.99, p = 0.006, but no relationship
was detected for the INS group, b = 0.004, t = 1.39, p = 0.177.

There was a significant interaction between Group and right-frontal beta on intensity ratings
for Fearful faces, b = 1.09, t = 2.97, p = 0.007. The analysis of simple effects for each Group found a
significant positive relationship between right-frontal beta and Fearful intensity ratings for the INS
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group, b =045, t = 6.12, p < 0.001, and a trend for a negative relationship for good sleepers, b = -0.64,
t=-1.77, p = 0.089 (Figure 6). There was also a significant interaction between Group and left-frontal
beta power on intensity ratings for Fearful faces, b = 0.96, t = 2.33, p < 0.028; analysis for each Group
revealed a significant relationship between greater left-frontal beta and greater Fearful intensity ratings
for the INS group, b = 0.67, t = 3.40, p = 0.002, but no relationship between these variables for good
sleepers, b = —-0.31, t = -0.84, p = 0.411.
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Figure 6. The correlation between frontal beta power and intensity ratings on the FCI for GS and INS
groups. Greater frontal beta power was associated with greater intensity ratings of Happy, Fearful and
Sad (trending) faces for the INS groups.

Finally, there was a significant interaction between Group and right-frontal beta power on Sad
intensity ratings, b = 0.96, t = 2.33, p < 0.028 (Figure 6). The simple slopes analysis for each Group
revealed a significant relationship between greater right-frontal beta and lower Sad intensity ratings
for good sleepers, b = —0.98, t = —=3.03, p = 0.006, but a positive relationship between right-frontal beta
and Sad intensity ratings approaching significance for the insomnia group, b = 0.42, t = 2.04, p = 0.053.

4. Discussion

In the current study, emotion processing tasks were examined after a night of PSG recording in
order to determine how sleep contributes to next-day processing of emotionally expressive faces in
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insomnia and good sleepers. The insomnia group was found to be sleepier during the afternoon of
performance testing and reported shorter sleep durations than good sleepers despite a lack of evidence
for poor sleep quality in PSG measures. Individuals with insomnia did not show any evidence of
disturbed mood or affect and no evidence for general impairment in emotion processing performance
was found. Greater beta EEG power during the night was associated with greater intensity sensitivity
for emotional happy, fearful and a trend for sad faces for individuals with insomnia symptoms.
For good sleepers, greater beta EEG power in sleep was associated with poorer perceptual accuracy for
happy faces with and without the presence of emotional distractors as well as worse inhibitory control
for distracting emotional words when detecting angry faces. In good sleepers, greater beta EEG power
was also associated with lower intensity ratings for happy, angry and sad faces and a trend for fearful
faces. For the good sleepers but not the insomnia group, greater sleepiness was associated with poorer
accuracy for fearful faces, and less time in slow wave sleep was associated with greater sensitivity to
angry faces (based on intensity ratings).

4.1. Hyperarousal Differentially Affects Emotion Processing in Good Sleepers and Insomnia

The diverging directions of the relationship between greater frontal beta EEG power during
sleep/wake and performance for insomnia and good sleeper groups suggests that hyperarousal (i.e.,
greater beta EEG power) may be associated with heightened salience processing of emotional face
expressions for individuals with insomnia symptoms for some emotions, but in contrast, both blunts
sensitivity and leads to emotion processing performance deficits in good sleepers. This points to the
possibility for a potential maladaptation or alteration in socioemotional salience processing directly
linked to neurophysiological activity at sleep onset and throughout sleep for individuals with insomnia.
Possible explanations for these contrasting findings are that for good sleepers, high levels of beta
EEG activity may represent a rare night of light, non-restorative sleep (perhaps due to environmental
factors), which taxes cognitive resources for next-day functioning. Whereas, for the insomnia group,
elevated beta EEG power may represent activity in emotional processing regions throughout sleep that
affects next day emotional processing, or alternatively, maladaptation in emotion reactivity during the
waking state in insomnia may result in both greater sensitivities to emotional faces and a predisposition
for hyperaroused sleep.

Neurophysiological examination of both GABA and regional differences in activity in sleep and
wake in insomnia provide evidence that hyperarousal in insomnia may be specific to altered activity
in emotion processing regions. GABA is the primary neurotransmitter related to inhibition of the
CNS and plays a critical role in sleep initiation, sleep onset and sleep maintenance [67]. Critically,
several studies have identified lower GABA levels overall in insomnia [68,69], but one study by Plante
and colleagues [70] specifically identified lower levels of morning GABA in the anterior cingulate
cortex which is a key structure in emotion information processing including the processing of emotion
faces. There has also been imaging evidence for smaller differences in the activity between wake
and sleep in regions of affect and face processing, including the left fusiform gyrus and posterior
cingulate cortex [22]. Nofzinger and colleagues [71] also found that greater objective or subjective
time spent awake throughout the night (i.e., difficulties with sleep maintenance and arousability)
were associated with increased activity in the anterior cingulate cortex, and regions associated with
emotional awareness, anxiousness and fear (temporal poles). Event-related potential analysis of
auditory stimulus processing during sleep for individuals with insomnia has also revealed markers of
sustained/uninhibited information processing (e.g., [34,72]). Thus, hyperarousal may represent either
the continuous activation or a failure to inhibit the activation of emotional information processing
regions during sleep in insomnia, and this may ultimately lead to alterations in the functioning of
salience processing during wake. Further research should investigate which regions appear to be
active/uninhibited in insomnia sleep to elucidate if hyperarousal or sustained activity exists within
emotional regions.
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Another possible consideration is that socioemotionally sensitive or reactive individuals are
predisposed to nights of hyperarousal. Kalmbach et al. [73] suggested that insomnia may be a condition
of dysregulated cognitive-emotional reactivity to stress, ultimately leading to increased reactivity to
sleep and thereby, longer periods of sleep onset, greater pre-sleep ruminations and worry, and sleep
disruption (i.e., insomnia symptomology). This is not a novel concept, as established models of
insomnia have also pointed to maladaptive cognitions and emotion-reactivity, as etiological and
pathological qualities of insomnia (see [4] for a review). Intervention with stimulus control and
relaxation training for individuals with insomnia has been shown to lead to a reduction in elevated beta
EEG activity at sleep-onset [74], supporting the notion that elevated beta may represent maladaptive
cognitive-emotional reactivity and conditioned arousal. It is possible that dysregulated or maladaptive
cognitive-emotional reactivity in insomnia extends beyond the processing of stressors and negatively
conditioned sleep stimuli into the processing of emotional stimuli such as faces as well. A link
between hyperarousal and altered waking cognitive-emotional reactivity might be drawn out by EEG
examination during wake; increased physiological and subjective arousal during wake in reaction to
sleep and non-sleep related emotion stimuli reported in individuals with insomnia [23] has already
demonstrated an increase of reactivity to emotion stimuli as a potential feature of this clinical group,
but has not been linked to hyperarousal. If hyperarousal in insomnia manifests as a condition of altered
cognitive-emotional reactivity during wake, then inconsistent findings in waking hyperarousal [45]
may be due to physiological measures predominantly taken while research participants are in resting
states rather than in response to emotional stimulation and/or task engagement.

A final possible consideration is that the chronicity and regularity of poor sleep and/or hyperarousal
in insomnia might be an important contributing factor to emotion processing differences in insomnia
and good sleepers. It has been suggested that sleep plays an integral role in restoring or resetting
emotional circuits to correctly react and process emotional information the following day [75]. Thus,
repeated nights of poor sleep and/or neurophysiological engagement (hyperarousal insomnia) might
disrupt the restorative properties of sleep. In turn, chronic disruption could lead to structural/functional
changes in emotional processing neurological regions (e.g., [22,76]) and to abnormal or maladaptive
sensitivities to emotional information during wake, beyond that which is seen after a rare night of light
or poor sleep in good sleepers. Some evidence suggests that multiple nights of poor sleep is related to
greater waking impairment in cognitive functioning (e.g., [8,66]). However, the presence of repeated or
consistent nights of hyperaroused sleep in insomnia and the impact that nights of hyperaroused sleep
have on waking cognitive functioning has not been well investigated. Nonetheless, several findings
of hyperarousal during insomnia sleep [32-42] suggested that it could be a consistent pathological
quality of sleep in this clinical population. Therefore, future efforts should be made to longitudinally
examine hyperarousal sleep and the impact that it has on waking functioning.

4.2. Sleep and Emotion Processing Group Differences

Except for diary reports of less total sleep time, no significant differences in sleep between good
sleepers and individuals with insomnia in the full sample were observed. The finding that individuals
with insomnia symptoms subjectively reported less total sleep time than good sleepers in their sleep
diaries, despite no observable differences in PSG measure of total sleep time, is consistent with the
existing literature (e.g., [77-80]). We identified that eight of the fourteen insomnia participants had a
night of poor sleep, while six of the fourteen insomnia participants had a good night of sleep. And,
only six of the fourteen individuals with insomnia symptoms reported clinical levels of insomnia on
the ISI. Due to the small sample size, all insomnia participants were included together for the primary
analyses. Having a small sample, with a mixed and predominantly sub-clinical insomnia group likely
affected sensitivity to find the expected group differences in gross sleep architecture, quantitative EEG
differences, as well as emotion processing performance. The novel ORP measure (which captures
sleep-depth and arousability) may be more suitable to characterizing the sleep of individuals with
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insomnia that have been specifically identified as having difficulty remaining and/or maintaining sleep
and whom have frequent awakenings (i.e., issues with sleep depth and arousability).

In the insomnia group that had a night of poor sleep, we observed a trending effect for greater
sigma and beta-1 band power, as well as differences in sleep architecture: less time in Stage 2 and REM
sleep. These differences have been previously reported in other studies of sleep in insomnia [31,36,41].
The loss of Stage 2 and REM may be attributable to fewer sleep cycles occurring for those with a night of
poor sleep, as both Stage 2 and REM become more prominent later in the night [81]. Greater power in
beta and sigma has been suggested to indicate a simultaneous activation of sleep and wake-promoting
activity in insomnia sleep [41]. Krystal and colleagues [36] also found elevated sigma and beta activity
but only for a subjective phenotype of insomnia and not an objectively poor sleeping insomnia group.
Here, we found some evidence for elevated sigma and beta in a small insomnia group objectively
identified to have a night of poor sleep.

Two recent reports of impairment in sensitivity for emotionally expressive face stimuli [24,25] for
the insomnia group were not replicated here. Kyle and colleagues found individuals with insomnia
who had greater anxiety and depressive symptoms had a greater blunting in the intensity ratings of
emotional faces [24]. Cronlein and colleagues found impaired accuracy performance for an insomnia
group who were identified to have objective nights of poor sleep, but also found similar effects in
a group with sleep apnea [25]. Therefore, it is possible that because the current sample failed to
show evidence of objective sleep impairment, and participants were recruited based on an absence
of affective disturbance (i.e., anxiety or depression), we were unable to detect overall differences in
emotion processing performance from good sleepers. It is also possible that some participants with
insomnia may show resiliency or compensation with respect to the impact of insufficient sleep on
waking performance; these individual differences could be investigated in future research. However,
in support of Cronlein and colleague’s findings, some evidence for impaired accuracy recognizing
faces after a night of poor sleep in insomnia was observed in the current study. In light of the
findings by Kyle and colleagues and the current findings of a relationship between beta EEG power
during sleep and altered salience processing in insomnia, further research should be conducted on the
interplay between hyperarousal during sleep and both affective disturbance and salience processing
during wake. It is also suggested that poor sleep in insomnia may lead to performance deficits in
emotional face perception, similarly to that which has been reported after nights of experimental
sleep deprivation [82-85], which might also contribute to socioemotional impairment. The extent
and type of emotional impairment after nights of poor sleep and hyperarousal in insomnia requires
further investigation.

4.3. Limitations, Conclusions and Future Directions

The sample was small and included a predominantly subclinical insomnia group with a mixture
of good and poor nights of sleep. Thus, the current findings should be interpreted with caution.
Future investigations of the effects of sleep (and hyperarousal) in insomnia on waking function must
include larger samples to better identify effects, as well as to account for variability in sleep, insomnia
subtypes, and the presence or absence of hyperarousal. The sample in the study was also predominantly
a convenience sample from the university student body, and as such, the sample was predominantly
women and young adults. Therefore, there was no opportunity to examine the effects of sleep and
emotion processing between sex, and it is cautioned that any particular effects observed here may be
generalizable only to women. Importantly, the findings reported here, or even lack of effects, could be
attributable to the skew of more women in the sample, and thus further studies should be done in men.
The findings also may not generalize to individuals outside the age range examined for the current
study, including older adults for whom insomnia is more prevalent.

Sleep was recorded in participants” own homes in order to increase the ecological validity of the
findings which is particularly useful with the insomnia sample who tend to sleep well away from their
home environment. However, without strictly enforced bed times, a large portion of the good sleeper
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participants were lost to sleep restriction, and the insomnia group may have employed strategies
such as delaying bedtime which may have contributed to an absence of observable differences in
sleep efficiency between groups. In addition, without constant monitoring, some elements of the data,
such as data from an EEG channel or sleep diaries, were lost for some participants. A very important
limitation to the ambulatory PSG employed in this study was the absence of the ability to detect
and rule out sleep apnea and restless leg syndrome. Both conditions were screened for during the
intake process by interview and by questionnaire; however, it is possible that participants who are
unaware of underlying medical sleep conditions entered the study. Another lack of control in the home
environment was that participants could turn the equipment on well before the intention to go to sleep
(e.g., reading) despite instruction to record from lights off to on. Thus, measures of wake time, sleep
onset latency, and sleep efficiency may not be precise for all participants. Better home monitoring may
be achieved with increased controls and measures of compliance as well as an in-lab screening night.
A strength of the current study was that performance was assessed on the day immediately following
the PSG recording; future studies must endeavour to investigate the impact of the preceding night of
sleep on waking performance.

Hyperarousal in the current study was measured by investigating beta EEG during the entire
sleep period, including sleep onset, wake time, and non-REM and REM sleep stages together.
Higher frequency EEG in the gamma band which has also been associated with hyperarousal was
not investigated in the current study because of hardware filters imposed on the data, but should
be examined in future studies. In addition, the beta EEG reported in the current study was not
separated by wake and sleep stages. While some studies have reported hyperarousal specific to stages
of sleep [36,38,41], others have noted the presence of hyperarousal in pre-sleep wake and at sleep onset
as well (during the effortful intention to fall asleep; [74,86,87], and some during both pre-sleep wake
and sleep [35,42]. Because we had a heterogeneous sample of individuals with insomnia symptoms
(i.e., not exclusively sleep onset or maintenance problems), we choose to sample the entire sleep/wake
record for EEG analysis. Since groups did not differ in wake time, it is likely that at least some of the
elevated beta EEG is coming from sleep, although future studies in larger samples of more homogenous
insomnia subtypes may be able to better address the hyperarousal during wake and sleep states (or
even transitions and arousals).

This study investigated the relationship between quantitative EEG measures of sleep and the
next-day socioemotional processing of faces in individuals with insomnia symptoms and good sleepers.
The contrasting associations between beta EEG activity and emotion processing for good sleepers and
insomnia groups suggests that hyperarousal in insomnia may lead to waking consequences of altered
salience processing, and more specifically, to heightened sensitivity to emotionally expressive faces.
Given the limitations of the sample, further studies are warranted. The following research questions
are recommended to be addressed by future research efforts: are emotion processing areas engaged
during hyperarousal sleep; are the same areas engaged during hyperarousal in both good sleepers
and individuals with insomnia; does hyperarousal have functional significance for good sleepers as
well; finally, is hyperarousal associated with abnormal neurophysiological reactivity to emotional
cues during wake? Clinically, the findings suggest that hyperarousal in insomnia relates to abnormal
sensitivity to emotionally expressive faces, which could contribute to the reported experiences of poorer
social functioning. Interventions which restore or curtail neurophysiological activity during sleep
to normative levels may also serve to improve socioemotional functioning by restoring appropriate
sensitivity to the emotional expressions of others. Further confirmation of the impact of hyperarousal
and a night of poor sleep on emotion processing in insomnia could also inform possible treatments or
inventions for the development of comorbid social deficiencies, anxiety and/or depression.
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Abstract: Introduction: The proportion of university/college students (UCS) consuming alcohol is
similar to the number of those reporting poor sleep, at approximately 30%, the proportion being
greater in student athletes (SA). What remains to be understood is if poor sleep potentiates risky
behaviors. Objective: Our aim was to examine the association among sleep difficulties, insomnia
symptoms, and insufficient sleep on the risk of driving under the influence of alcohol in a sample of
UCS and whether these associations were more pertinent in SA. Methods: Data from the National
University /College Health Assessment was used from the years 2011-2014. Questions on number of
drinks consumed and behaviors such as driving after drinking alcohol were related to answers to
questions pertaining to sleep difficulties, insufficient sleep, and insomnia symptoms. Results: Mean
alcohol intake was of about 3 drinks; SA consumed significantly more than student non-athletes
(SNA). Binge-drinking episodes were significantly higher among SA than SNA. Difficulty sleeping
was associated with an increased likelihood of driving after any drinks and after 5 or more drinks in
both groups, effects being stronger among SA. Insomnia was associated with an increased likelihood
of driving after any drinks and after 5 or more drinks in SA and after 5 or more drinks in SNA.
These effects were stronger among athletes. Conclusion: The present study found that self-reported
difficulties sleeping, insomnia symptoms, and insufficient sleep are associated with driving after
drinking alcohol. This relationship applied to driving after drinking any alcohol or binge drinking
and was again stronger among SA than SNA.

Keywords: students; athletes; driving after drinking alcohol; insufficient sleep; insomnia

1. Introduction

University/college student (UCS) alcohol consumption and poor sleep habits are prominent
public health concerns due to their endemic prevalence and their association with multiple negative
health outcomes [1,2]. Nearly 60% of full-time UCS consume alcohol [3], with an estimated 37.9%
engaging in binge drinking [4]. Alcohol intake is a leading cause of injury in UCS, implicated in
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1825 deaths per year [5]. Nationally, 28.9% of UCS reported operating a motor vehicle while under the
influence of alcohol in the past month, and 10.5% were injured because of drinking [5]. More specifically
for students, alcohol use is also associated with numerous academic consequences, including missed
classes, performing poorly on examinations, and overall lower grades [6].

