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Preface

I was delighted to be asked again by IntechOpen to edit another book for them on sleep. The books they
publish have the enormous advantage of providing high quality, up to date information, mainly in a
review format, in an Open Access setting. The sleep and sleep disorders area is rapidly expanding and
has been so for many years now. When I started research into sleep, looking at sleep and memory spe‐
cifically, the Pubmed database had 390 papers (against a background of 13,390 papers). Today, writing
this preface there are now 5,304 papers on sleep and memory and 138,633 papers that mention sleep!

The association of sleep apnoea with cardiovascular, cerebrovascular and behavioural disorders and the
various implications and ramifications demand continuing reviews of this area (1-7). Similarly, the im‐
pact of inadequate or restricted sleep on cognition continues to be both theoretically interesting but su‐
premely important for the effects on the individual and society as a whole. My own chapter is more
unusual and covers an emerging area, sleep-related sexual behaviours (a parasomnia - an unwanted or
undesirable behaviour during sleep). On their own, they can have an effect on an individual or a rela‐
tionship, but when this behaviour occurs in an inappropriate setting it can lead to substantial criminal
retribution.

1. Jackman AR, Biggs SN, Walter LM, Embuldeniya US, Davey MJ, Nixon GM, et al. Sleep disordered
breathing in early childhood: Quality of life for children and families. Sleep 2013, Nov;36(11):1639-46.

2. Tarasiuk A, Reuveni H. The economic impact of obstructive sleep apnea. Curr Opin Pulm Med 2013,
Nov;19(6):639-44.

3. Bin YS, Marshall NS, Glozier N. The burden of insomnia on individual function and healthcare con‐
sumption in australia. Aust N Z J Public Health 2012, Oct;36(5):462-8.

4. Haaramo P, Rahkonen O, Hublin C, Laatikainen T, Lahelma E, Lallukka T. Insomnia symptoms and
subsequent cardiovascular medication: A register-linked follow-up study among middle-aged employ‐
ees. J Sleep Res 2014, Jun;23(3):281-9.

5. Moline M, DiBonaventura Md, Shah D, Ben-Joseph R. Impact of middle-of-the-night awakenings on
health status, activity impairment, and costs. Nat Sci Sleep 2014;6:101-11.

6. Michal M, Wiltink J, Kirschner Y, Schneider A, Wild PS, Münzel T, et al. Complaints of sleep distur‐
bances are associated with cardiovascular disease: Results from the gutenberg health study. PLoS One
2014;9(8):e104324.

7. Gilat H, Vinker S, Buda I, Soudry E, Shani M, Bachar G. Obstructive sleep apnea and cardiovascular
comorbidities: A large epidemiologic study. Medicine (Baltimore) 2014, Jul;93(9):e45.
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Chapter 1

Sleep and Cognition

Michelle A. Miller, Hayley Wright, Josie Hough  and
Francesco P. Cappuccio

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58735

1. Introduction

Sleep is an ancestral and primitive behaviour, an important part of life thought to be essential
for restoration of body and mind. As adults, we spend approximately a third of our lives asleep
and as we progress through life there are certain shifts in sleep architecture, most notably in
sleep quantity. These biological or physiological age-dependent changes in sleep are well
documented [1], and alongside the shifts in sleep architecture there is an increased suscepti‐
bility to certain sleep disorders.

Sleep disturbances and sleep deprivation are common in modern society. Most studies show
that since the beginning of the century, populations have been subjected to a steady constant
decline in the number of hours devoted to sleep. This is due to changes in a variety of envi‐
ronmental and social conditions (e.g. less dependence on daylight for most activities, extended
shift work and 24/7 round-the-clock activities) [2].

Developments in the fields of molecular genetics, behavioural neuroscience, sleep neurobiol‐
ogy, and the cognitive neurosciences have produced converging evidence of a fundamental
role for sleep in cognition. Sleep is required for good mental health, and insufficient sleep has
negative effects on mood, cognitive performance and motor function [3]. Cognition is a broad
term, which encompasses a variety of mental processes including memory, problem solving,
language, forward planning and attention, which can all, be differentially affected by inade‐
quate sleep. This can have serious real-life consequences, where many industries including
airlines, long-distance truck driving, manufacturing and emergency services have recognised
that sleep deprivation has major effects on performance.

Epidemiologists and clinical neuroscientists have also documented significant links between
degree of sleep disturbance and severity of impairment on selective cognitive functions in a
variety of clinical populations, including persons at risk for various dementing illnesses [4, 5].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Sleep disorder, in fact, may be one of the earliest signs of neurodegenerative disorders,
including early Alzheimer’s disease (AD) [6].