Sleep among adolescents has been linked to adverse outcomes regarding school performance.
Lund and colleagues [7] identified 60% of UCS in their sample as having poor sleep quality on the
Pittsburgh Sleep Quality Index (PSQI) and found higher reported alcohol intake within this group.
Insufficient sleep duration of less than 7 h (defined based on recommendations from the American
Academy of Sleep Medicine and Sleep Research Society [8] and National Sleep Foundation [9]) has
also been suggested to increase the risk of unintentional injury and impede academic performance [10].
Identifying associations between alcohol consumption and sleep difficulties is especially concerning
among UCS as this population reports worse sleep quality than the general population [7,11]. Typically,
students present an irregular sleep/wake cycle [12] in addition to insufficient sleep and decreased
sleep quality, with those parameters negatively influencing cognitive and psychological processes.
Insufficient sleep also affects attention and school performance (academia) [13-15], increases risky
behaviors [16], and perturbs social relationships [17]. An altered quality of sleep has also been shown
to directly affect health by increasing anxiety [18], depressive thoughts and suicide ideations [15],
and diminishes general health quality [19].

Interestingly, it is estimated that approximately 60% of UCS consumed alcohol in the preceding
month [20], which is similar to the 60% reporting poor sleep quality noted above [7]. Similar prevalence
rates and associated risk of unintentional injury, particularly within the realm of risky driving behaviors,
imply a possible association between alcohol consumption and poor sleep in UCS. The relation between
risky behaviors, especially driving after alcohol use and with sleep complaints in adolescents and
young adults, is still understudied. However, results from a recent survey in high school students
(50,370) showed that not sleeping the recommended number of hours during school days (9 h in this
case), led to increased risky behaviors, which included drinking and driving [21]. More than 90% of
the students reported an insufficient sleep duration during an average school night. Similarly, Wong,
Robertson and Dyson [22] recently observed that the risk of driving under the influence of alcohol in
adolescents, as well as other risky behaviors including drug-use problems, could be predicted within
one year by sleep difficulties, and especially by reports of difficulties getting off to sleep/staying
asleep and insufficient sleep. Specifically, trouble failing asleep positively predicted the odds of binge
drinking and driving while drunk [22]. Recent studies are attempting to identify neural mechanisms
underlying repercussions of short and poor sleep quality on emotional processes in adolescents [23].
One longitudinal study assessed annually insomnia symptoms in early adolescent girls aged 9 to
13 years, and 3 years later, they measured the neural reward processing through fMRI [24]. It was
found that self-reported poor sleep quality was positively associated with the dorsal medial prefrontal
cortex (DMPFC) response to reward anticipation [24]. Moreover, sleep deprivation amplifies amygdala
reactivity in response to negative stimuli, associated with a loss of prefrontal cortex connectivity [25].
This lack of connectivity increases the phenomena of maladaptive interpretation of pleasure [26-28].
Alcohol has been shown to cause an increase of dopamine in the reward pathway [29]. The dopamine
in the reward pathway is suggested to increases craving for alcohol and reinforces habitual alcohol
use [30]. Thus, SA who are sleep deprived may be oblivious to the fact that their dopamine level will
lead them into drinking more alcohol.

Student athletes (SA) may face particularly steep barriers to sleep compared to Students
non-athletes (SNA). Barriers to sleep among SA include balancing school demands, sport performance,
training, and traveling for competitions (often creating jet-lag and sleeping in different locations
than their own bed) (National Collegiate Athletic Association (NCAA), 2014) [31]. Leeder, Glaister,
Pizzoferro, Dawson, & Pedlar [32] have shown, using actigraphy, that objective sleep quality is worse
in SA than in SNA, including longer sleep-onset latencies, increased time in bed, and time awake
after-sleep-onset, more fragmented sleep, and decreased sleep efficiencies. Furthermore, one study
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revealed that SA were more prone to daytime sleepiness than SNA [33]. Survey data derived from the
NCAA [31] revealed that SA report, on average, four poor nights of sleep per week, albeit insufficient
sleep, insomnia symptoms, or difficulty sleeping.

The aim of the present research was to further examine the associations among sleep difficulties,
insomnia symptoms and insufficient sleep on the risk of driving under the influence of alcohol in a
sample of UCS. Because sleep problems appear to be linked to risky behavior in adolescents, it should
also be the case in UCS, an at-risk group who are at the transition between adolescence and adulthood.
In addition, because SA report even greater sleep difficulties than SNA [32], this association might
be stronger in athletes than in SNA and so this was also examined. Because insomnia symptoms and
insufficient sleep are significant sleep difficulties observed in UCS, it was predicted that increasing
insomnia symptoms and insufficient sleep would be closely related to driving after drinking alcohol.

2. Methods

2.1. Data Source

Data from the National University/college Health Assessment (NCHA) was used. The NCHA is
an annual survey conducted by the American university/College Health Association (ACHA) [34] to
document the prevalence and changes in a wide range of health-related factors among UCS. This survey
provides the largest known data source on health factors among American university/college and UCS.
Surveys were administered on paper or online. Survey data from 2011-2014 were used, as items did
not change during this time period. Data were obtained from 44, 51, 57, and 34 universities/colleges
in 2011, 2012, 2013, and 2014, respectively (though for the sake of de-identifying responses, more
information about the institutions is not available). This resulted in data from N = 27,774 in 2011,
N =28,237in 2012, N = 32,964 in 2013, and N = 25,841 in 2014. Varsity athletes were identified by
self-report, though no information was available regarding sport played or division of the NCAA,
the governing body of collegiate athletics. Of note, NCAA division describes the level of competition
(I being most competitive, III being less competitive). Since analyses were secondary to a de-identified
data set, the project was exempted from the institutional review board oversight, because as an archival
analysis of de-identified data, it is not human subject research.

2.2. Measures

“Difficulty Sleeping” was assessed with the item, “Within the past 12 months, have any of the
following been traumatic or very difficult for you to handle?” One of the listed conditions was “Sleep
Difficulties.” This was recorded as “Yes” or “No.” Insomnia symptoms were assessed with the item,
“In the last 7 days, how often have you had an extremely hard time falling asleep?” Difficulty Initiating
Sleep (DIS) was coded “Yes” if the participant noted difficulty falling asleep 3 or more nights per
week, consistent with research diagnostic criteria [35]. Of note, this reflects insomnia symptomology,
but does not include chronicity nor associated impairment so it cannot alone reflect “insomnia.”
Perceived insufficient sleep was assessed with the item, “On how many of the past 7 days did you get
enough sleep so that you felt rested when you woke up in the morning?” This variable was coded as
a continuous variable, recoded so that values reflected nights of insufficient sleep (e.g., individuals
who reported 7 nights of sufficient rest were given a score of 0 nights of insufficient sleep). Of note,
this may or may not reflect short sleep duration, but rather perceived insufficiency. This is similar to
variables used in previous studies [36-38].

Alcohol intake was assessed with the item, “The last time you “partied”/socialized, how many
drinks of alcohol did you have?” This was assessed as a continuous variable. Binge drinking was
assessed as, “Over the last 2 weeks, how many times have you had five or more drinks of alcohol at a
sitting?” This was also assessed as a continuous variable.

Any driving was assessed with the items, “Within the last 30 days, did you drive after drinking
any alcohol at all?” and binge drinking was evaluated with the question “Within the last 30 days, did
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you drive after drinking five or more drinks of alcohol?” Responses were coded as “Yes” or “No.”
Subjects who reported that they did not drink or did not drive at all in the past 30 days were excluded
from analysis.

Status as a student athlete was determined based on the item, “Within the last 12 months, have
you participated in organized university/college athletics at any of the following levels?” Students
were considered SA (SA) if they indicated “Varsity Sports” and SNA if they did not (those indicating
“Club Sports” or “Intramurals” were still considered SNA). Age and sex, which were self-reported,
as well as survey year were the covariates in this analysis.

2.3. Statistical Analyses

All variables were assessed using descriptive statistics (mean and standard deviation for
continuous variables and percentages for categorical variables). Overall differences between SA
and SNA were evaluated with T-tests and Chi-Square tests. To determine whether athlete status
interacts with sleep variables on drinking and driving, binomial logistic regression analyses were
used, with drinking and driving as outcome variables (both “any drinks” and “5 or more drinks”),
age, sex, and survey year as covariates, sleep variable (difficulty sleeping, DIS, and insufficient
sleep) as predictor variable and an interaction term for each sleep variable by student athlete status.
If this interaction term was significant, further analyses were stratified by student athlete status.
These stratified analyses would include drinking and driving variables (separately) as outcome, sleep
variables (separately) as predictors, and age, sex, and survey year as covariates. Post-hoc analyses
examined whether results were mediated by DIS or alcohol, by including the DIS variable as an
additional covariate or adding both number of drinks and binge-drinking episodes as an additional
covariate. p values < 0.05 were categorized as statistically significant, though all p values are reported.
All analyses were performed using STATA 14.0 (STATA Corp., University/college Station, TX, USA).

3. Results

3.1. Characteristics of the Sample

Sample characteristics are reported in Table 1. The sample consisted of UCSs sampled between
2011-2014. Of the total sample, approximately 8% were varsity athletes. When SA and SNA were
compared (also displayed in Table 1), SNA were older than SA (t (111, 496) = 50.66, p < 0.001).
Chi-squares analyses showed that the sample comprised more women than men, x2(2) = 111.59,
p > 0.05, both groups being composed of more women than men while proportionally more men were
SA than SNA. Mean alcohol intake during the last socializing period was a mean of about 3.2 drinks
(SD =3.8); SA consumed significantly more than SNA. Number of binge episodes was also significantly
higher among SA, compared to SNA (see Table 1).

When SA and SNA were asked if they had driven under the influence of alcohol, athletes
were less likely to say yes than SNA when their alcohol consumption was less than 5 drinks
(any drinks). However, groups provided similar answers to the same question for 5 drinks and
more. Chi-square analyses showed that SNA were more likely to report difficulty sleeping and DIS
than SA (x? respectively of 168.70 and 33.49; p < 0.0001). Also, SNA were more likely to report
insufficient sleep than SA (¢ (111, 496) = 4.90, p < 0.001). Thus, SA are generally less likely to report
sleep disturbances than SNA. Finally, because this survey was completed over 4 years, chi-square
analyses revealed that 2013 and 2014 were different on the percentage of individuals completing the
survey per year. As such, proportionally more SA individuals completed the survey in 2013 than on
2014, years 2011 and 2012 being equal on the percentage of individuals completing the survey.
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Table 1. Characteristics of the Sample.

Variable Description Complete Student Student Te.st )
Sample Non-Athlete Athlete Statistic
N 111,498 102,815 8683

Age Years 215+ 3.6 21.7 +£3.7 196 £19 50.66 <0.0001
Gender Female 66.63% 67.07% 61.49% 110.59 <0.0001
Number of Drinks Consumed Drinks 3.18+3.78 3.10 + 3.69 3.92 4+ 4.45 —19.49  <0.0001
Binge-Drinking Episodes Episodes 0.73 £1.46 0.71 +1.43 0.95 + 1.60 —14.71 <0.0001
Driving after any drinking Yes 23.95% 24.83% 13.68% 344.24 <0.0001
Driving after binge drinking Yes 2.48% 2.46% 2.67% 0.88 0.3485
Sleep difficulties Yes 25.68% 26.17% 19.81% 168.70 <0.0001
Difficulty Initiating Sleep Yes 24.35% 24.57% 21.78% 33.49 <0.0001
Insufficient sleep Days per week  3.93 £1.91 3.94+1.92 3.84 +1.86 4.90 <0.0001
2011 24.33% 24.20% 25.94% 109.31 <0.0001

Survey year 2012 24.42% 24.23% 26.70%

2013 28.53% 28.49% 29.01%

2014 22.71% 23.08% 18.36%

3.2. Driving Under the Influence of Alcohol and Difficulty Sleeping

A significant interaction between difficulty sleeping and athletics status was found (see Table 2).
In stratified analyses (Table 3), difficulty sleeping was associated with an increased likelihood of
driving after any drinks and after 5 or more drinks in both groups, but the effects were stronger among
SA. Overall, SNA who reported a difficulty sleeping were 1% more likely to drive after any drinks and
51% more likely to drive after 5 or more drinks, compared to those without difficulties. In comparison,
SA with a difficulty sleeping were 42% more likely to drive after any drinks and 112% more likely to
drive after 5 or more drinks, compared to those without difficulty sleeping. All driving variables were
associated with difficulty sleeping even after adjusting for the effects of age, sex, and survey years.

Table 2. Athlete Status by Sleep Interactions on Driving After Drinking Alcohol, With and Without
Adjustment for Amount of Drinking.

Interaction Inter.action Cl}i-Sfluare p Intera?tion (.fhi-.Square p
(Without Drinking) (With Drinking)
Outcome: Driving after Any Drinking Any Drinks
Sleep Difficulty 123.41 <0.0001 138.24 <0.0001
Difficulty Initiating Sleep 106.10 <0.0001 143.95 <0.0001
Insufficient Sleep 106.88 <0.0001 198.32 <0.0001
Outcome: Driving after Binge Drinking at Least 5 Drinks

Sleep Difficulty 7242 <0.0001 34.67 <0.0001

Difficulty Initiating Sleep 28.17 <0.0001 6.02 0.110

Insufficient Sleep 18.73 0.0003 23.42 0.076
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3.3. Driving Under the Influence of Alcohol and Insufficient Sleep

A significant interaction between insufficient sleep and athlete status was found (see Table 2).
In stratified analyses (Table 3), insufficient sleep was not associated with an increased likelihood of
driving after any drinks in SNA, but all other comparisons were significant. Effects were again stronger
among athletes. Thus, SNA with insufficient sleep were 1% more likely to drive after any drinks and
8% more likely to drive after 5 or more drinks per day of insufficient sleep. On the other hand, SA
were 5% more likely to drive after any drinks and 11% more likely to drive after 5 or more drinks for
each day of insufficient sleep that they report.

3.4. Driving Under the Influence of Alcohol and DIS

A significant interaction between DIS and athletics was found (see Table 2). In stratified analyses
(Table 3), controlling for age, gender, and survey year, DIS was associated with an increased likelihood
of driving after any drinks and after 5 or more drinks in SA and after 5 or more drinks in SNA.
Once more, effects were stronger among athletes. SNA with DIS were less than 1% more likely to drive
after any drinks and 26% more likely to drive after 5 or more drinks, compared to those without DIS.
In comparison, SA with DIS were 32% more likely to drive after any drinks and 93% more likely to
drive after 5 or more drinks, compared to SA without DIS.

3.5. Driving Under the Influence of Alcohol while Controlling for DIS

After controlling for DIS (Table 3), in addition to controlling for age, gender, and survey year,
a difficulty sleeping was associated with an increased likelihood of driving after any drinks and after
5 or more drinks in both groups, but the effects were even stronger among athletes than among SNA.
It appeared that SNA with a difficulty sleeping were 10% more likely to drive after any drinks and
43% more likely to drive after 5 or more drinks, compared to those without difficulties. Conversely, SA
with a difficulty sleeping were 32% more likely to drive after any drinks and 76% more likely to drive
after 5 or more drinks, compared to SA without a difficulty sleeping.

After controlling for age, gender, survey year and DIS, insufficient sleep was also associated with
an increased likelihood of driving after any drinks and after 5 or more drinks in SA and after more than
5 drinks in SNA. Effects were again somewhat stronger among athletes than in SNA. Altogether, SNA
with insufficient sleep were 1% more likely to drive after any drinks and 7% more likely to drive after
5 or more drinks, per day of insufficient sleep. On the other hand, for each day that SA reported sleep,
they were 4% more likely to drive after any drinks and 8% more likely to drive after 5 or more drinks.

3.6. Driving Under the Influence of Alcohol while Controlling for Amount of Drinking

Finally, after controlling for drinking as well as age, sex, and survey year, a difficulty sleeping was
associated with an increased likelihood of driving after any drinks in SA only, though when analyses
were examined for binge drinking, results were significant for both groups, though the effect was
nominally larger among SA. Insufficient sleep was no longer associated with driving after drinking
alcohol in either group, except that was associated with driving after binge drinking in SNA only.
DIS was still associated with driving after any drinks, but only in SNA, and DIS was still associated
with driving after binge drinking, but only in SA.

4. Discussion

This research examined the association between sleep difficulties, DIS, and insufficient sleep in
UCS and drinking behavior. Furthermore, it assessed whether a sleeping difficulty, insufficient sleep,
and DIS potentiated drinking and driving behavior in SA vs. SNA. Our results indicate that not only
does DIS and insulfficient sleep significantly increase the likelihood of drinking and driving (especially
for 5 or more drinks), difficulty sleeping was also associated with drinking and driving. Furthermore,
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it appears that the association between driving under the influence of alcohol and DIS/insufficient
sleep is stronger among athletes than non-athletes.

Our study found that SA drank more alcohol and reported fewer sleep disturbances, compared
to SNA. They were also less likely to drive after any drinking, and there was no difference in rates
of driving after binge drinking. These findings provide a context for the interactive effects that were
examined as the primary analyses in this study. Previous studies have shown that SA drink more
alcohol [39], and the present study supports this. Large studies of student athlete sleep are not available,
but existing evidence suggests that rates of sleep disturbances are quite high among SA [32], as well as
students in general [7] though rates of sleep disturbances may not be much different and may even
favor SNA.

Itis possible that athletes, who typically have a more regular schedule, may experience fewer sleep
problems than SNA. Although no differences were seen in rates of driving after binge drinking (rare in
both athletes and SNA), driving after drinking any alcohol was less common among athletes. This may
reflect increased access to transportation, concerns about getting in trouble and not being able to play,
awareness of their high visibility in the community, or increased access to educational interventions.

Among both SA and SNA, sleep difficulties were associated with increased likelihood of driving
after consuming alcohol. This may be related to emotional dysregulation as a common upstream
factor. Students using alcohol as a mean to cope with stressful situations do expose themselves to
greater alcohol consumption and thus to sleep difficulties [40,41]. Therefore, worse mental health
may predispose one to problem drinking and sleep difficulties, as well as poor decision-making
(leading to driving after drinking). There are several other plausible reasons why these are related.
Sleep disturbances have been repeatedly shown to be related to both affective dysregulation [42] (which
can lead to excessive drinking) and poor decision-making [43] (which can lead to driving after drinking).
Alcohol consumption also leads to both sleep disturbances [44] and poor decision-making [45].
It seems likely that sleep difficulties, alcohol consumption, and impaired decision-making may all be
inter-related, leading to this relationship.

There is also evidence that hormones can have different influence on behavior during puberty
and adulthood. For example, a tendency toward increased risk taking and sensation seeking may
represent a set of normative developmental changes in adolescence [46]. Another strong evidence
that supports a link between increases level of hormone and puberty is demonstrated through several
studies [47,48]. These data are in line with an anthropological perspective on risk taking in adolescent
which can be viewed as an adaptive willingness to establish bravery to acquire a better social status.
These findings support the idea that SA may be more prone to peer and status-sensitive influences on
risky decision-making as explained by Steinberg [49].

This relationship was stronger, though, among athletes. It is possible that the increased alcohol
consumption increased the incapacitated decision-making process. Perhaps the natures of the drinking
or sleep disturbances are fundamentally different, leading to a different relationship. Also, it may
have to do with social pressure. SA are more likely to be more widely known (for example, in their
respective institution or even at a country level) than non-SA. Being recognized by others in a public
place where alcohol is served may well lead to peer pressure (cannot refuse offers) and add to the
overall ‘culture’ of alcohol consumption among students, athletes or not, which is then established.
In that sense, it has been shown that athletes even expect to receive free alcoholic beverages from
peers [50]. This may well reinforce a culture that supports heavy drinking in this population [51]. Thus,
it is plausible to assume that they will behave in a manner consistent with accepted drinking patterns
of the peers in their immediate environment [52]. However, it is difficult to assert which problem
comes first. Are sleep difficulties in athletes conducive to drinking and then ultimately driving under
the influence or is the alcohol causing the sleep difficulties? Among UCS, individuals reporting poor
sleep quality tend to drink more frequently and excessively [7,40,53], it is our suggestion that sleep
difficulties need to be addressed as a priority, considering the benefits of good sleep on the health and
general risky behavior in students. In fact, the motivations for drinking, as elegantly stated by Digdon
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and colleagues [54] may be particularly influential for sleep-deprived students who may experience
impaired physical and executive functioning in high-risk drinking contexts. Sleep-deprived students
may lack alternative means for managing affect, as a result. Thus, SA may be more prone again to
engage in heavy alcohol consumption than SNA.

Limitations

There are several limitations to the current study. First, the sleep items included in the
questionnaire were not extracted from validated sleep questionnaires. Thus, their reliability and
validity have not been rigorously ascertained. With that in mind, results should be interpreted with
a certain degree of caution. Second, the cross-sectional nature of the study precludes any inferences
of causality. It may be the case that poor sleep leads to drinking and driving, or it may be the case
that factors that contribute to this behavior similarly cause sleep disturbances. A further possibility
is that sleep loss may lead to poor decision-making, which itself may lead to poor sleep (directly
and indirectly through increased drinking). Third, there is no objective verification of driving after
drinking, and therefore the rates are likely underreported. Fourth, it is unknown whether athletes
were Division I, II, or III, which may play a role in athletic, academic, and/or social factors.

5. Conclusions

The present study found that a self-reported difficulty sleeping, DIS, and insufficient sleep are
associated with driving after drinking alcohol. This relationship applied to driving after any alcohol,
and driving after binge drinking. This relationship was stronger among SA than it was for non-SA.
These results suggest that sleep disturbances are an independent risk factor for the activity of driving
after drinking alcohol. Future research should aim to determine whether driving after drinking alcohol
could be reduced by improving sleep health. Also, more clarity on the specific contributions of sleep,
measured using validated and/or objective methods, would aid in the interpretation of these results.
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Abstract: Sleep disturbance after traumatic brain injury (TBI) has received growing interest in
recent years, garnering many publications. Insomnia is highly prevalent within the mild traumatic
brain injury (mTBI) population and is a subtle, frequently persistent complaint that often goes
undiagnosed. For individuals with mTBI, problems with sleep can compromise the recovery
process and impede social reintegration. This article updates the evidence on etiology, epidemiology,
prognosis, consequences, differential diagnosis, and treatment of insomnia in the context of mild
TBI. This article aims to increase awareness about insomnia following mTBI in the hopes that it
may improve diagnosis, evaluation, and treatment of sleeping disturbance in this population while
revealing areas for future research.

Keywords: mild traumatic brain injury; mTBI; concussion; insomnia; sleep disturbance; treatment

1. Methods

References for this narrative review were obtained using a search of online databases PUBMED,
MEDLINE, CINAL, and COCHRANE (Figure 1). These online databases were used to search for papers
published after the year 2000 using keywords: mild traumatic brain injury, mTBI, concussion, insomnia,
sleep disturbance, and treatment. Boolean operator “AND” was used to connect search terms and
narrow results. Truncations and MeSH headings were not used. Some references were not identified
using the online databases, but were obtained through reference lists of other articles. Our inclusion
criteria were studies that looked primarily at brain injury cases, specifically mild traumatic brain injury.
Only papers printed in or translated into English were included. We excluded case reports as sources.
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Figure 1. Process flow chart.

2. Introduction

Traumatic brain injury (TBI) is a leading cause of disability in the United States. The Center
for Disease Control and Prevention recently reported that in 2013 there were 2.8 million cases of
TBI-related ER visits, hospitalizations, and deaths [1]. Of the annual cases of traumatic brain injury,
the World Health Organization estimates that 70% to 90% of those are mild TBI [2]. The most common
groups to sustain a mild TBI are males, teenagers, and young adults, while the most common causes
are falls, motor-vehicle collisions, and assault [2]. Despite the high incidence, mTBI numbers are
likely an underestimation [1]. One study found that in the emergency department, 56% of cases
that qualified as mTBI did not carry a documented diagnosis, suggesting that many patients are
potentially undiagnosed [3]. One proposed reason mTBI is frequently missed is that standard imaging
in patients with mTBI does not show hemorrhage or other obvious structural abnormalities [4].
Likewise, mTBI-associated sleep disturbances are often unnoticed in the ED and primary care clinics as
providers tend to focus on vision changes, nausea, vomiting, head and neck pain [5]. This suggests a
need for a higher index of suspicion, targeted questioning and appropriate screening tools to improve
diagnosis of both mTBI and associated sleep disturbance [6].

According to the American Congress of Rehabilitation Medicine (ACRM), mild traumatic brain
injury is defined as traumatically induced physiologic disruption of brain function that manifests
with at least one of the following: any period of loss of consciousness (LOC), memory loss before
or after injury, alteration in mental state at time of injury (i.e., feeling dazed, disoriented, confused)
or focal neurological deficit(s) that may or may not be transient [7]. Classification as mild requires
that severity does not exceed a Glasgow Coma Scale (GCS) score between 13 and 15 after 30 min,
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a PTA of greater than 24 h, or LOC of more than 30 min [5]. Common symptoms associated with
mTBI include headache, dizziness, bad taste, sleep disturbance, nausea/vomiting, impaired balance
and coordination, tinnitus, and vision changes [8]. TBI also results in significant cognitive, emotional,
and behavioral disorders which all increase morbidity [9]. Poor sleep may develop acutely and last
several years post-injury and is described by those who experience a mild TBI as one of the most
debilitating consequences [10].

3. Pathophysiology of Sleep Disturbance after TBI

Traumatic brain injury is classified into primary and secondary brain injury. Primary injury
refers to the structural damage created upon impact. Secondary injury refers to the damage from
subsequent cellular processes following primary injury such as excitotoxicity, free radical generation,
calcium-mediated damage, hypoxia, and increased intracranial pressure [11,12]. Unsurprisingly,
these mechanisms can incur structural, biochemical, and genetic changes implicated in sleep disturbance.

Coup-countrecoup injury typically occurs at the base of the skull in areas of bony prominences
so the anterior temporal and inferior frontal regions, including the basal forebrain, are frequently
injured. Since the basal forebrain contributes to sleep initiation, injury to this region can lead to
insomnia symptoms [8]. The structure of the tentorium has also been associated with sleep pathology.
When controlling for cognitive function and mTBI severity, researchers found those with sleep-wake
disturbances had longer tentorial lengths and flatter angles, suggesting closer proximity of the tentorial
edge to the pineal gland. The authors reason this proximity increases the risk of direct impact
between the tentorium and pineal gland subsequently disrupting melatonin pathways [13]. Another
study with mTBI patients measured fractional anisotropy (FA) with MRI as a representation of
white matter integrity. In patients with sleep disturbance there was reduced parahippocampal FA,
which was strikingly similar to findings of early Alzheimer dementia, in which sleep-wake disturbance
is one of the earliest symptoms [14]. Using rodent models of TBI, researchers found increased
reactive microglia in the thalamus preceding development of sleep disruption. The authors postulate
that the inflammatory response may interfere with the thalamocortical network, which regulates
sleep—wake patterns [15].

Sleep disturbance after TBI is associated with numerous biochemical changes as well.
One study demonstrated lower evening melatonin production in TBI patients compared to healthy
controls, which was associated with decreased sleep efficiency, increased wake after sleep onset
(WASO), and higher rates of depression and anxiety [16]. Decreased melatonin likely arises
from the aforementioned pathway disruptions and/or damage to the suprachiasmatic nucleus [8].
Other reported biochemical associations include changes in levels of hypocretin-1, dopamine,
and serotonin, which are neurotransmitters involved in sleep modulation [17]. Decreased levels
of IGF-I and testosterone were also found specifically after blast-induced mTBI [18]. More on the
distinction of mTBI from blast injury is discussed in Section 5.1.

A variety of genes involved in inflammation, glial function, neuronal plasticity, immunity,
and circadian rhythm have implications on sleep disturbance post-TBI [19]. For example, in rodent
models several plasticity genes like Bdnf, Homerla, and Fos have decreased expression a few days after
mTBI. This is important because these plasticity genes have demonstrated roles in maintaining sleep
homeostasis [19]. Also, in rodent models the astrocyte marker Gfap was elevated in the cortex after TBI
and prior to the development of sleep disruptions, suggesting that astrocyte activation may contribute
to sleep modification [15,19]. In mTBI patients, one of the clock genes, PERIOD3 (PER3), was found to
be associated with changes in sleep recovery. Specifically, the PER3 gene carries a polymorphism that
comes in either 4 or 5 tandem repeats and patients who were carriers of 5 repeats interestingly reported
improved sleep quality but shorter sleep duration compared to noncarriers at 6 weeks post-mTBI [20].
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Sleep Architecture Changes Seen after mTBI

Sleep architecture refers to the organization and cyclical pattern of normal sleep with specific
corresponding electroencephalographic (EEG) activities [21]. Sleep is comprised of slow-wave sleep
and paradoxical sleep. Within slow-wave sleep there are 4 stages. Stages 1 and 2 are considered light
sleep, while stages 3 and 4 are considered deep sleep. These stages can fall under the term “non-rapid
eye movement (NREM) sleep”. The paradoxical sleep stage involves rapid eye movement (REM)
sleep which has similar EEG activity to wakefulness and is the stage in which dreaming occurs [21].
In adults, NREM takes up about 20% of the night, while REM takes up about 80% and each stage of
sleep is thought to perform independent yet complementary restorative functions [4].

When it comes to sleep architecture after mild TBI, patients generally experience “sleep
fragmentation” referring to reduced total sleep time and a greater proportion of sleep in light sleep
stages [20]. Observed changes of sleep in mTBI patients include increased stages 1 and 2 sleep and
decreased REM sleep [17,22,23]. One study also found no significant difference in sleep and REM
latencies in mTBI patients compared to controls [22].

Even though absence of objective findings is common in mTBI patients reporting sleep disturbance,
studies recommend that the subjective experience should take precedence [17,22,24]. While mTBI
patients with insomnia also tend to underestimate the time spent asleep, subjective sleep is still
predictive of depression, anxiety, and general distress [25,26]. As insomnia is by definition a subjective
complaint, it is important not to disregard patients even in the absence of objective evidence.

4. Insomnia and mTBI

Insomnia is characterized by poor sleep quantity or quality in the forms of delayed sleep onset,
nocturnal awakenings with difficulty returning to sleep, waking too early, and not feeling rested
despite adequate sleep hours. A required criterion for diagnosing insomnia of any form is that it leads
to distress and subjective impairment in the daytime [27]. Insomnia is important to address as it affects
patients both psychologically and cognitively throughout recovery and impedes a patient’s return to
normal functioning.

Sleep disorders such as insomnia, sleep apnea, narcolepsy, periodic limb movement disorder
are all more prevalent in TBI patients compared to the general population [28]. Insomnia is the
most commonly reported sleep disturbance with approximately 40%—-65% of mTBI patients reporting
symptoms of insomnia [12]. However, there are conflicting findings on whether insomnia among
TBI patients are over- or underreported. In a survey of 452 patients with TBI, the majority of which
were severe TBI (59.9%), 50.2% reported insomnia symptoms, while only 29.4% fulfilled the DSM-IV
diagnosis of insomnia [29]. Another study of mTBI patients by Sullivan et al. found that although 42%
of their sample had insomnia, only 16% self-reported an insomnia diagnosis [30]. The contrary findings
may suggest an association between severity of brain injury and insomnia symptoms, a relationship
that will be further discussed in Section 5.2.

A popular model of insomnia contains two components, a general predisposition to developing
insomnia followed by an acute stressor [17]. There are various interpretations on how this model
applies to TBI. In one interpretation, those suffering from insomnia post-TBI may have had previous
episodes of insomnia or a family history. The acute stressor would therefore be the TBI itself [17].
Another interpretation surmises that both aspects of the model may be affected by TBI because
pathophysiological changes of the brain create a predisposition for insomnia while acute stressors
come in the forms of comorbidities such as pain, depression, and anxiety [11,18]. TBI patients will
also often experience multiple psychosocial stressors simultaneously such as inability to return to
work, financial difficulties, redefined familial roles, and strained social relationships. Increased familial
discord, marital problems, and litigation procedures have been documented with TBI patients and
are obvious sources of significant stress [31]. The patient experience and environment are therefore
important to consider in management of these patients.
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5. Epidemiology of Insomnia after mTBI

Within the general population, sufferers of insomnia are more likely to be white, older,
female, and unmarried. Although prevalence of insomnia symptoms increases with age in the
general population, sleep dissatisfaction and diagnoses were found to be independent of age [32].
The demographic characteristics differ in the context of TBI as a study by Fichtenberg et al. of
patients with various severities of TBI found no relationship between insomnia and gender, age,
or education [33]. In the mTBI population, age at time of injury may have implications on the
development of insomnia. For example, adolescence is a time of increased risk for sleep problems
due to physiologic changes and increased societal and academic demands. Thus, when adolescents
experience a mild TBI they have a higher predispositon than younger children to develop chronic
sleep problems [34]. It is generally believed that TBI outcomes like sleep disturbance worsen with
increased age possibly due to reasons such as decreased ability to compensate, decreased cerebral
reserve, and pre-existing comorbidities [35]. When it comes to mTBI, literature remains divided on
how age affects outcomes [35]. Some studies suggest increased symptom severity with age; however, a
study by Hu et al. found that middle-aged mTBI patients (36-55 years) had a higher severity of sleep
disturbance compared to elderly patients [35]. The authors suggest that this finding may be due to
middle-aged patients noticing more significant deviations from their baseline functional status and
experiencing more daily stressors such as employment and living with dependents. Although studies
are revealing potential risk factors, further research is needed to better comprehend the risk factors
that predispose and precipitate insomnia after mild TBL.

5.1. Repeat TBI and Blast Injury

Repeat mTBIs are found to increase the likelihood and severity of insomnia as well as cause
persistent deficits in spatial learning and memory, subacute anxiety, and depression relative to the
aftermath of a single mTBI [36]. A study of military personnel found that 20% of patients with a
single mTBI reported insomnia, whereas 50% of patients who experienced multiple mTBIs reported
insomnia [37]. It is worth noting that blast injury accounts for around 60% of military-related TBIs
of which 80% are classified as mild TBI [38]. Unlike blunt trauma associated with other forms of
TBI, blast injury produces shockwaves that create propagating pressure transients that can lead to
diffuse axonal injury, contusion, edema, and hemorrhage [39]. This describes only primary blast injury
and it is also important to consider potential damage from shrapnel, thermal effects of detonation,
and psychological consequences [39]. In a broad context, TBI and blast-related TBI (bTBI) are often
discussed in the same vein because evidence points to similar impairments after injury. One study
comparing bTBI to other causes of brain injury found no significant differences in sleep impairment
along with cognitive impairment, pain, and other symptoms post-injury [40]. However, distinct
consequences of bTBI include hearing loss, tinnitus, and increased incidence of post-traumatic stress
disorder (PTSD) symptoms [39]. Therefore, consequences of blast-related TBI compared to those from
other forms of TBI are not synonymous and differences are important to keep in mind in practice
and literature. Regarding repeat TBIs, sleep disturbance is itself a risk factor for repeat brain injury.
Insomnia is known to increase the risk of industrial and vehicle accidents, thereby increasing risk of
TBI and reoccurrence [27]. One survey found that chronic insomnia doubled the risk of automobile
accidents due to sleepiness [41]. Since insomnia after TBI increases risk for reoccurrence, safety
precautions and follow-up should be emphasized.

5.2. Implications of TBI Severity

A frequently mentioned and somewhat counterintuitive finding is that mild TBI is more strongly
associated with insomnia and other sleep disturbances compared to more severe TBI [35]. Opposition
to this correlation includes a prospective study by Baumann et al., which found that severity of inciting
head injury did not predict sleep-wake disturbances [42]. Despite this finding, evidence generally
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supports the relationship between insomnia and milder TBI [29,33,43]. The higher prevalence of
insomnia in mTBI patients may be secondary to increased awareness of impairment and disability
leading to an increase in self-reporting [33]. Mild TBI patients may also be under more pressure to
reintegrate into normal life which could lead to increased stress and sleep issues [8,35].