This chapter will briefly examine the relationship between sleep (quantity and quality) and
cognition throughout the life course, and will consider the evidence which suggests that sleep
deprivation and sleep disorders are associated with poor cognitive function. More specifically,
it will examine the effects that sleep deprivation and sleep disorders have on both amnestic
(memory function) and non-amnestic (non-memory function) cognitive processes.

2. Sleep quantity and cognition

Numerous studies have shown that short sleep, long sleep and sleep problems are associated
with poorer cognitive function [7-9]. Self-reported short sleep, tiredness and fatigue are more
strongly associated with subjective measures of cognitive function than with objective
measures [7]. Findings from the Whitehall II study show that adverse changes in sleep over
time (decrease from 6, 7 or 8 hours, or increase from 7 or 8 hours) are associated with lower
scores on a variety of cognitive function tests, but not memory function [10]. Similarly, a
Spanish study found that people who sleep for 11 hours or more per night have significantly
lower global cognition scores than those who sleep for 7 hours [11]. A unique study has also
reported on the effects of a post-lunch nap on subjective alertness and performance following
partial sleep loss. A short nap has been found to improve alertness, sleepiness, short-term
memory and accuracy, but does not affect reaction times [12].

Interestingly, there is little research into the effects of subtle changes in circadian phase on
cognition, such as those that commonly occur in the general population after daylight saving
time or returning to work after later weekend sleep. One study has revealed that performance
on memory and verbal fluency tasks is significantly reduced on Monday morning following
delayed weekend sleep [13]. Overall, proper alignment between sleep-wakefulness and
internal circadian time may be crucial for cognitive performance, and humans may be very
sensitive to small shifts in circadian timing.

The first recorded experiments on sleep deprivation began in the late 19th century [14], and
research into the association between sleep and performance began around 50 years ago [15].
There is now clear evidence that deficits in daytime performance due to sleep loss are associ‐
ated with a significant social, financial and human cost [3].

There are two types of sleep loss: acute sleep loss consisting of one continuous extended wake
episode, and chronic sleep loss consisting of insufficient sleep over multiple days. A substantial
amount of research has been conducted to understand the impact of short-term total sleep
deprivation (<48h) on various cognitive domains. A recent meta-analysis examined the effect
of sleep deprivation on six cognitive categories (simple attention, complex attention, working
memory, processing speed, short-term memory and reasoning) for both speed and accuracy.
Generally, effect sizes for each cognitive domain fall along a continuum, with tasks of greater
complexity being less susceptible to the effects of total sleep deprivation. Simple attention, or
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vigilance, is most strongly affected by short-term sleep deprivation, emphasising that this
deficit is the one for which compensation is least available. This has implications for tests of
work fitness, where deficits in sustained attention could act as an early warning for subsequent
cognitive failure in more complex situations [16].

Therefore, sleep debt can be expressed as an additional wakefulness that has a ‘cost’ (i.e.
cognitive impairment), which accumulates over time [17]. Homeostatic physiological proc‐
esses that occur during sleep can replenish this capacity, but how much sleep is required for
satisfactory alertness and performance continues to be debated [18].

3. Sleep quality and cognition

Whereas sleep quantity is concerned with the amount of time we spend asleep, sleep quality
is measured by how well we actually sleep during the night. This is usually assessed via self-
reported frequency of nocturnal awakenings; difficulty initiating sleep; waking up early; or
waking up feeling tired, using validated tools such as the PSQI [19]. Research has suggested
that as well as sleep quantity, sleep quality may also play an important role in cognition. One
such study in elderly women has found that disturbed sleep is associated with an increased
risk of developing a cognitive impairment, but not with accelerated cognitive decline [20].
However, self-reported poor sleep is not independently related to cognitive function in
community-dwelling older men, suggesting that there may be an interplay between sleep
quantity and quality which accounts for the detrimental effects on cognitive function [21]. The
Maastricht Ageing Study (MAAS) aimed to determine whether subjective sleep complaints
(i.e. difficulty falling asleep, waking up too early, and restless or disturbed sleep) in middle
aged and older adults predict global cognitive decline over a period of 3 years. The study found
that subjective sleep complaints are negatively associated with cognitive performance at
follow-up, where waking up too early has the strongest association with cognitive decline of
the three sleep quality assessment questions [22]. However, the association between sleep
complaints and cognitive decline disappears once depression is controlled for, raising the
question of whether poor quality of sleep leads directly to poor cognitive function, or whether
poor sleep causes an increase in depressive symptoms which then results in cognitive decline
[22]. This finding highlights the importance of accounting for the effects of other variables,
such as depression, on sleep and cognitive function when interpreting various study results
and potentially contradictory conclusions.