6. Prognosis

Prognosis of mTBI is typically good with one study finding that almost all previously healthy
adults (96%) return to work/normal activities within one year post-mTBI [44]. Despite this prognosis, a
large prospective cohort study discovered a that significant minority of patients after mild TBI, around
20%, are not functionally recovered even by one year post-injury [45]. Sleep difficulty is one of the
postconcussive symptoms that is assumed to resolve spontaneously over time. Along with depression
and anxiety, all are expected to improve; however, one study found that only sleep quality improved
to the pre-mTBI level by 6 weeks [46]. This implies that recovery from sleep disturbance is relatively
rapid, yet studies that extend beyond the subacute stage suggest otherwise. For example, a study
found that for veterans with mTBI, poor sleep quality lasted on average 6 years post-injury and was
independent of combat exposure, PTSD, mood disorders, anxiety, and substance use [47].

It is generally accepted that negative outcomes of mTBI resolve even more rapidly within
the younger population with complete recovery expected within 2-3 months for children and
adolescents [34]. However, a longitudinal study of children between the ages of 8-16 years found
little improvement in sleep difficulties after 6 months and 28% still experienced poor sleep at one
year post-mTBI [48]. In the study, sleep quality at 1 month was predictive of symptom severity and
behavioral outcomes at 12 months, suggesting that prompt intervention may facilitate recovery [48].
Persistent sleep impairment among the younger population is reinforced with another study that
found that around a third of adolescents after mTBI had greater levels of sleep disturbance compared
to healthy peers even 6 years after injury [49]. These findings appear to counter the common belief of
mTBI’s speedy recovery especially in younger patients. While other symptoms post-mTBI may resolve,
these study findings (further detailed in Table 1) suggest that sleep disturbance persists for years in a
significant proportion of patients regardless of age group.
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Consequences of Sleep Impairment

Sleep quality impacts all areas of daily functioning and is also crucial for the recovery process.
Memory, attention, and executive functions are the cognitive domains most affected by sleep
impairment [51]. This aligns with recent evidence demonstrating the importance of sleep on neural
growth and plasticity, learning, and memory consolidation [4]. Poor sleep was found to be significantly
predictive of poorer post-concussion symptoms, mood, community integration, and cognitive ability
at one year post-injury [52]. Sleep disruption may also act as a cellular stressor and lead to cognitive
decline. Studies found that disrupted sleep leads to accumulation of hyperphosphorylated tau and
amyloid beta plaque accumulation from oxidative stress [23].

Fatigue is a common sequelae post-mTBI that emerges as soon as a few days post-injury [53].
There exist two supported models of cognitive fatigue after mTBI, including fatigue secondary to
increased work to process information and fatigue secondary to impaired sleep [54]. One study found
the prevalence of fatigue to be 68% at one week post-mTBI and decrease to 38% after 3 months [55].
Although fatigue is found to be higher at the 4 month mark in mTBI compared to sTBI, fatigue tends
to reduce over time after mild TBI and increase after severe [53]. However, even by 6 months after
sustaining an mTBI, 32%-34% of individuals reported fatigue [55,56]. The concern regarding the high
prevalence of fatigue in the mTBI population is association with higher reported levels of functional
impairment, depression, and cognitive difficulties [53,56].

For adolescents, studies find that persistent sleep impairment following mTBI is associated
with poorer quality of life, greater depressive symptoms and decreased participation in normal
roles [34]. In a study of university students (18-25 years) with mTBI, sleep impairment led to
increased daytime dysfunction along with lower levels of enthusiasm and energy in completing
tasks. Participants also experienced behavioral problems which were moderately correlated with
sleep-related daytime dysfunction in the forms of social withdrawal, poor relationships, clumsiness,
and speech difficulties [57]. The consequences of poor sleep in these populations are particularly
detrimental during a time when social integration, academic functioning, and development are critical.

Within the working population, individuals with sleep impairment present with greater
absenteeism, increased presenteeism, lower job satisfaction and work productivity loss [27,41]. In a
study of workers with delayed recovery from mTBI, insomnia was the only variable associated with
greater odds of disability while age, sex, education, income, and marital status were not associated
with greater perceived disability [58]. Therefore, prioritizing sleep management in these patients may
expedite return to normal functioning and mitigate potential sources of stress.

7. Differential Diagnosis of Sleep Disturbance after TBI

7.1. Pain

Pain is one of the most frequent complaints post-mTBI and along with insufficient management
is a significant contributor to sleep disturbance [59]. Comorbid pain was found in over 60% of mTBI
patients and often presented in the forms of headaches, joint, neck, shoulder and back pain [59-61].
Similar to the trends of sleep disturbance, reports of pain are more frequent in the mTBI population than
in more severe injuries. A possible explanation is that patients with severe injuries are often bedridden
and treated with paralytic agents allowing healing of cervical injuries. Those with mild injuries
may continue to use those damaged muscles and ligaments, thereby interfering with healing [62].
Those with severe injuries may also have more difficulty communicating their pain to providers [62].
In early recovery, Suzuki et al. observed that pain increased sleep need to over 8 h in a third of
mTBI patients [60]. In mTBI patients with pain, fast beta and gamma electroencephalographic activity
were observed in frontal, central, and occipital electroencephalographic (EEG) within all sleep stages.
This finding suggests that the increased need for sleep is secondary to persistent wake EEG activity,
leading to unrestful sleep [59]. Evaluation of pain is a necessary precursor to the management of new
sleep complaints after mTBI as adequate pain management may treat insomnia as well.
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7.2. Sleep Apnea

Behind insomnia, sleep apnea is one of the most frequently diagnosed sleep disorders post-TBI [28].
Both obstructive and central sleep apneas are more prevalent in the TBI population and seem to
arise from a complex interaction between brain injury, decreased arousal, and impaired respiratory
effort [6,63]. Obstructive sleep apnea (OSA) refers to intermittent episodes of upper airway obstruction
that reduces blood oxygenation [28]. Studies have demonstrated prevalence of obstructive sleep
apnea to be 25% to 35% following TBI of any severity which is substantially higher than general
population findings [63].

While many patients complain of insomnia and will lack objective findings, patients with
diagnosable sleep apnea will often fail to recognize the problem and only describe poor day time
vigilance [28]. Although costly and time-consuming, the gold standard for diagnosing sleep apnea is
polysomnography (PSG), which will commonly find increased sleep onset latency, poor sleep efficiency,
and decreased REM latency [6]. Sleep apnea is predictive of higher all-cause mortality and recurrent
vascular events after stroke and TIA implying urgency in diagnosing and treating sleep-disordered
breathing within the TBI population [6]. It is worth noting that studies that found sleep apnea of
any severity significantly increases risk of TBI [64]. Therefore, sleep apnea may also be an important
target in the prevention of TBI. Treatment is unchanged to those with other causes of sleep-disordered
breathing where positive airway pressure (PAP) is the standard of care [4].

7.3. Post-Traumatic Stress Disorder

The majority of studies on the relationship between post-traumatic stress disorder (PTSD) and
traumatic brain injury understandably involve veterans where the rate of PTSD after TBI ranges
from around 27% to 44% [65]. Among the civilian population suffering from nonmilitary trauma,
one study found that 14% to 56% of TBI patients had comorbid PTSD [65]. PTSD is diagnosed via
criteria released by the American Psychiatric Association which shares many symptoms with TBI,
often causing attribution of symptoms to be difficult [66]. One of the shared and core symptoms of
PTSD is sleep disturbance, found in around 70% of PTSD patients [12]. Although it is difficult in
PTSD-TBI comorbid patients to assess the roles each play in sleep impairment, certain sleep pathology
may be distinguishable between the two. One study comparing TBI and PTSD patients among
returning veterans found no differences in the rates of OSA, excessive awakenings and daytime
sleepiness but on PSG, PTSD patients demonstrated greater arousal frequency while TBI patients
demonstrated greater slow-wave sleep [67].

Similar to symptoms, the treatment of sleep disturbance in PTSD and TBI patients overlaps.
Despite similarities, certain treatments may be prioritized depending on the presence of comorbid
PTSD with TBIL. VA/DOD Clinical Practice Guidelines for the treatment of PTSD recommend prazosin,
an alpha-1 adrenergic antagonist, as treatment for sleep impairment and nightmares in PTSD [65,66].
Other supported pharmacologic options for PTSD include venlafaxine, a serotonin norepinephrine
reuptake inhibitor (SNRI), and selective serotonin inhibitors such as sertraline and paroxetine [65].
Likewise, cognitive behavioral therapy (CBT) is a mainstay of treatment for sleep impairment in
TBI but studies recommend trauma-focused CBT for comorbid PTSD in reducing symptoms [65].
For these patients, there is likely a complex interplay between TBI and PTSD that results in sleep
impairment and currently cannot be separated into exclusive contributions. Therefore, more research
is needed in studying the associations between sleep disturbance and TBI patients with comorbid
PTSD. Recommended management of sleep disturbance in the PTSD population differs slightly from
TBI and is therefore up to clinical judgment for attempting PTSD targeted treatments.

7.4. Circadian Rhythm

Circadian rhythm disorders are sometimes mistaken for insomnia post-TBI. Circadian rhythm
disorder refers to disruption of the normal 24 hr cycle of body patterns such as body temperature
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and melatonin secretion [10,23]. Circadian sleep disturbances come in the forms of irregular
sleep-wake pattern and more commonly delayed sleep phase syndrome [68]. A study by Ayalon et al.,
using actigraphy, salivary melatonin, temperature measurement, and polysomnography, found that
36% of patients who were diagnosed with insomnia actually had circadian sleep disturbance [68].
The distinction between insomnia and circadian rhythm disorder is important as treatment differs.
Rather than prescribe hypnotics, melatonin or bright light therapy are more appropriate for
these patients [68].

8. Treatment

Many treatment options are available for patients suffering from insomnia post-TBI (Table 2).
Despite this, insomnia is often undertreated and patients seek treatment independent of health care
providers in the forms of over-the-counter (OTC) medications and alcohol [69]. In the context of TBI,
one study found that around 60% of those fulfilling diagnosis of insomnia were left untreated [29].

Similar to the management of most chronic medical conditions, providers should begin with
conservative measures and proceed to more aggressive options only when necessary. As was discussed,
this begins with ruling out common comorbidities as causes of sleep impairment. After other etiologies
are considered, further interventions can be sought.

8.1. Sleep Hygiene

Sleep hygiene is a broad term that refers to adjustments that improve sleep health. The basis is
to replace stimulating behaviors with sleep-promoting behaviors. Examples of adjustments include
exercising, consuming a snack before bed, keeping the bedroom dark, limiting noise, maintaining
a regular sleep schedule, and reducing intake of stimulants and alcohol [70]. Individuals with
chronic insomnia will often spend more time in bed and nap during the day leading to irregular
sleep-wake schedules. These behaviors likely desynchronize the natural cycle and contribute to sleep
disturbances [31]. Many studies advocate sleep hygiene incorporation into the care plans of TBI
patients as it is low cost, low risk, and noninvasive [71]. Studies have demonstrated that increased
knowledge of sleep hygiene post-TBI was associated with better sleep habits and subsequent sleep
quality improvements [72].

8.2. Cognitive Behavioral Therapy & Digital CBT

Cognitive behavioral therapy (CBT) encompasses sleep hygiene along with other techniques
such as relaxation, sleep restriction, and stimulus control. The goal of CBT is to reduce unrealistic
expectations and anxiety towards sleep by identifying and mitigating deleterious thoughts surrounding
and during sleep [70]. A key component of CBT is the sleep diary that includes self-reported data
on time in bed, medication use, caffeine intake, exercise, and awakenings as an attempt to eliminate
recall bias [70]. A systematic review by Bogdanov et al. demonstrated significant improvements in
insomnia severity and sleep diary data after CBT among patients with TBI and comorbid insomnia.
The benefits of CBT were found to appear within 1-2 weeks of implementation and sustained by
time of follow-up 3 months later [73]. Another study found that patients undergoing CBT also had
significant improvements in both fatigue and depression that persisted at follow-up 2 months later [74].
These findings support why CBT is widely advocated as a standard of care for insomnia including
within the TBI population.
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“Digital CBT” has received growing interest in recent years and is a general term referring to
CBT provided via web and mobile platforms [75]. A recent RCT comparing dCBT to sleep hygiene
counseling for general insomnia found small improvements in functional health and psychological
well-being, but large improvements in sleep-related quality of life and insomnia symptoms [76].
When comparing dCBT to CBT, meta-analyses demonstrate that the effects of dCBT on insomnia at
increasing total sleep time, decreasing sleep onset latency and decreasing WASQO are in the ranges
of conventional CBT, suggesting similar effectiveness [75] Relative to CBT, dCBT also tended to be
more cost-effective with lower societal and healthcare costs [75]. Besides similar efficacy and improved
cost-effectiveness, dCBT’s ability to disseminate effective treatment for insomnia is likely its greatest
advantage [75]. Although dCBT appears to be a promising avenue for treatment, much research is
needed on the effects of dCBT for insomnia post-TBI.

9. Pharmacologic Options

9.1. Benzodiazepines/Z-Drugs

Benzodiazepines such as diazepam, lorazepam, and alprazolam have largely fallen out of use
due to side effects such as dependency, daytime sedation, cognitive impairment, and increased risk
of falls/accidents that are deleterious to recovery from TBI [77]. The Z-drugs (zapleplon, zopliclone,
and zolpidem) are alternatives. Similar to benzodiazepines, Z-drugs are also GABA agonists but
act more specifically on the type 1 receptor [78]. Z-drugs are not without their potential side effects,
including daytime sedation and sensory distortions, but generally have no daytime consequences on
cognitive and psychomotor function. Z-drugs also have shorter half-lives compared to benzodiazepines
ranging from 1 hr with zapleplon to 5 hrs with zopliclone. It is believed that the selective target
and faster offset of action contribute to the preferable side effect profile of Z-drugs as compared to
benzodiazepines [78]. While Z-drugs have a significantly lower incidence of dependence relative
to benzodiazepines, there is still a risk of abuse especially in patients with a history of substance
abuse, dependence, or psychiatric diseases [79]. Research on the efficacy of Z-drugs within the TBI
population is limited. One study comparing the efficacies of lorazepam and zopiclone in treating
insomnia for stroke and brain injury patients found that both groups slept more than 7 h and did not
differ in quality of sleep, suggesting similar effectiveness [80]. Long-term therapeutic benefits of both
benzodiazepines and Z-drugs are limited, so while indicated for short-term use, one should defer to
attempting non-pharmacologic treatments.

9.2. Trazodone

Trazodone is a heterocyclic antidepressant and one of the most frequently prescribed drugs for
treatment of insomnia in TBI patients [78]. Its mechanism in humans remains poorly understood;
however, animal models have shown that trazodone inhibits serotonin re-uptake [78]. For TBI
patients, trazodone is generally well tolerated and unlike the tricyclic antidepressants, has little
to no anticholinergic effect [81]. Compared to Z-drugs, trazodone has a relatively longer half-life
at 5-9 h, so daytime sedation is a potential side effect [81]. Despite trazodone’s usage, there are no
clinical trials on trazodone for insomnia treatment in the TBI population. For insomnia in the general
population, trazodone increased sleep duration compared to placebo and in patients with comorbid
depression was also found to increase total sleep time [78]. As depression is a common comorbidity in
patients with TBI, trazodone may be first line for select patients.

9.3. Melatonin/Melatonin Agonists

Melatonin is a hormone synthesized in the pineal gland that is triggered by the absence of light
and plays a crucial role in the sleep-wake cycle. As mentioned, TBI patients tend to have disruptions
in the melatonin pathways, which result in lower melatonin levels later in the day compared to healthy
controls [16]. A RCT comparing the efficacy of melatonin supplementation to placebo for TBI patients
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with sleep disturbance found improved sleep quality, sleep efficiency, and decreased anxiety with no
significant difference in sleep latency [82].

Efficacy of exogenous melatonin has led to the development of melatonin agonist ramelteon.
Similar to melatonin supplementation, ramelteon has a superior side effect profile [78]. In a pilot
study investigating the effects of ramelteon on sleep among patients with TBI, patients were given
8 mg nightly over 3 weeks. The study demonstrated a significant increase in total sleep time and a
modest improvement in sleep latency compared to placebo. On standardized neuropsychological
testing, participants also had improved scores particularly in executive functioning [83]. Currently,
no generic formulation is commercially available so as melatonin agonists increase in popularity,
they may become more affordable and viable options.

10. Summary and Conclusions

Insomnia is a highly prevalent and debilitating condition within the mTBI population with around
40%-65% of patients reporting symptoms of insomnia. As both mTBI and associated insomnia are
underdiagnosed, a proper history and high clinical suspicion are important in detecting underlying
sleep disorder. Although most patients with mTBI return to normal functioning, sleep disturbance
is a subtle and often persistent condition lasting many years for a significant proportion of patients.
Since many brain injury patients self-treat and feel lost when addressing these new sleep disturbances,
it is important for providers to follow up with patients regarding sleep post-TBI and maintain a low
threshold to intervene as poor sleep hinders recovery and social reintegration. When addressing
impaired sleep, rule out common comorbidities prior to management as treatment may differ.
Pharmacologic options are effective for situational use but may have negative consequences in the long
term. As sleep impairment may last years after injury, attempting nonpharmacologic treatments such
as sleep hygiene counseling and CBT are preferred as they demonstrate persistent benefits. Since mild
TBI is by far the most common severity of TBI and data suggests that milder brain injury increases risk
of insomnia, more research is needed towards studying insomnia and its treatment within the mild
traumatic brain injury population.
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Abstract: (1) Background: Sleeping disorders are frequently reported following traumatic brain
injury (TBI). Different forms of sleeping disorders have been reported, such as sleepiness, insomnia,
changes in sleeping latency, and others. (2) Methods: A case-control study with 62 patients who were
victims of mild or moderate TBI with previous admissions to Iraqi tertiary neurosurgical centers were
enrolled as the first group, and 158 patients with no history of trauma were considered as the control.
All were 18 years of age or older, and the severity of the trauma and sleep disorders was assessed.
The Pittsburgh sleep quality index was used to assess sleep disorders with average need for sleep
per day and average sleep latency were assessed in both groups. Chi-square and t-test calculations
were used to compare different variables. (3) Results: 39 patients (24.7%) of the controlled group
experienced sleeping disorders compared to TBI group with 45 patients (72.6%), P-value < 0.00001.
A total of 42 patients were diagnosed on admission as having a mild degree of TBI (mean GCS
13.22 + 1.76) and 20 patients were diagnosed with moderate TBI (mean GCS11.05 + 1.14. 27). A total of
27 (46.28%) patients with mild severity TBI and 18 patients (90%) of moderate severity were considered
to experience sleeping disorders, P-value 0.0339. Each of the mild and moderate TBI subgroups show
a P-value < 0.00001 compared to the control group. Average sleep hours needed per day for TBI and the
control were 8.02 4= 1.04 h and 7.26 & 0.58 h, respectively, P-value < 0.00001. Average sleep latency for
the TBI and the control groups were 13.32 £ 3.16 min and 13.93 4 3.07 min respectively, P-value 0.065.
(4) Conclusion: Sleep disturbances are more common following mild and moderate TBI three months
after the injury with more hours needed for sleep per day and no significant difference in sleep latency.
Sleep disturbances increase in frequency with the increase in the severity of TBL

Keywords: traumatic brain injury; sleep disorders; sleep latency

1. Introduction

Sleep disorders frequently follow a traumatic brain injury (TBI), with reports of 30%—-70% of TBI
patients experiencing negative impacts on quality of life and rehabilitation [1-5]. Sleep disorders
have been shown to aggravate psychiatric problems, affect the mood and behavior of injured patients,
and thus contribute to poor neuronal remodeling following the injury [6,7]. Different patterns of sleep
disorders have been reported, such as hypersomnia, insomnia, change in sleep latency, narcolepsy,
and parasomnia. [4,6-8].

Many factors contribute to sleep disorders, with brain trauma itself being the most important,
including primary and secondary effects. A primary effect results from direct injury to brain tissues
through acceleration-deceleration forces and/or rotational forces with consequent diffuse axonal injury,
while secondary effects results from cellular events caused by hypoxia and raised intracranial
pressure [9].

Specific locations of brain injury may be responsible for specific patterns of sleeping disorders.
Thalamic and caudal midbrain injury may be responsible for hypersomnia, while direct injury
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impact on the pineal gland and tentorium may result in insomnia due to the effect on melatonin
homeostasis [2,4,10-12].

Another hypothesis states that supra-chiasmatic damage may result in a consequent disturbance
in the circadian rhythm, with a mixed picture of insomnia and hypersomnia [4].

Rather than factors related to brain trauma itself, sleep disorders may be a result of neuropsychiatric
conditions, such as anxiety or depression, or a result of pain due to associated musculoskeletal trauma
or spasm. Anxiety, depression, and pain are considered to be comorbidity factors associated with sleep
disorders following TBI [4,13,14].

Traumatic brain injury is a leading cause of death and disability, with different etiologies, types,
and severity. Different patterns of complications and outcomes vary widely according to the severity
of TBI [15,16]. The severity is assessed by the Glasgow Coma Scale (GCS) based on the level of
consciousness, with the TBI being classified into mild (GCS 15-13), moderate (12-9), or severe (8 or
less) [15,17].

The Pittsburgh sleep quality index (PSQI) is used to assess sleep disorders and shows good
reliability and validity in both young and old age groups [18-20]. The PSQI has been translated into
the Arabic language successfully, showing acceptable reliability and validity [21].

Our study aimed to evaluate sleep disorders in patients with previous mild and moderate TBI that
were admitted to tertiary neurosurgical centers in Baghdad, Iraq. It is one of the first studies conducted
on patients attending Iraqi tertiary neurosurgical centers and clinic to consult for such a reason.

2. Materials and Methods

This is a case-control study with 220 patients enrolled; 62 of them were victims of mild or moderate
TBI (three months post-injury) who previously attended tertiary neurosurgical centers in Baghdad, Iraq,
and 158 patients had no history regarding TBI, considered to be the control group. The TBI patients
were with different etiologies, including falling from a height, road traffic accidents, and being hit by
an object, and all presented with no persistent neurological deficit. Age and sex was matched between
both groups. Of the TBI group, 42 out of 62 suffered a mild TBI while the other 20 patients were
considered to have moderate TBI. Severity determination of the TBI was based on assessment through
the GCS. All participants in both groups were 18 years or older. Patients of the TBI group with sleeping
disorders or psychiatric disorders prior to the injury were excluded from the study. The exclusion
criteria of the control group were patients with psychiatric illnesses, previous TBI, or those who were
on hypnotics.

Admission GCS scores were obtained from the patients’ records, while sleep disorders were
assessed through the PSQI translated to the Arabic language for self-reporting sleep quality. The PSQI
were administered to patients three months following the TBI. Global scoring was undertaken for
patients in both groups to assess the presence of sleep disorder, with the assessment including the
average need for sleep per day and average sleep latency. The global PSQI score is calculated by
totaling the seven component scores, providing an overall score ranging from 0 to 21, where a lower
score denotes a healthier sleep quality. Traditionally, the items from the PSQI have been summed
to create a total score to measure overall sleep quality. A total score of 5 or greater indicates poor
sleep quality, and a score lower than 5 is regarded as normal.

Statistical analysis was completed with data introduced to IBM SPSS 22 software (Chicago, IL,
USA). Chi-square and f-test calculations were used to compare different variables with a P-value < 0.05
considered significant. Normality of distribution of dependent variables was checked through application
of Shapiro-Wilk, Levene’s test was used to find out homogeneity of dependent variables variances.

Ethical and scientific approval was obtained from the scientific unit at Al-Kindy College of
Medicine, University of Baghdad. Written consent was obtained from each participant enrolled in the
study after clarification to them of the purpose of the study.
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3. Results

Data was collected from both groups and analyzed using a Chi-square and t-test. The male to
female ratio was 4:1, with a mean age of 35 + 14 years. Mean age for TBI group was 36.3 4 14.94,
while mean age for control group was 34.59 £ 13.8, see Tables 1 and 2. A total of 39 patients (24.7%)
of the control group experienced sleeping disorders according to the PSQI, and 119 did not, while 45
patients (72.6%) of the TBI group experienced sleeping disorders and 17 patients did not. P-value was
<0.00001, see Table 3.

Table 1. Difference between mean and standard deviation of age of studied personnel according to

the groups.
Group N Mean Age Standard Deviation P-Value
Traumatic brain injury (TBI) group 62 36.3065 14.94755 0418
Control 158 34.5886 13.80950 ’

Table 2. Difference between mean and standard deviation of gender of studied personnel.

Gender N Mean Standard Deviation P-Value

male 165  1.7212 0.44977 0.863
female 55 1.7091 0.45837 .

Table 3. Data for traumatic brain injury (TBI) and the control groups.

TBI Control P-Value Test Value df Method
Sleep disorders o o 43.278 .
(No. of patients) 45 (72.6%) 39 (24.7%) P <0.0001 2 value Chi-square
Sleep hours/day * 7.94+ 1.07 7.26 + 0.58 P <0.0001 ¢ 3;1711‘3 218 t-test
Sleep latency (min) * 1322 £3.16  13.93 +3.07 P0.131 tlv.illje 218 t-test

* mean =+ standard deviation.

Of the TBI group, 42 patients were diagnosed on admission as having a mild degree of TBI,
with a mean GCS score of 13.22 4- 1.76. A total of 20 patients were diagnosed as having a moderate TBI,
with a mean GCS score of 11.05 & 1.14. Both subgroups were triaged as having TBI by a neurosurgical
on call trauma team. Of these subgroups, 27 patients (46.28%) of mild severity TBI and 18 patients
(90%) of moderate severity experienced sleeping disorders according to the PSQI. Comparing both
subgroups (mild and moderate TBI) showed a P-value of 0.0339. Each of mild and moderate TBI
subgroups showed a P-value <0.00001 compared to the control group, see Table 4.

Table 4. Data for mild and moderate traumatic brain injury (TBI) subgroups.

Mild TBI Moderate TBI P-Value Method
Initial GCS 1322 £ 1.76 11.05 + 1.14
Sleep disorders o o 0.0339 .
(No. of patients) 27 (64.28%) 18 (90%) 2 4501 Chi-square

The average sleep hours needed per day was assessed for patients in the TBI and control groups,
with means of 8.02 4= 1.04 h and 7.26 £ 0.58 h, respectively. P-value < 0.00001, Table 3.

The average sleep latency was assessed for patients in the TBI and control groups, with means of
13.32 & 3.16 min and 13.93 + 3.07 min, respectively. P-value 0.065, Table 3.
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4. Discussion

Sleep disturbances were more common in the TBI group than the control group, with a highly
significant P-value < 0.00001. A total of 72.6% of the TBI group experienced sleep disturbances,
compared to 24.7% in the control group. Sleep disturbances following TBI have been reported
frequently in many previous studies when compared to controls. Sleep disturbances in previous
studies have, however, shown different pictures. Baumann et al. in 2007 showed 72% of people
experienced sleep disturbances following a TBI [6]. Others showed rates that varied widely from 30%
to 84% [22]. The extremely high rate obtained in our results may be explained by poor rehabilitation
following TBIs in our area.

Different pictures were also shown according to the severity of TBL. Our study assessed sleep
disturbances in both mild and moderate groups, separately. The mild TBI and moderate TBI groups
showed 46.28% and 90% sleep disturbances rates, respectively. Both had a highly significant P-value
compared to the control groups (P-value < 0.00001); the moderate TBI group had a higher rate than the
mild TBI group, with a significant P-value of 0.0339. These results are in agreement with the hypothesis
stating that sleep disturbances are caused by neuronal damage, such as the damage caused by primary
or secondary brain injuries leading to diffuse axonal injury affecting sleep-regulating regions. This type
of damage is expected to be greater the more severe the TBI is [4,5].

Our study shows that more hours are needed for sleep per day in the TBI group compared with
the control group, with a mean average hours of 8.02 4= 1.04 and 7.26 £ 0.58, respectively. The P-value
was highly significant (P < 0.00001). These results agree with others, including Lukas et al. who
showed similar result of 8.3 &= 1.1 versus 7.1 & 0.8 h for the TBI group and the control, respectively,
with high significance (P < 0.00001) [5].

Concerning sleep latency, although the TBI group was lower than the control group at 13.93 + 3.07
and 13.22 + 3.16, respectively, the difference was not significant between the TBI and control groups,
with a P-value of 0.065. Lukas et al. demonstrate significant difference in sleep latency, with a P-value of
0.0009 [5]. However, in their meta-analysis, Grima et al. [3] showed no difference in sleep latency when
comparing different studies. They did find shorter sleep latency to REM sleep, however this was not
analyzed in our study due to laboratory limitations.

Limitations of the study include small sample size, the fact that patients were from centers in
Baghdad City only, and the unavailability of well-equipped sleep laboratories. Further studies are
needed to include all Iraqi governorates.

5. Conclusions

Sleep disturbances are common in patients following mild and moderate TBI three months after
the injury. More hours are needed for sleep per day in previous TBI patients versus the general population.
There is no significant change in sleep latency. Sleep disturbances increase in frequency with the increase
in the severity of the TBI assessed by the GCS.
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Abstract: Co-morbid insomnia and sleep apnea (COMISA) is a highly prevalent and debilitating
disorder, which results in additive impairments to patients’ sleep, daytime functioning, and quality
of life, and complex diagnostic and treatment decisions for clinicians. Although the presence
of COMISA was first recognized by Christian Guilleminault and colleagues in 1973, it received
very little research attention for almost three decades, until the publication of two articles in
1999 and 2001 which collectively reported a 30%-50% co-morbid prevalence rate, and re-ignited
research interest in the field. Since 1999, there has been an exponential increase in research
documenting the high prevalence, common characteristics, treatment complexities, and bi-directional
relationships of COMISA. Recent trials indicate that co-morbid insomnia symptoms may be treated
with cognitive and behavioral therapy for insomnia, to increase acceptance and use of continuous
positive airway pressure therapy. Hence, the treatment of COMISA appears to require nuanced
diagnostic considerations, and multi-faceted treatment approaches provided by multi-disciplinary
teams of psychologists and physicians. In this narrative review, we present a brief overview of the
history of COMISA research, describe the importance of measuring and managing insomnia symptoms
in the presence of sleep apnea, discuss important methodological and diagnostic considerations
for COMISA, and review several recent randomized controlled trials investigating the combination
of CBTi and CPAP therapy. We aim to provide clinicians with pragmatic suggestions and tools to
identify, and manage this prevalent COMISA disorder in clinical settings, and discuss future avenues
of research to progress the field.

Keywords: COMISA; insomnia; obstructive sleep apnea; sleep-disordered breathing; cognitive behavior
therapy for insomnia; continuous positive airway pressure

1. Introduction

1.1. Insomnia and Obstructive Sleep Apnea

Insomnia and obstructive sleep apnea (OSA) are the two most common sleep disorders, which both
include nocturnal sleep disturbances, impairments to daytime functioning, mood, and quality of life,
and high healthcare utilization [1]. As this review focuses on patients with co-morbid insomnia and
sleep apnea (COMISA), a brief introduction to both insomnia and OSA is provided below.
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Insomnia disorder is characterized by frequent and chronic self-reported difficulties initiating
sleep, maintaining sleep, and early morning awakenings from sleep, which are associated with
impaired daytime functioning, mood, and quality of life [1,2]. Insomnia disorder is thought to result
from a combination of pre-disposing, precipitating, and perpetuating factors, and is conceptualized
as a self-perpetuating disorder including elevated cognitive and physiological ‘hyper-arousal’ [3-5].
The estimated prevalence of insomnia varies widely according to diagnostic criteria and specific
populations of interest, however it is thought that 6%-10% of the general population suffer from chronic
insomnia disorder, which includes clinically significant and frequent nocturnal sleep disturbances
and impaired daytime functioning [6,7]. Although cognitive and behavioral therapy for insomnia
(CBTi) leads to long-term improvement of insomnia and is the recommended ‘first line” insomnia
treatment [8-11], a lack of access to CBTi has resulted in the majority of insomnia sufferers receiving
prescriptions for sedative-hypnotic medications as the initial and ongoing treatment [12,13].

Alternatively, OSA is characterized by repetitive brief closure (apnea) or narrowing (hypopnea)
of the pharyngeal airway during sleep which result in the cessation or reduction of airflow, reduced
oxygen saturation, and commonly terminate in post-apneic arousals from sleep, increased sympathetic
activity, and the resumption of airflow [1,14,15]. OSA is thought to result from a combination of
anatomical (e.g., a narrow pharyngeal airway), and non-anatomical factors (e.g., impaired upper airway
muscle function, low arousal threshold, and unstable control of breathing) [16]. The combination of
frequent respiratory events and arousals from sleep throughout the night severely fragments sleep
architecture, resulting in perceptions of chronically non-restorative sleep, reduced quality of life,
excessive daytime sleepiness, and increased risk of motor-vehicle accidents [17-19]. The most common
index of OSA presence and severity is the apnea/hypopnea index (AHI), which represents the average
number of respiratory events experienced per hour of sleep. Diagnostic criteria for OSA include an AHI
of at least five in the presence of an associated complaint/disorder (e.g., insomnia, sleepiness, fatigue,
snoring, hypertension, atrial fibrillation, congestive heart failure, etc.), or an AHI of at least 15 [1].
Mild, moderate, and severe OSA are diagnosed according to an AHI of >5 to <15, >15 to <30, and >30,
respectively [15]. The prevalence of OSA varies by diagnostic criteria and the sample population,
however it is estimated that approximately 10% of the general population fulfil diagnostic criteria for
OSA [20]. The most effective treatment for moderate and severe OSA is continuous positive airway
pressure (CPAP) therapy, which stabilizes breathing throughout the night, improves daytime sleepiness
and quality of life, and reduces risk of motor-vehicle accidents [15,19,21,22]. However, CPAP therapy
requires patients to wear pressurized nasal/oro-nasal masks throughout the night, and is limited by
poor patient acceptance and disappointing long-term adherence [23].

1.2. The Beginning of COMISA Research

Guilleminault, Eldridge, and Dement were the first to document the co-occurrence of insomnia and
sleep apnea in 1973 [24]. Two middle-aged male patients were described, who presented with histories of
chronic sleep maintenance and early morning awakening insomnia complaints. Both patients completed
overnight polysomnography (PSG) studies at the Stanford Sleep Disorders Clinic, and were subsequently
found to have significant sleep apnea. In 1976, Guilleminault and colleagues conducted a larger study
to identify the proportion of chronic insomnia patients with occult OSA [25], and reported that of the
56 patients referred for symptoms of chronic insomnia, 10.7% were also found to have sleep apnea.
Given that many insomnia patients are prescribed sedating benzodiazepine medications that can potentially
exacerbate manifestations of OSA, Guilleminault and colleagues expressed substantial concern regarding the
identification and management of COMISA patients [25]. Hence, this early COMISA research highlighted
the importance of assessing insomnia patients for OSA symptoms, and recommended additional research
to investigate the overlap of insomnia and OSA [24,25]. However, this prescient suggestion failed to attract
research interest in the COMISA field for the subsequent three decades (Figure 1).
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This lack of research attention possibly resulted from the differences in stereotypical characterizations
of OSA and insomnia patient profiles, which mis-directed clinical attention, and research interest in
their co-occurrence. For example, OSA has historically been conceptualized as a disorder impacting
middle-aged and older-adult males, who are overweight or obese and present with complaints of excessive
daytime sleepiness, tiredness, sedation, and snoring. Although epidemiological studies provide statistical
support for these ‘risk factors’ (e.g., OSA is associated with male gender, increased age, overweight and
obesity, snoring, and daytime sleepiness [14]), reliance on this single profile clearly does not represent all
OSA sufferers [26-28]. Alternatively, insomnia has historically been conceptualized as a disorder primarily
impacting middle-aged and older-adult females who are predisposed to anxiety, stress, and cycles of
cognitive rumination. Although cross-sectional studies support the statistical association of these age,
gender and personality characteristics with insomnia symptoms, this profile is not reflective of all insomnia
sufferers [6]. Given that several risk factors and symptoms of OSA and insomnia occur in direct opposition
(e.g., male vs. female sex, sleepiness vs. sleeplessness, sedation vs. anxiety), it seems counterintuitive
that the two disorders should co-occur. Consequently, these historical conceptualizations of distinct
insomnia- and OSA-profiles may have contributed to an attentional and referral bias against COMISA,
which resulted in the 27 year period of research dormancy.