4. Sleep and cognition: A life course perspective

The amount of time we spend asleep fluctuates across the lifespan according to changes
associated with age, health and life events. Newborn infants need between 10.5 and 18 hours
sleep per day, and this gradually reduces to between 9 and 12 hours by the end of the first year
of life [23], before we settle into a pattern of around 7 to 8 hours sleep per night as adults [2].
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Studies indicate that as we age, total sleep quantity, sleep efficiency and deep sleep tend to
decline, whereas the incidence of waking after sleep onset tends to increase [24]. More
specifically in terms of sleep architecture, the time spent in deep, slow wave sleep (SWS)
diminishes, along with a decrease in rapid eye movement (REM) sleep, and the time spent in
lighter, stage 1 and stage 2 sleep increases. As a consequence, older people often find it takes
longer to fall asleep, have more fragmented sleep, and wake up earlier [1]. Furthermore, ageing
is also associated with increased daytime sleep via napping and dozing. Gender and socioe‐
conomic dynamics also play an important role during the life course in determining sleep
patterns and their potential effect on health [25]. For example, in women, sleep is affected by
life events such as pregnancy and the menopause. In the following sections, we consider the
possible effects that these changes in sleeping patterns may have on cognitive function.

4.1. Sleep and cognition in childhood and adolescence

It is well established that sleep plays a vital role in brain maturation and in the development
of important cognitive functions, such as memory consolidation and learning [26]. With
modern advances in technology, many environmental factors and social activities potentially
restrict the time spent sleeping once children and adolescents retire to the bedroom. For
example, televisions, mobile phones and computers or video games are becoming common
bedroom fixtures [27].

A typical child spends more time asleep than engaged in any other activity during the 24 hour
cycle. As a rule of thumb, the optimal amount of sleep for children is more than 12 hours per
night for pre-schoolers, about 12 hours per night for primary school children, and about 9
hours per night thereafter [26]. Between the ages of 3 and 5 years, there is a shift in sleep
architecture, with a significant reduction in total sleep time and a decrease in the amount of
time spent in ‘deep’ sleep, SWS and REM stages [28]. Further, sleep is distributed across the
day until around the age of 5 years, when children shift from a polyphasic to a monophasic
sleep pattern, usually due to the changes in daytime schedule associated with attending school
[29]. It is commonplace for toddlers and pre-schoolers to engage in midday naps but, until
recently, relatively little was known about the function and structure of this sleep period in
children. Research has now shown that classroom naps consolidate learning in preschool
children, and that the memory loss associated with nap-deprivation is not reversible with
overnight sleep [30]. When children are allowed to nap during the day, they recall around 10%
more learned material on waking than when tested after an equivalent period of being kept
awake. Sleep spindle density in particular is strongly implicated in this memory consolidation
process in children, highlighting that the nap does not merely protect the memory from
wakeful interference, but that consolidation of learned material is a process unique to sleep
[30]. This finding has implications for educational strategies, where scheduled classroom naps
could enhance interventions designed to help children achieve academic goals and acquire
necessary cognitive skills, with particular relevance to children with a learning delay [30].

There have been few longitudinal studies of sleep-wake patterns in children [31, 32], and only
a small number of studies have investigated sleep behaviours [33, 34]. Therefore, what
constitutes normal sleep patterns and normal sleep behaviour during childhood is still

Sleep and its Disorders Affect Society6

debatable. The lack of available data undoubtedly reflects the challenges to studying sleep in
children and adolescents, which include reluctance of parents to leave children in the care of
unfamiliar adults in laboratory studies, children’s sleep becoming further disrupted in
unfamiliar environments, and the potential for increased risk (e.g. fall in school performance,
vehicle accidents in young drivers) following sleep restriction studies [35]. However, data from
available studies has shown that sleep deprivation has a significant impact on cognitive
abilities in children. Children aged between 10 to 14 years who are restricted to only 5 hours
sleep show impaired cognitive performance on verbal creativity and the Wisconsin Card
Sorting task, in comparison to those allowed to sleep for 11 hours [36]. Similarly, in a further
study, children who are allowed to sleep for one hour longer perform significantly better in
continuous performance and simple reaction time tests than those who sleep for one hour less,
or those who receive no intervention [37]. Longitudinal research has shown that over the course
of 3 years, children who experience an increase in sleepiness also show slower improvement
in verbal comprehension than children who report lower levels of sleepiness at baseline [38].
The authors highlight the need for interventions to remedy sleep disorders and reduce the
deleterious effect on cognition before the transition to puberty [38].