Alternatively, the lack of COMISA research following Guilleminault’s 1973 publication
may have also resulted from conceptualizations of ‘primary’ versus ‘secondary’ insomnia.
Historically, when insomnia has co-occurred in the presence of another disorder, it has commonly
been conceptualized as a ‘secondary’ condition, which is precipitated and maintained by the assumed
‘primary’ disorder [29]. This assumption implies that insomnia complaints will improve with successful
treatment of the assumed “primary’ condition, and that the insomnia does not require independent
diagnostic attention or targeted treatment [29-32]. Although insomnia is now recognized as an
independent and self-perpetuating disorder which necessitates targeted diagnostic and therapeutic
attention in the presence of co-occurring disorders [32,33], these historical mis-conceptualizations of
‘secondary’ insomnia may have also reduced research interest in COMISA during this period.

Although a handful of articles reported on the co-occurrence of insomnia and OSA following
Guilleminault’s seminal 1973 publication [34-36], widespread interest in COMISA was only re-ignited
following two articles published in 1999 and 2001. In 1999, Lichstein and colleagues examined the
incidence of OSA among 80 insomnia patients without obvious indicators of OSA (i.e., patients with
symptoms indicative of OSA, including witnessed apneas, snoring, excessive daytime sleepiness,
obesity, etc., were excluded from the study) [37]. Of the 80 insomnia patients, 43% had an AHI of at
least five (indicative of at least mild OSA), and 29% had an AHI of at least 15 (indicative of at least
moderate OSA) on an overnight PSG study. Alternatively, in 2001 Krakow and colleagues reported
that among 231 OSA patients managed at a University Sleep Clinic 50% reported clinically significant
insomnia symptoms, including at least two symptoms of either taking at least 30 min to fall asleep,
waking up a lot, or having difficulty returning to sleep upon awakening [38]. Collectively, these
two articles provided substantial evidence of the common co-morbidity of insomnia and OSA first
reported by Guilleminault in 1973 [24], and provided a springboard for additional COMISA research.
Figure 1 provides an overview of primary research, review articles, and conference abstracts in the
COMISA research field per year, since Guilleminault’s initial Science publication. In this narrative
review, we plan to update and extend upon two previous reviews in the COMISA field [39,40],
to describe the most recent and relevant research investigating the prevalence, consequences,
methodological considerations, treatment approaches, and theoretical bi-directional relationships
in COMISA. This recent research is integrated with previous literature to provide researchers and
clinicians with clinical recommendations and future research directions.

1.3. COMISA Prevalence

The frequent co-occurrence of insomnia and OSA has since been confirmed by many research groups
who have investigated a wide variety of samples and utilized a number of different tools and criteria to
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define insomnia, and OSA. In 2010 Luyster and colleagues reviewed COMISA literature, and concluded
that 39%-58% of OSA patients report insomnia symptoms, and 29%—67% of insomnia patients fulfil
minimal criteria for OSA [39]. In 2017, we subsequently published a review article in which we coined the
term “COMISA”, and reviewed prevalence estimates reported from 2010 to 2015, consequences, and early
COMISA treatment research [40]. In our review of prevalence studies, we confirmed the high prevalence of
COMISA, which varies considerably based on the initial disorder of interest (e.g., the prevalence of OSA in
insomnia patients, or the prevalence of insomnia in OSA patients), the diagnostic tools and (severity) criteria
for each disorder (e.g., requiring an AHI of five vs. 10 to diagnose OSA, or requiring formal diagnostic
criteria for insomnia vs. self-reported symptoms via a brief questionnaire, etc.), and the population of
interest (e.g., sleep clinic samples, general population, military personnel, etc.) [40]. Between 2013 and
2018, a number of large cluster analyses of OSA samples also identified that 32%-54% of OSA patients
indicate symptoms of ‘disturbed sleep’, characterized by nocturnal insomnia symptoms, more frequent
use of sedative-hypnotic medications, and lower use of CPAP therapy [26,27,41,42]. Most recently, Zhang
and colleagues conducted a systematic review and meta-analysis including 37 studies investigating the
co-morbidity of insomnia and OSA, and reported that 35% of insomnia patients have an AHI of >5,
and 29% have an AHI of >15, while 38% of OSA patients meet insomnia criteria [43]. Interestingly, this
meta-analysis excluded studies investigating veterans and samples comprised of trauma patients, in which
even higher COMISA prevalence rates have been reported [44,45].

1.4. Consequences of COMISA

Importantly, COMISA patients experience greater impairments to daytime functioning and
quality of life, compared to those with either insomnia, or OSA alone [40]. For example, Krakow and
colleagues were among the first to report that compared to patients with OSA alone, COMISA patients
expressed greater emotional and cognitive impairments, including irritability, reduced concentration,
depressive symptoms, and anxiety [38]. In 2017, we reviewed a large number of studies which indicated
an additive and substantial impairment to sleep, daytime functioning, depressive and psychiatric
symptoms, and quality of life among COMISA patients [40]. Since 2017, a number of other studies have
confirmed associations between COMISA and increased depressive and anxiety symptoms, daytime
sleepiness, reduced quality of life, neurocognitive performance, and sleep quality compared to patients
with either insomnia or OSA alone [46-52]. Hence, a large body of evidence has left little doubt that
COMISA is a common disorder, which is associated with substantial impairments to nocturnal sleep,
daytime functioning, and quality of life.

1.5. Refining the Measurement of COMISA

The presence and severity of insomnia has been defined according to a large range of measures
and methods including structured and semi-structured interviews, self-report questionnaires, sleep
diaries, and objective sleep recordings [53-57]. However, there has previously been a lack of research
attention directed toward the validity of existing insomnia measures in the presence of OSA [58].
As insomnia and OSA share multiple overlapping symptoms, the diagnosis and measurement of each
disorder in the presence of the other represents a complex task for researchers and clinicians [39,40,59].

Insomnia is diagnosed according to the frequency, severity, and chronicity of nocturnal
sleep complaints and daytime impairments [1]. However, OSA commonly results in similar
symptoms, including frequent post-apneic nocturnal awakenings, perceptions of nonrestorative
sleep, daytime sleepiness and fatigue, and reduced quality of life [39,60]. It is possible that these
shared symptoms result in an artefactual increase in the prevalence of COMISA, and complicate
the assessment of changes in insomnia symptoms before and after different treatment approaches.
For example, questionnaire measures of insomnia commonly include both nocturnal and daytime
symptoms [54,55,61]. However, it is possible that many OSA patients may indicate elevated daytime
impairments on these questionnaire measures in the absence of nocturnal insomnia complaints,
resulting in higher overall ‘insomnia’ scores and a misclassification of COMISA. The same overlapping
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symptoms may also complicate the measurement of insomnia symptoms following different treatment
approaches in COMISA. For example, COMISA patients treated with CPAP therapy may report a
reduction of daytime impairments, which may translate to an overall reduction of ‘insomnia severity”
questionnaire scores in the absence of improved nocturnal symptoms.

To investigate the measurement of insomnia symptoms in the presence of OSA, Wallace
and Wohlgemuth [62] recently examined profiles and predictors of insomnia severity index (ISI)
questionnaire responses among 630 veterans with OSA. The ISI [54] is a brief, and valuable questionnaire
measure of insomnia presence and severity, which has been utilized in several hundred insomnia
treatment studies, including COMISA research [52,63-65]. The ISI includes seven self-report items,
including three nocturnal items (difficulties falling asleep, staying sleep, and waking up too early),
and four daytime items (satisfaction with sleep, daytime functioning interference, quality of life
impairment, and worry/distress). These items are traditionally summed for a total score ranging from
0 to 28, with higher scores indicating more severe insomnia, and a score of >15 indicating clinically
significant insomnia symptoms. Wallace and Wohlgemuth performed a latent profile analysis which
identified that 30% of their OSA sample reported moderate insomnia, and an additional 44% reported
severe insomnia. Importantly, these ‘moderate” and ‘severe” COMISA patients reported elevated
nocturnal and daytime ISI symptoms. Wallace and Wohlgemuth propose that when administered
to OSA patients, the ISI should be scored according to a ‘nocturnal” sub-score (comprising the first
three items, ranging from 0 to 12), and a ‘daytime’ sub-score (comprising the subsequent four items,
ranging from 0 to 16). This ‘nocturnal” score has also recently been investigated in other insomnia
research [66,67], and has previously been utilized in several COMISA treatment studies [52,63,64].

It will be important for future research to validate different scoring criteria and cut-offs of the ISI
and other insomnia questionnaire measures against psychologist-diagnostic criteria in the presence of
OSA, to further refine the diagnosis and measurement of COMISA. Furthermore, future treatment
research in COMISA samples should aim to include a range of outcomes measures which assess unique,
and shared symptoms of each disorder.

2. Treatment of COMISA

2.1. Traditional Treatment Approaches

CPAP therapy is the most effective treatment for moderate and severe OSA [15,21]. Barthlen and
colleagues were among the first to describe the association of insomnia symptoms and reduced CPAP
adherence among two patients with severe OSA and insomnia symptoms [68]. Since this time, a large
number of case studies [69], pilot studies [70,71], chart-reviews [65,72], treatment trials [44,49,50],
and cluster analyses [41,42] have examined the effect of co-morbid insomnia symptoms on reduced
CPAP outcomes in OSA patients. Although some studies report no association [63,73,74], the majority
of research suggests that the presence of insomnia symptoms reduces CPAP acceptance and use.
Understandably, patients who spend long periods awake wearing pressurized CPAP masks throughout
the night, are more likely to experience CPAP-related side effects, and will be more likely to remove
the CPAP equipment during the night, or reject CPAP therapy entirely.

This finding has led several groups to suggest that COMISA patients should be referred for
insomnia treatment before commencing CPAP therapy. CBTi is the recommended ‘first line” treatment
for insomnia, and appears to be effective in the presence of co-morbid OSA [8,9,52]. Although several
early pilot studies and a randomized controlled trial (RCT) reported mixed findings [69,75-77],
more recent quasi-experimental and RCT data support the effectiveness of CBTi in COMISA
patients [52,64,78,79]. For example, we previously reported a chart review of 455 insomnia patients
treated with CBTi at an out-patient hospital insomnia treatment service, and found that there were
no significant differences in insomnia improvements during treatment between the 141 patients
with co-morbid OSA, and the 314 patients with insomnia alone [52]. Furthermore, there was no
association between OSA severity (AHI) and changes in nocturnal insomnia symptoms during
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treatment, indicating that those without OSA and those with mild, moderate, and severe OSA
experienced similar benefit from CBTi. Fung and colleagues, also recently compared the effectiveness of
a five session CBTi intervention with a sleep-education control, among 134 adult veterans with insomnia
alone (n = 39), and co-morbid insomnia and mild OSA (n = 95), and also found no differences in
insomnia improvements during CBTi between patients with insomnia alone, and COMISA patients [78].
Finally, our recent RCT data from 145 COMISA patients with moderate and severe OSA, indicated that
CBTi leads to greater improvement in ISI scores, diary-measured sleep parameters, and dysfunctional
beliefs and attitudes about sleep by post-treatment, compared to a no-treatment control group [64].

Given the effect of co-morbid insomnia symptoms on reduced acceptance and use of CPAP
therapy [40], it is also important to consider the effectiveness of non-CPAP therapies in the
COMISA population. A small number of studies have investigated the effect of oral appliance devices,
upper airway surgery, and nasal dilator strip therapy in the treatment of COMISA patients [75,80].
For example, Guilleminault and colleagues [77] reported that upper airway surgery significantly
improved sleep parameters, sleep architecture, AHI, and daytime functioning in 30 patients with
co-morbid insomnia and mild OSA. Alternatively, Krakow and colleagues reported that nasal dilator
strip therapy improves insomnia symptoms and perceived sleep quality in patients with subjective
symptoms indicative of sleep maintenance insomnia and OSA [81,82]. Future research should continue
to examine the efficacy of these and other non-CPAP therapies among COMISA patients unable to
tolerate CPAP therapy (e.g., oral appliance devices, positional devices, etc.).

2.2. Combined Treatments for COMISA

Krakow and colleagues were among the first to propose that COMISA patients have greater difficulties
adapting to CPAP, and should be referred for CBTi before commencing CPAP therapy [38]. Two early studies
provided preliminary support for the combination of CBTi and CPAP therapy in COMISA patients [76,83].
In 2001, Melendrez and colleagues reported a study examining the effect of CBTi followed by CPAP therapy
in seven female crime victims with PTSD and COMISA [76]. They found that the patients experienced a
significant six points ISI reduction following CBTi, and an additional six points ISI reduction following
three subsequent months of CPAP therapy. Alternatively, Wickwire and colleagues reported a case study in
which a middle-aged male with chronic insomnia and OSA was treated with a nine session CBTi program,
which resulted in a small increase in CPAP use [83].

Until very recently, there have been very few trials examining the combination of CBTi and CPAP
therapy in COMISA patients [39,40]. Table 1 displays an overview of recent RCTs investigating the
combination of CBTi and CPAP therapy in COMISA. Bjorvatn and colleagues recently reported an RCT in
which 134 COMISA patients were randomized to receive either a self-help CBTi book, or sleep hygiene
information while commencing CPAP therapy [84]. The same research group previously found that
the CBTi book resulted in significantly greater improvements in insomnia symptoms compared to sleep
hygiene information material, among patients with insomnia alone [85]. In their recent COMISA study,
although both the CBTi book and sleep hygiene control groups reported significant improvement of
insomnia symptoms from pre- to post-treatment (change in ISI, and Bergen Insomnia Scale [86]), there was
no difference in improvements between groups [84]. Similarly, there were also no differences in objective
CPAP adherence over the first 3 months of treatment between groups (2.54 hours, versus 2.55 hours in
the sleep hygiene and CBTi book groups, respectively). This lack of differences in insomnia and CPAP
outcomes may be due to this sample reflecting patients primarily recruited for management of OSA,
who were potentially less motivated to read and adhere to the instructions of the CBTi book. Indeed,
22% of the COMISA patients reported that they did not read the CBTi material, compared to only 5% of
insomnia patients investigated in the previous RCT [84,85]. As the CBTi book and CPAP were commenced
concurrently, it is also possible that patients derived sufficient benefit from CPAP alone, and did not
perceive a need to utilize the CBTi intervention.
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Alessi and colleagues recently reported the preliminary results of an RCT [79,87] comparing the
effect of a five session combined CBTi and behavioral CPAP adherence program delivered by trained
‘sleep coaches’, versus a sleep education control program, on insomnia improvement and CPAP use by
6 month follow-up. The CBTi/adherence intervention was delivered concurrently with CPAP therapy
(the first session was administered prior to commencing CPAP therapy, and the subsequent sessions
were administered after commencing CPAP therapy). They recruited 125 adult veterans (96% male)
with ICSD-3 insomnia, and an AHI of at least 15 (indicating moderate and severe OSA, however
average AHI for the group was in the severe range; Mean AHI = 35). Compared to sleep education
control, the CBTi group showed a greater improvement of diary- and actigraphy-measured sleep
parameters, greater ISI reduction, and 78 and 48 min greater adherence to CPAP therapy at the 3 and 6
month follow-up, respectively.

Ong and colleagues also recently reported the preliminary results of an RCT [88,89] comparing the
effects of three treatment approaches for COMISA on insomnia symptoms and CPAP adherence over
the first 3 months. Intervention-arms included administering CBTi before commencing CPAP therapy,
administering CBTi concurrently with CPAP therapy, and treating patients with CPAP therapy alone.
Patients included 121 adults with ICSD-2 insomnia, and an AHI of at least five (although average AHI
for the whole sample was 24, indicating moderate-to-severe OSA). There was a significant group by
time interaction on ISI scores (p < 0.001), indicating that the two groups of patients receiving both
CBTi and CPAP therapy showed a greater reduction of global insomnia severity during treatment,
compared to patients receiving CPAP alone. Alternatively, there was no difference in ISI improvement
between groups receiving initial, versus concurrent CBTi. There was no difference in CPAP adherence
between any of the three groups by 3 months follow-up. Full results of this study are yet to emerge.

Finally, we recently reported an RCT comparing the effect of a four sessions individual/small
group CBTi program, versus a no-treatment control group, on improvements in insomnia symptoms
and subsequent acceptance and long-term objective use of CPAP therapy [64]. The manualized CBTi
program was delivered by psychologists, and included sleep hygiene education, sleep restriction
therapy, cognitive therapy, sleep misperception feedback, and relapse prevention. We recruited
145 patients with ICSD-3 insomnia, and an AHI of at least 15 (although average AHI for the sample was
in the severe range; M = 35) from a Hospital Sleep Clinic, and an online advertising recruitment arm.
Compared to the control group, we found that the CBTi group showed significantly greater improvement
of sleep-diary parameters, the ISI, and dysfunctional sleep-related beliefs from pre- to post-CBTi,
and subsequently showed greater initial acceptance of CPAP, and 61 min greater use by 6 months
follow-up [64]. Like Alessi and colleagues [79], and Ong and colleagues [88], we also found that
COMISA patients receiving both CBTi and CPAP therapy reported significantly greater improvement
of global insomnia symptoms by 6 months follow-up.

2.3. Summary of Recent COMISA Randomized Controlled Trials

Together, these recent larger RCTs provide tentative support for the effect of therapist-administered
CBTi in improving insomnia symptoms and increasing subsequent use of CPAP therapy in
COMISA patients. Firstly, itappears that CBTi delivered by trained therapists may be more effective than
self-administered (bibliotherapy) CBTi materials for COMISA patients. Although Bjorvatn previously
found that a self-administered CBTi book resulted in significantly greater insomnia improvements
compared to a sleep hygiene control group in patients with insomnia alone [85], their more recent study
indicated that COMISA patients were less likely to read the CBTi material, and showed no differences
in insomnia improvements or CPAP use compared to the control group [84]. Alternatively, the recent
RCTs [64,79,88] and previous studies [52,78] investigating therapist-delivered CBTi, indicate that
when delivered in a face-to-face setting, CBTi is an effective insomnia treatment in the presence of
co-morbid OSA. An additional study is currently investigating the effect of self-administered online
CBTi in the treatment of COMISA [90].
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Secondly, the avenue of patient referral and recruitment may impact the effectiveness of different
treatment approaches. As discussed by Bjorvatn [84], patients presenting with a ‘chief complaint” of
OSA may show reduced motivation to adhere to CBTi instructions, and will experience little additional
benefit from initial treatment with CBTi. Alternatively, patients presenting for the diagnosis/treatment
of insomnia may be more likely to engage with CBTi, and therefore experience a greater effect of CBTi
on improved sleep and CPAP outcomes. Differences in sample populations, recruitment, presenting
symptoms and motivation for different treatments may partially explain the differences between
these RCTs. For example, while Bjorvatn [84] primarily recruited patients referred for suspicion of
OSA and found no effect of a self-administered CBTi book, Ong and colleagues recruited patients from
a combination of community advertisements, word of mouth, referrals from other physicians and
healthcare providers, and a pool of previous research participants, and found that CBTi effectively
improved insomnia symptoms [89]. Alternatively, the participants in our study [64] were recruited
from both sleep clinic populations (comprised of patients seeking a diagnosis and treatment for OSA),
and an online recruitment arm (comprised of patients self-referred with symptoms indicative of
insomnia and/or OSA), and showed a positive response to CBTi. The full results and recruitment
pathways of Alessi and colleagues’ study are yet to be reported [79]. It will be important for future
research to investigate the effectiveness of different combined and singular treatment approaches,
between patients presenting with a ‘chief complaint’ of either insomnia, OSA, or both disorders.