Circadian rhythms shift developmentally and sleep physiology changes considerably during
adolescence (particularly SWS), which may alter the response to sleep restriction [39]. During
the weekends, bed times and waking times can change extensively and persistently in children
and in adolescents. These shifts are much more likely in adolescence, when the sleep phase
rhythm can be seriously disrupted during weekends, and sleep debt is common [40]. Further‐
more, the effects of delayed sleep phase in adolescents (characterised by problems with falling
asleep and rising at appropriate times) extend into the week, where associations with lower
average school grades, and greater incidence of anxiety and depression have been reported
[41]. However, the effects of sleep duration on cognition can be different for males and females
during the adolescent period. Whilst male adolescents who sleep for 8 hours or more demon‐
strate higher overall cognitive performance than those sleeping less than 8 hours, there is no
association between sleep and cognition for adolescent females [42]. This supports previous
findings that cognition is more susceptible to the effects of sleep deprivation in males than in
females [43], and the authors propose that this is also consistent with the evolutionary demands
of the female role in child rearing and nurturing [42].

4.2. Sleep and the elderly

Cognitive ageing is a heterogeneous process, in that not everyone experiences the same rate
of decline. Indeed, many neuronal changes associated with cognitive decline begin to appear
during middle-age [44]. Biological or physiological age-dependent changes in sleep have been
well documented, and include shifts in sleep architecture as well as increased susceptibility to
certain sleep disorders [1]. In addition to changes in SWS and REM, electroencephalography
(EEG) studies have shown specific changes to delta waves, sleep spindles and K complexes
during sleep in the elderly. It has been hypothesized that some of these changes might be early
biological markers of the gradual deterioration of the central nervous system with age [45].
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Furthermore, chronic ill-health, disability, and pain and discomfort at night may also contrib‐
ute to poor sleep quality in an ageing population [46].

Ageing is associated with increased daytime sleep via napping and dozing, due to excessive
daytime sleepiness (EDS) or feeling not rested upon awakening [47, 48]. The Medical Research
Council Cognitive Function and Ageing Study (CFAS) looked at the association between self-
reported sleep measures and cognition in over 2, 000 cognitively unimpaired individuals over
the age of 65 years. The authors found that daytime napping at baseline is associated with a
lower risk of cognitive decline at 2 and 10 year follow-ups, and that reports of both EDS and
obtaining less than 6.5 hours of night-time sleep at baseline are associated with an increased
risk of cognitive decline at 10 year follow-up [49]. Sleep structure is also important in aged
adults, where the duration of sleep cycles, but not the amount of REM, non-REM or SWS or
total sleep time, is positively associated with morning memory performance [50].

Sleep problems are a common occurrence in those with mild cognitive impairment (MCI) [51]
and dementia [52]. Those with dementia experience highly fragmented sleep, with frequent
daytime napping and night-time periods of wakefulness. Furthermore, sleep disorders have
been associated with, and are predictive of, cognitive decline [5], and severity of cognitive
impairment in diseases such as dementia and AD [53, 54]. A study has shown that non-
demented, Japanese-American men who report EDS at baseline are twice as likely to be
diagnosed with incident dementia at 3 year follow-up examination than those without EDS
[55]. These findings were replicated in a sample of elderly French men and women [56], with
the cross-cultural validation adding weight to the association between EDS and incident
dementia.

Studies have also reported on sleep disturbances in specific types of dementia. In AD, for
instance, which is characterized by episodic memory impairment, there are changes in global
sleep architecture [57]. Modifications in the stages of sleep, including increased stage 1 sleep
and reduced SWS, as well as decreases in sleep spindles, are well documented in dementia
and AD [58, 59]. Less time in bed is associated with better cognitive function in AD [60],
whereas EDS is strongly predictive of vascular dementia [61]. Changes in sleep architecture
and sleep disturbances are found in a range of other neurodegenerative disorders such as
progressive supranuclear palsy, Huntington’s disease (HD), Parkinson’s disease (PD),
multiple system atrophy (MSA), dementia with Lewy bodies (DLB) and Creutzfeldt–Jakob
disease (CJD) [57]. Only a few studies, however, have investigated the prospective association
between sleep architecture and later neurodegenerative disorder. Furthermore, the available
results are inconsistent, which may be due to population selection, duration of follow-up, age
of participants or type of cognitive impairment [57].