Regarding the sequential, versus concurrent delivery of CBTi and CPAP therapy, more data
are needed to confirm the results and differences between these current trials, and guide clinical
recommendations. While we demonstrated that initial treatment with CBTi was effective in improving
initial acceptance and use of CPAP therapy [64], Alessi and colleagues [79] reported that concurrent
delivery of CBTi increased CPAP use, while Ong and colleagues [88] reported no difference between
initial or concurrent CBTi administration on CPAP outcomes, and Bjorvatn and colleagues [84] reported
no effect of the concurrent administration of a CBTi book on insomnia or CPAP outcomes. Hence, there
are substantial differences between these recent RCTs regarding the most effective sequence of
treatments for COMISA. Given that co-morbid insomnia symptoms reduce acceptance of CPAP therapy,
and that initial CPAP acceptance and use predicts future CPAP use [44,91], our recommendation is
that CBTi should be initiated before commencing CPAP therapy to improve insomnia symptoms,
and provide the greatest opportunity for a positive initial experience with CPAP therapy to encourage
and maintain greater long-term adherence. However, the severity of patients” insomnia and OSA,
and patient preferences for CBTi versus CPAP therapy as the initial treatment should also guide
decisions regarding the use and timing of CBTi and CPAP therapy [92]. More research is also needed
to determine whether any baseline symptoms or profiles predict the success of different sequences of
CBTi and CPAP therapy in COMISA [40].

Alessi and colleagues’ study [79,87], and our study [64] also included between-group CPAP data
at both 3 and 6 month follow-up. Interestingly, while Alessi and colleagues observed a small decrease
in CPAP use between the CBTi and control group between 3 month (CBTi group showed 78 min
greater adherence) and 6 month follow-up (CBTi group showed 48 min greater CPAP adherence),
we observed a stable maintenance of improved CPAP use in the CBTi group between 3 months (57 min
greater adherence) and 6 months (64 min greater adherence). This difference in the maintenance
of average CPAP use between CBTi and control groups, in these two studies may have resulted
from the different control conditions (i.e., Alessi utilized a sleep education control, while we used a
no-treatment control), or differences between study samples (e.g., Alessi’s sample primarily included
male veterans, while we recruited non-veteran patients recruited through a Hospital Sleep Clinic).
Despite these small differences in between-group CPAP use, both the CBTi and control groups in each
study appeared to show a pattern of gradually declining CPAP use over time.

Finally, while the CBTi interventions administered by Ong [88,89], Bjorvatn [84], and our
own study [64] included multi-faceted CBTi approaches to target insomnia, Alessi and colleagues’
intervention included a combination of CBTi components and CPAP-adherence strategies to
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simultaneously improve insomnia and encourage greater CPAP outcomes [79,87]. We chose to
administer isolated treatments for insomnia, and OSA to investigate the relative contribution of each
intervention to symptoms of COMISA [64]. However, given the success of previous motivational
interviewing [93] and educational strategies [94] in improving CPAP acceptance and use, this combined
strategy may prove to be the most effective for COMISA patients treated in clinical settings. Furthermore,
as sleep clinics are encouraged to offer educational support for OSA patients commencing CPAP
therapy [15], it may be possible to include CBTi interventions within these existing education platforms,
to simultaneously target both insomnia symptoms and improved CPAP use [79].

3. Bi-Directional Relationships in COMISA

The high co-morbidity of insomnia and OSA are suggestive of underlying mechanistic bi-directional
relationships, whereby symptoms of each disorder may pre-dispose patients to the development,
or exacerbate the severity of the other [95,96]. For example, sleep loss may exacerbate manifestations
of OSA. Several pilot-studies have reported that a full night of sleep deprivation reduces upper-airway
muscle tone in normal sleepers [97-99], and results in an increased AHI and reduced minimum
oxygen saturation in patients with suspected and mild OSA [100-103]. Furthermore, some evidence
suggests that consecutive nights of partial sleep deprivation increase the frequency of respiratory
events in patients with mild and moderate OSA [104]. Hence, it is possible that multiple consecutive or
intermittent nights of partial sleep loss experienced by patients with chronic insomnia may contribute
to the development or exacerbation of OSA.

Alternatively, insomnia disorder may be associated with a reduced respiratory arousal threshold,
which may predispose patients to prematurely awaken to respiratory events [16,105]. Indeed, insomnia
has been conceptualized as a disorder of chronic ‘hyperarousal’, including elevated cognitive
(ruminations, anxiety, etc.) and physiological arousal (increased heart rate, sympathetic nervous
system activity, etc.), which may include a reduced respiratory arousal threshold [3,106]. A greater
frequency of post-apneic arousals and sleep onset events may increase time in ‘transitional” light
sleep and delay a patient’s progression into deep sleep which is associated with a reduced AHI [107].
Interestingly, Janssen and colleagues recently reported case study data from a 75 year old male in which
a CPAP adherence data indicated an increased residual AHI during acute episodes of stress-induced
insomnia symptoms [108]. Given the possible role of insomnia symptoms in the development and
exacerbation of OSA, it will be important for future research to examine the impact of treating the
insomnia, on changes in the onset, frequency, and duration of respiratory events in patients with
COMISA [109,110].

Alternatively, OSA may contribute to the development or exacerbation of insomnia. OSA is
associated with frequent post-apneic arousals and surges in sympathetic activity throughout the night,
which may lead to full awakenings, and insomnia complaints. Mercer and colleagues [111] previously
demonstrated that upon awakening throughout the night, insomnia patients commonly misperceive
prior sleep as wakefulness. It is possible that among COMISA patients, post-apneic awakenings
are also associated with sleep-state misperceptions, culminating in perceptions of prolonged time
to fall asleep initially or prolonged awakenings during the night and thus an insomnia complaint.
Indeed, previous research has reported a reduction in sleep maintenance insomnia complaints among
COMISA patients who are able to tolerate CPAP therapy [63,112]. Although insomnia symptoms
may be initially precipitated by post-apneic arousals in many patients, insomnia disorder quickly
develops functional independence of the initial precipitating factors, and demands targeted treatment
approaches (see discussion of ‘secondary’ versus ‘co-morbid” insomnia, above) [4,33].

Although several research groups have discussed the potential bi-directional relationships between
COMISA, there has been a lack of research attention in this important area [39,40,95,108]. It will be
possible to use data from current RCTs to examine the independent effects of CBTi and CPAP therapy
on changes in the ‘downstream’ severity and manifestations of each disorder. Furthermore, this may
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provide a platform to investigate predictors of which patients show the greatest response to insomnia
and OSA treatments in isolation.

4. Recommendations for Clinicians

e The majority of sleep clinics around the world currently specialize in the diagnosis and treatment
of OSA whist neglecting the measurement and treatment of insomnia. However, 30%-50% of OSA
patients report co-morbid insomnia symptoms, which reduce acceptance and use of CPAP therapy.

e  Co-morbid insomnia symptoms commonly reduce CPAP use and contribute to higher impairment
of daytime functioning and quality of life. Therefore, the insomnia symptoms demand targeted
diagnostic and treatment considerations, and should not be assumed to be a ‘secondary’
manifestation of the OSA.

e  Clinicians should administer sleep diaries [53], or the insomnia severity index [54] which can be
scored with adjusted COMISA cut-offs [62], to screen for insomnia symptoms in patients with
suspected OSA.

e  COMISA patients should be treated with both CBTi and CPAP therapy to improve insomnia
symptoms, and increase CPAP acceptance and use.

e  CBTishouldbe delivered by psychologists, or trained therapists, who can also provide motivational
CPAP support.

5. Future Research Directions

e  The diagnosis of co-morbid insomnia and OSA represents a complex task due to shared
diagnostic symptoms. It is important to validate and refine insomnia measures in the presence
of OSA.

e Investigate baseline symptoms and profiles which predict successful responses to different
treatment combinations and sequences in COMISA.

e Investigate bi-directional relationships between COMISA, by examining 1) the effect of CBTi on
manifestations and severity of OSA (e.g., AHI [109]), and 2) examine the effect of CPAP therapy on
manifestations and severity of insomnia symptoms (e.g., sleep parameters, sleep misperceptions,
IS, etc.).

e Determine the most effective CBTi components and combinations to treat insomnia and improve
CPAP adherence (for example, using isolated CBTi components such as bedtime restriction therapy
to increase sleep efficiency before commencing CPAP therapy).

e  Continue examining the efficacy of non-CPAP therapies in the presence of co-morbid insomnia
symptoms, for patients who reject CPAP therapy.

6. Conclusions

Although COMISA was first identified by Guilleminault and colleagues in 1973, there was a
lack of research attention until the publication of two papers in 1999 and 2001 indicating a 30%-50%
co-morbid prevalence rate. Subsequent research indicated that COMISA patients experience greater
impairment of sleep, daytime functioning, and quality of life, compared to patients with either insomnia,
or OSA alone. However, despite these additive impairments, COMISA patients also show worse
acceptance and use of CPAP therapy, compared to patients with OSA alone. A number of recent RCTs
have provided evidence that CBTi is an effective insomnia treatment in the presence of co-morbid OSA.
Furthermore, COMISA patients treated with CBTi show increased initial acceptance and long-term
use of CPAP therapy, compared to treatment with CPAP alone. It is recommended that clinicians
utilize simple instruments to detect insomnia symptoms in OSA patients, and refer identified COMISA
patients for combined CBTi and CPAP therapy. It will be important for future research to examine
mechanistic bi-directional relationships between COMISA, and continue to refine and tailor different
treatment combinations and sequences.
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AHI Apnea/hypopnea index

CBTi Cognitive and behavioral therapy for insomnia
COMISA Co-morbid insomnia and sleep apnea

CPAP Continuous positive airway pressure

IsI Insomnia severity index

OSA Obstructive sleep apnea

PSG Polysomnography

RCT Randomized controlled trial
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Abstract: Sleep may play a fundamental role in retinal regulation and the degree of retinal variables.
However, no clinical study has investigated optical coherence tomography (OCT) parameters in
patients with primary insomnia. All participants were evaluated with the insomnia severity index
(ISI) and the Pittsburgh sleep quality index (PSQI). The retinal nerve fiber layer (RNFL), ganglion cell
layer (GC), inner plexiform layer (IPL), macula and choroidal (CH) thickness were compared between
52 drug-naive patients with primary insomnia and 45 age-gender-BMI-smoke status matched healthy
controls (HC). The patients with primary insomnia differed from the HC regarding RNFL-Global
(p = 0.024) and RNFL-Nasal inferior (p = 0.010); IPL-Temporal (p < 0.001), IPL-Nasal (p < 0.001);
CH-Global (p < 0.001), CH-Temporal (p = 0.004), CH-Nasal (p < 0.001), and CH-Fovea (p = 0.019).
ISI correlated with RNFL-Global and RNFL-Nasal inferior. The regression analysis revealed that
ISI was the significant predictor for the thickness of RNFL- Nasal inferior (p = 0.020), RNFL-Global
(p = 0.031), and CH-Nasal (p = 0.035) in patients with primary insomnia. Sleep disorders are seen
commonly in patients with psychiatric, including ocular diseases. Adjusting the effect of insomnia
can help to clarify the consistency in findings of OCT.

Keywords: OCT; insomnia disorder; sleep; retinal nerve fiber layer; choroid; inner plexiform layer

1. Introduction

Insomnia, persistent difficulty in initiating or maintaining sleep and corresponding daytime
dysfunction, is a major public health issue and a common disorder associated with adverse long-term
medical and psychiatric outcomes [1]. The prevalence of insomnia in the general population
ranges between 8-40%, while the 20-30% of the general population has poor sleep [2], and the
underlying pathophysiological mechanisms and causal relationships of insomnia with diseases are
poorly understood [3]. The retina is a part of the central nervous system (CNS) and perceived as a
“window to the brain” [4] in establishing similarities in the physiology and function of the CNS [5].
The retina also contains a circadian rhythm, and several studies have identified that many aspects of
retinal physiology and functions are under the control of a retinal circadian system [6-8].

The release of the two primary neurotransmitters, dopamine (DA) and melatonin (MLT), provide
the “day” and “night” signals in the retina, which reconfigure retinal circuits and shape the functioning
of the retina according to the time of the day [6,9]. Dysfunction of the circadian rhythm within the retina
affects adversely the retinal function in the processing of the light information, synaptic communication,
and metabolism [8]. Taken together, sleep disturbances might have a role in retinal regulation and the
grade of retinal variables.

Optic coherence tomography (OCT) provides a promising non-invasive and feasible
methodological approach for investigating abnormalities in systemic conditions where possibly

Brain Sci. 2020, 10, 178; d0i:10.3390/brainsci10030178 93 www.mdpi.com/journal/brainsci



Brain Sci. 2020, 10, 178

the degenerative changes are related to the optic nerve and retinal architecture [10]. Initial applications
of OCT were limited mainly to ophthalmic diseases, but several studies found that the changes of the
neural layers of the retina might predict CNS pathology such as cortical atrophy with patients in many
non-ocular diseases [11,12]. Similarly, several studies on OCT tested the progression of the psychiatric
disorders and found the thinning of RNFL or macula in patients with schizophrenia (5Z) [13], bipolar
disorder (BP) [14], major depression (MD) [15], and anorexia nervosa [16]. However, the retinal
findings were not strongly correlated with clinical symptoms in major psychiatric diseases [10]. Hence,
the researchers suggested that the lack of consideration of potential confounder factors might explain
the observed heterogeneity of the results of OCT parameters such as having metabolic diseases and
using psychiatric medications [13].

According to our hypothesis, insomnia might be a potential confounder factor for the OCT
findings in patients with major psychiatric disorders. A growing body of evidence demonstrates that
sleep and circadian rhythm disruptions are associated with the pathophysiology of psychiatric [17]
and neurodegenerative disorders [18,19]. Recent Genome-wide association analysis identified 57 loci
associated with insomnia symptoms and asserted the evidence of shared genetic factors between
insomnia and cardio-metabolic, behavioral, psychiatric, and reproductive traits [20]. Even more,
studies among patients with ocular diseases such as blindness, glaucoma [21], and central serous
chorioretinopathy (CSCR) [22] have reported a higher prevalence of sleep disturbances. Evidence
supporting this hypothesis is coming from studies in which the obstructive sleep apnea syndrome
(OSAS) recognized and treated showed that better anatomical and functional visual outcomes in
patients with CSCR [23] and age-related macular degeneration [24] found after treatment. OSAS is a
chronic respiratory-related sleep disorder and recognized as a risk factor for many systemic disorders,
including hypertension, cardiovascular disease [23]. The respiratory component of OSAS may produce
significant hypoxic tissue responses; however, it has not been investigated whether the retinal changes
are caused by sleep component or respiratory component [25].

To the best of our knowledge, there is no study conducted to investigate the direct effect of
sleep disorder such as primary insomnia on the retinal findings excluding the potential confounders.
Therefore, we aim to explore the OCT parameters in fifty-two drug-naive patients with primary
insomnia compared with age-BMI-gender-smoking matched healthy controls. All participants were
excluded from potential confounders such as relating primarily to ocular disorders, neuropsychiatric
disorders, metabolic diseases, and drug use.

2. Materials and Methods

The sample consisted of 52 participants with primary insomnia, and 45 healthy control subjects,
aged between 18 and 65 old. All participants were recruited from the psychiatry and ophthalmology
outpatient clinics of a university hospital, i.e., Bezmialem Vakif University (Istanbul, Turkey).
All participants were interviewed by senior psychiatrists. The primary insomnia was diagnosed
based on DSM-IV (APA, 2000) criteria which consist of the predominant insomnia complaint with the
difficulties on initiating and maintaining sleep with subjectively experienced daytime impairments,
excluding any organic origin for at least 1-month period, additionally only the patients with primary
insomnia considered eligible to take part in the study.

The healthy control subjects were recruited from a pool of the administrative staff of the hospital.
Participants with mental retardation, psychotic disorders, mood disorders, obsessive compulsive
disorder, substance use and dependence were excluded. Other exclusion criteria were as follows:
(i) Any medical diagnoses, e.g. diabetes mellitus, hypertension, and metabolic syndrome, OSAS,
(ii) neurodegenerative diseases, (iii) pathologies of the eye, anterior and posterior segment diseases
including a history of ocular contusion, cataracts, glaucoma, corneal diseases, uveitis, macular
degeneration, diabetic retinopathy, retinal diseases, amblyopia, neurologic disorders such as optic
neuritis; also patients who had any previous ocular operation or trauma history were excluded.
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The Medical Ethical Review Committee of the Bezmialem Vakif University approved the study
(Date: 01.08.2017, Number 13/204) which was conducted according to the latest version of the
Declaration of Helsinki. Written informed consent was obtained from all participants.

2.1. Procedure

All participants underwent a comprehensive ophthalmic examination, including corrected visual
acuity measurement (with Snellen chart), slit-lamp biomicroscopy, intraocular pressure measurement
and indirect ophthalmoscopy. Patients who had a spherical refractive error < =2 D or > +2 D
and a visual acuity less than 1.0 were excluded from the study. All participants underwent OCT
measurements including IPL, GCL, and choroidal thickness and peripapillary RNFL by the same
experienced operator at the same time of the day (08:00 am-10:00 am). OCT measurements were
performed without pupil dilation by using a Spectralis OCT device (software version 6.9, Heidelberg
Engineering, Heidelberg, Germany). For peripapillary retinal nerve fiber layer (RNFL) thickness
measurement, circular scans of 3.4 mm diameter centered on the optic disc were acquired. The images
were automatically segmented into seven segments using the Heidelberg Eye Explorer software
(version 1.9.10.0; Heidelberg Engineering) (Figure 1).

Figure 1. Peripapillary retinal nerve fiber layer (RNFL) thickness measurement. (A). A patient with
primary insomnia. (B). A healthy individual. Top-left image: Scanning laser ophthalmoscopy image
of the optic nerve. Green circle shows the corresponding OCT- circle scan shown in top-right image.
Bottom-left image: Thickness map of the peripapillary RNFL thickness. While the inner 1-mm circle
was defined as global RNFL peripapillary six area defined as temporal superior, temporal, temporal
inferior, nasal inferior, nasal and nasal superior. Global RNFL was the mean value of these six regions.

To evaluate the GCL and IPL thickness measurement the horizontal scan crossing through the fovea
was taken as a screening line. GHT and IPT thicknesses were measured from nasal and temporal points
at a distance of 1000 um to the fovea. Measurements were made by using the magnification option in
the device software to enlarge four-fold the original image. As the GCL, the relative hyperreflective
area between the bottom edge of the RNFL, which is the most hyperreflective band on the surface of
the retina, and the upper edge of the hyporeflective area, the IPT, was accepted. The area between the
bottom edge of GHT and the upper edge of the inner nuclear layer, which is a relatively hyperreflective
area, was defined as IPT. To evaluate the choroidal thickness, OCT scans were acquired through the
fovea with the horizontal 30-line-scan enhanced depth imaging mode of the device. The images were
averaged over 100 scans using an automatic real-time imaging value of 100 and active eye-tracking
features. Choroidal thickness measurements were made manually at the central fovea and at 1000 um
nasal and temporal points to the fovea. The mean value of these three measures was accepted as
the choroidal thickness. The manual callipers and 2x magnification option provided with the device
software were used. The distance between the outer part of the hyperreflective line corresponding to
RPE-BM and the hyporeflective line corresponding to the choroid-scleral junction was evaluated as
choroidal thickness (Figure 2).
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Figure 2. Ganglion cell layer, inner plexiform layer and choroidal thickness measurements. (A). Scanning

laser ophthalmoscopy image of the macula. Green line is showing the cross-section of a optic coherence
tomography (OCT) B-scan like in B and C. (B). OCT B-scan of a patient with primary insomnia. (C). OCT
B-scan of a healthy control. *: Ganglion cell layer, ¥: Inner plexiform layer, t: Choroid.

2.2. Clinical Measurments

Insomnia severity index (ISI) quick inventory: The ISI is a seven-item questionnaire measuring
insomnia symptoms and their impact on daytime functioning [26]. Scores range from 0-7 as no
insomnia, 8-14 as sub-threshold, 15-21 as moderate, and 22-28 as severe insomnia.

Pittsburgh sleep quality index (PSQI): The Pittsburgh sleep quality index (PSQI) [27] was
developed to evaluate the subjective sleep quality over the past month. PSQI composed of a total of
twenty-four items, although the quality of sleep is calculated only by nineteen items that are self-rated.
The seven-component scores range from 0 to 21 in total; higher scores indicate worse sleep quality.

2.3. Statistical Analysis

Demographic and clinical data of the participants were analyzed by descriptive statistics. Student
t-tests were conducted to compare groups on continuous variables and chi-square analyses were
used to compare groups on categorical variables. Data were checked whether they were normally
distributed, and all relevant statistical analysis were conducted accordingly. For group comparisons
on the OCT measurements, post-hoc corrections for multiple comparisons were not done due to the
exploratory nature of the study. Spearman correlations were performed to analyze the relationship
between the clinical variables of sleep and OCT parameters in the patient with primary insomnia and
HC separately. Multiple stepwise regression analyses were conducted for each dependent variables
and selection continued until all of the variables were either included or excluded. The predictor
variables were stated each of the OCT measurements (as depended variables). All analyses were
performed using IBM SPSS for Mac, Version 22.0 and statistical significance was set at a p-value of 0.05.

3. Results

3.1. Sample Characteristics

The demographic and clinical variables of the participants is shown in Table 1. The groups did
not differ from each other in terms of age, gender, and BMI. According to the specified cut off scores of
the ISI, 30 (26.1%) of the participants were suffering from a mild, 31 (27.0%) from a moderate, and 18
(15.7%) from a severe insomnia (Table 1).
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Table 1. Demographic and clinical characteristics of the studied population.

Insomnia Healthy Controls 2
N 52 i X @)@ p Value
Age (mean + SD) 43.0+11.7 403 £12.2 1.125 (91.7) 0.26
Gender (female, number) 40 31 0.794 (1) 0.49
BMI 26.7 +5.8 27.6 +5.8 —-0.780 (92.3) 0.43
Smoking (yes, number) 16 21 0.270 (1) 0.66
PSQI (mean =+ SD) 12.3+3.3 43+20 14.436 (85.4) <0.001
ISI (mean + SD) 199 +42 57+21 -21.577 <0.001
Duration of the insomnia 31.6 + 45.2

(month, mean + SD)

BMI, body-mass index; PSQI, Pittsburgh sleep quality index; ISI, insomnia severity index. Sociodemographic
variables were calculated by Chi-square tests for categorical variables and t-test for continuous variables.
The significance threshold was set at 0.05.

3.2. Group Comparisons according to the Optical Coherence Tomography Results

There were statistically significant differences between the patients with primary insomnia and
the healthy control in terms of the RNFL-G (z = —2.260, p = 0.024) and RNFL-NI (z = —2.591, p = 0.010)
measurement. All areas of RNFL measurement are presented in Table 2.

Table 2. Comparisons RNFL variables between patients with primary insomnia and healthy controls.

Il;\s,ozmsnzla Healt;\l[yz(::;tmls ” p Value
RNFL-G (mean + SD) 101.32 +9.12 105.48 +7.81 z=-2260 0.024*
RNFL-T (mean + SD) 73.53 £ 12.35 76.53 +12.41 z=-1.299 0.194
RNFL-TS (mean + SD) 140.94 + 19.69 141.71 £ 19.01 z=-0.416 0.677
RNFL-TI (mean + SD) 144.19 + 26.93 139.28 + 29.98 z=-0.651 0.515
RNFL-N (mean + SD) 77.53 +12.88 78.35 + 14.58 z=-0.916 0.360
RNFL-NS (mean + SD) 122.28 +25.13 117.06 + 25.13 t=1.062 0.288
RNFL-NI (mean + SD) 109.76 + 21.84 118.84 + 25.64 z=-2591  0.010*

RNFL, retinal nerve fiber layer; TS, temporal superior; TI, temporal inferior; NS, nasal superior; NI, nasal inferior.

*, The significant threshold 0.05.

There were statistically significant differences between the patients with primary insomnia and
the healthy control in terms of the IPL-N (38.69 + 4.36 vs. 43.51 + 4.58; t = —5.282, p < 0.001) and IPL-T
(37.40 + 5.54 vs. 42.82 + 5.36; t = —4.880, p < 0.001) measurement. There were no statistically significant
differences between the patients with primary insomnia and the healthy control in terms of the GCL-N
(52.42 £ 6.92 vs. 50.68 + 6.29; t = =5.282, p = 0.20) and GCL-T (45.84 + 8.02 vs. 43.04 + 6.92; t = —4.880,

p = 0.068). Comparisons of GCL and IPL measurements are presented in Figure 3.
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Figure 3. Comparisons of GCL and IPL between patients with primary insomnia and healthy controls.
Abbreviations: IPL-N, inner plexiform layer- nasal; IPL-T, inner plexiform layer-temporal; GCL-N,
ganglion cell layer-nasal; GCL-T, ganglion cell layer-temporal; HC, healthy controls.

The patients with primary insomnia and healthy controls differed statistically significant from
each other in terms of all choroidal measurements (Figure 4).

p<0.001 Bomna
oG

p=0.019

CHO-F;

p<0.001

p=0.004

Figure 4. Comparisons of CHO-N (319.28 + 100.01 vs. 238.95 + 69.92); CHO-T (311.38 + 97.34 vs. 262.75
+ 58.91); CHO-F (302.90 + 98.48 vs. 261.66 + 70.32); CHO-G (313.65 + 92.46 vs. 253.21 + 58.87) between
patients with primary insomnia and healthy controls.

3.3. Correlation of the Clinical Variables with the Optical Coherence Tomography Measurements

Spearman correlation analyses were conducted between the clinical variables (ISI, PSQI, MEQ,
BMI, duration of the insomnia) and the measurements of OCT in the patients with primary insomnia.
The results revealed that the ISI score was correlated with RNFL-NI (Rho= —0.328, p = 0.020) and
RNFL-G (Rho= —-0.306, p = 0.031). The duration of the insomnia and BMI were not found correlated
with any parameter. No significant correlation was found in the HC.

3.4. Stepwise Linear Regression Results

To examine the unique associations between the clinical variables, i.e., age, sex, BMIL, PSQ], ISI,
and OCT variables a stepwise linear regression analysis using the backward method was performed.
The dependent variables were each of the OCT measurements. No variables were entered into the
equation with the thicknesses of RNFL-TS, RNFL-T, RNFL-N, RNFL-NS, Macula, IPL-T, and GCL-T
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in patients with primary insomnia. Table 3 reports summary of the predictors of the stepwise linear
regression analyses for the thickness of RNFL-G, RNFL-NI, RNFL-TI, GCL-N, IPL-N, CHO-G, CHO-N,
and CHO-T. (Table 3).

Table 3. Summary of multiple regression analysis with the OCT parameters in patients with primary
insomnia (n = 52).

Dependent Variable Predictor/s B SE B t P
CHO-G Age -3.806 1.088 -0.451 -3.497 0.001
CHO-T Age -3.811 1.022 -0.474 -3.727 0.001

Age —4.421 0.923 —0.566 —4.731 <0.001
CHON 18I -218.185 100.660  —-0.260  -2.168 0.035
CHO-F Age —4.256 1.047 —-0.506 —4.065 <0.001
RNFL-G ISI —25.422 11.419 —-0.306 -2.226 0.031
RNFL-NI ISI —64.947 27.003 —-0.328 —2.405 0.020
RNFL-TI Gender 27.623 8.230 0.436 3.356 0.002
IPL-N Gender 3.303 1.392 0.324 2.373 0.022

B = unstandardized beta coefficient; SE = standard error; f = standardized beta coefficient. CHO-N, choroid
nasal; CHO-T, choroid temporal; CHO-F, choroid fovea; CHO-G, choroid global; RNFL, retinal nerve fiber layer;
TI, temporal inferior; NI, nasal inferior; IPL-N, inner plexiform layer- nasal; GCL-N, ganglion cell layer-nasal; ISI,
insomnia severity index.

4. Discussion

The major findings of this study were that patients with primary insomnia had the thinning
of RNFL-G, RNFL-NI, and IPL-T, IPL-N thicknesses compared to healthy controls; the thinning of
RNFL- G and RNFL-NI were correlated with the severity of insomnia. Second, our results showed
the significant thickening of CHO-G, CHO-T, CHO-N, and CHO-F in patients with primary insomnia
compared to healthy controls; and regression analyses indicated the ISI score as a predictor for the
thickness of RNFL-NI and CHO-N in patients with primary insomnia.

Regarding our results, the global retinal nerve fiber layer thinning in patients with insomnia
might be an effect of neurodegeneration or neurochemical dysregulation. Insomnia is associated with
reduced brain activation, blood flow, or glucose metabolism. There is a growing body of evidence that
sleep disruption may also accelerate the progression of pathology of neurodegenerative diseases via
defective mitochondrial dynamics and axonal transport [28]. The RNFL is found more sensitive to
vascular changes associated with gliosis and inflammation than other layers of the retina, which would
influence OCT measurements [29]. Also, the RNFL is first-order neurons, with the unmyelinated
ganglion cell axons that project to the lateral geniculate nucleus of the thalamus, it provides sensory
input to the visual cortex, and the thinning of the retinal nerve fiber layer following by lesions of the
thalamic-visual pathway in humans is hypothesized as retrograde trans-synaptic axonal degeneration
(RTSD) [30,31] and identified by optical coherence tomography [31]. The thalamus is also a major
region involved in the pathophysiology of insomnia, sleep-wake rhythms and hyperarousal [32].
Previous studies have reported functional and structural abnormalities in the thalamus in patients
with insomnia [33,34]. The disrupted white-matter integrity of thalamus [35], the reduced bilateral
thalamic grey-matter volume after sleep deprivation [33], atrophic changes [36], and the structural and
metabolic alterations in the thalamus have been replicated in neuroimaging studies [35] in patients with
insomnia. Therefore, RTSD may lead to the thinning of RNFL due to the effect of the thalamocortical
dysfunction by insomnia [37].

We found also the nasal sector (nasal inferior) of RNFL was significantly affected in our patients.
The segmentation analysis of the retinal layers might add important information about changes in the
different retinal regions since the global thickness of RNFL alone may not reflect the pathophysiology
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of diseases [38,39]. Retinal ganglion cell axons are distributed in a specific topographic manner
at the optic nerve head and the axons from the nasal and temporal segments of the retina have
different anatomical microenvironments that might change the neurodegenerative pattern [40].
Many neurodegenerative disorders have been characterized by the different pattern of RGCL loss,
and optic nerve degeneration [38]. For example, multiple system atrophy displays an OCT pattern
more similar to Alzheimer whereas the OCT pattern of Huntington is closer to Parkinson’s disease [38].
Also, the relative sparing of the RNFL was found predominantly in the temporal quadrant in patients
with PD, and in the superior and inferior RNFL quadrants in patients with AZ [35]. According to a
meta-analysis, there was significant with a moderate effect size thinning of the RNFL for the global and
nasal region in the patients with SZ and BD [14]. Another study found significant thinning of the nasal
parafoveal RNFL in SZ compared to HC, but not in the overall or temporal region [41]. Our findings
are more similar to the results of the study with the patients with SZ and BD in terms of the location of
thinning of the RNFL in the global and nasal region. Although sleep disorders are seen commonly
in both schizophrenia and bipolar disorder, it is difficult to interpret our data; global thinning of
RNFL and the specific distribution of nasal inferior RNFL requires replication in independent samples
with insomnia.

We found the thinning of IPL-T and IPL-N in patients with primary insomnia compared to
HC. The retinal ganglion cell and inner nuclear layers of the retina contain functionally autonomous
circadian clocks [6]. Also, dopaminergic (DA) amacrines and ganglion neurons of retina express key
elements of the circadian autoregulatory gene network with the highest proportion in DA neurons (30%)
and amacrine cells are inhibitory interneurons and with bipolar cells extend presynaptic dendrites to
the IPL where they synapse with retinal ganglion cells [42]. Furthermore, almost all dopaminergic
amacrine cells are GABAergic and are located at the boundary of inner nuclear layer (INL) and IPL
and branched in S1 lamina of the IPL. Primary insomnia suggested as a hyperarousal state of the
CNS and the consistent findings of proton magnetic resonance spectroscopy showed that insomnia is
associated with lower GABA levels in the parieto-occipital cortex [43,44] and anterior cingulate [45] by
reflecting presynaptic concentrations of GABA [46]. Therefore, our findings might reflect the effect of
decreased level of GABA; and are in line with the studies that showed the dysregulation of melatonin
and dopamine levels which might cause the thinning of IPL. RTSD might be also one of another cause
of the atrophy of the inner retinal layers, such as the GCL and IPL. Therefore, researchers suggested
that the decreases in GCL and IPL may reflect neuronal atrophy, synaptic loss and have shown that
IPL measurements might be better biomarkers of symptom severity than the RNFL in patients with
multiple sclerosis [47].

We found the thickening of choroidal layers (CHO-Global, Temporal, Nasal, and Foveal) statistically
significant in patients with primary insomnia compared than healthy controls, and the regression
analyses indicated that the age and severity of insomnia score were predictors for the thickness of
CHO-Nasal in patients with primary insomnia. The choroid is likewise well established in humans to
show significant diurnal alterations in thickness, and daily rhythms of light exposure are determined
to perform a pivotal role in the synchronization of these circadian rhythms [48]. One of the potential
mechanisms is that the light-induced increase of retinal DA [49] results in nitric oxide (NO) release
and NO leads to an increase of choroidal blood flow and density [50]. Furthermore, this process is
plausible in the literature and affects the choroidal bloodstream variations in feedback to shifting
light conditions [50]. Previous investigators have demonstrated that the choroid has a relative peak
thickness early in the morning and progressive decrease during the day to a relative nadir at 5:00
PM [50]. In our study, measurements of all individuals were performed between 8.00-10.00 in the
morning. Therefore, we can assume that insomnia leads to choroidal thickness if we do not consider
the measurement time as a confounding factor. Moreover, we found that the severity of insomnia is a
predictor for the choroidal thickness. Insomnia is a clinical condition that affects circadian rhythm
disruption and the proportion of exposure to the daylight. So the above-mentioned retinal dopamine
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and nitric oxide-mediated vascular responses caused by light responses may change the thickness
of choroid.

There are several limitations to our study. The cross-sectional nature of the study does not allow
us to explore the causal relationships between insomnia and retinal changes. We did not study with
objective parameters in sleep. Therefore, future investigations should examine both subjective and
objective parameters of sleep. Also, using actigraphy should be considered for having high concordance
with polysomnography in healthy adults. We included the patients in the study from a single outpatient
clinic, and our patients were mostly women. Therefore, a multi-center and homogeneity in gender
studies are required to test better our results.

5. Conclusions

The inner retinal layers have been demonstrated in many disorders as a biomarker of the
neurodegeneration, but the confounding factors may reveal that these findings have not been fully
recognized yet. This OCT study is the first to show a significant decrease of the retinal nerve fiber and
inner plexiform layers in patients with primary insomnia versus healthy controls. Our explorative data
might provide a rationale for further examination of insomnia as a potential confounder factor for the
OCT findings in patients with ocular and non-ocular diseases. Likewise, our study indicated that the
thickness of choroid can show a statistically significant increase in patients with primary insomnia and
may have implications to understand the impact of sleep upon the pathogenesis of retinal physiology.
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