4.3. Partum

Pregnant women experience prolonged sleep latency, frequent awakenings, fewer hours of
night sleep, and reduced sleep efficiency, which begins in the second trimester of pregnancy
and extends through at least the first 2-3 months after delivery [62, 63]. Sleep quality diminishes
progressively throughout pregnancy, is most affected immediately after delivery, and then
subsequently improves steadily [64]. Whilst many new mothers report feelings of confusion
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and forgetfulness during the early postpartum period, objective investigations thus far have
not provided equivocal results. In some studies, women have significantly lower scores on
tasks of immediate memory, complex mental functions (e.g. problem solving) and overall
daytime function during the immediate postpartum period, with suggestions that this is
influenced by sleep disturbance (e.g. fragmentation, deprivation) [62, 65, 66]. Indeed, although
overall cognitive scores may not always differ between new mothers and controls, perform‐
ance on memory and concentration tasks in postpartum women is significantly predicted by
the amount of sleep they had the night before [63].

4.4. Menopause

Sleep complaints during or after menopause are a common medical problem. Whereas some
studies have shown an association between sleepiness, sleep complaints and cognitive
performance during and after menopause [67], other studies have not shown this association
[68]. For example, one study showed that both self-reported and objectively-measured
disturbed sleep are associated with diminished cognitive function during and after meno‐
pause. However, another study has showed that there is a higher association between self-
reported poor sleep quality, rather than objectively measured poor sleep quality, and
decreased cognitive test performance [69]. Weber et al found that memory complaints in
particular are associated with increased sleep disturbance in perimenopausal women [70].
However, it has been suggested that it is age, rather than the menopause per se, which
contributes to the decrease in cognitive performance [68].

5. Sleep disruption and work

Modern society depends on the continuous operation of a diverse array of crucial services.
Thus the 24-hour culture-with shift work, night work, and longer, irregular working hours,
and the associated shorter quantity of sleep-is becoming a frequent occurrence throughout the
world [71, 72]. Sleep deprivation and consequent disruption of the circadian rhythm is a
common situation experienced by individuals in many different professions, such as medical
staff. After 8 hours of work, an individual’s performance and ability to concentrate decreases,
whilst the risk of fatigue [73] and cognitive errors increases [74]. Consequently, working at
night and working excessive hours that restrict sleep opportunity are implicated in compro‐
mised health and safety at work [75]. A combination of factors are involved in this process
including age, shift pattern, changes in sleep quality and quantity, sleep disruption and shorter
daytime sleep (as compared to the usual night-time sleep), sleepiness and fatigue, and repeated
stress induced by desynchronization of the circadian system [76, 77].

Sleepiness in the medical profession is a common occurrence due to the extensive hours
worked and disturbed sleep [78]. During a typical shift, physicians perform complex problem
solving whilst undertaking a multitude of different tasks. There is extensive research into the
effects of sleep deprivation on specific tasks (such as endotracheal intubation and catheteri‐
zation) [79], and in many different specialties such as anaesthetics [80], emergency medicine
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[81], surgery or intensive care [82]. A landmark study of medical residents working in an adult
intensive care unit shows that residents make more medical errors when they work frequent
shifts of at least 24 hours, than when they work shorter shifts [83]. Thus, the effect of sleep
deprivation on physicians could have a direct impact on quality of health care.

Subjectively, medical residents report disturbances of sleep, alertness and mood during the
night float rotation [84]. Studies have also shown that residents are more likely to have a motor
vehicle crash or ‘near miss’ after a night of on-call duty [85], or after a shift lasting 24 hours or
longer [86]. Sleep-deprived residents also have more attention lapses, experience more adverse
events and make more diagnostic errors while on duty overnight [86, 87]. From a training
perspective, sleep deprivation may affect residents’ skill acquisition and retention.

Aviators and aviation crews are also at a profound risk of sleep deprivation and disturb‐
ance  given  the  nature  and  requirements  of  their  work.  Military  pilots  are  required  to
synthesize  vast  amounts  of  information and subsequently  make critical  decisions.  Thus,
factors,  which may impair  cognitive  performance,  such as  fatigue and sleep disruption,
must be identified and alleviated wherever possible. A survey of US Army aircrew found
that  almost  62% of  respondents  did not  feel  that  they received adequate  daytime sleep
while on shift [88]. A further study showed that there is a significant positive association
between level of effectiveness (as determined by sleep–wake patterns) and neurocognitive
functioning before flight  operations [89].  In  addition,  the influence of  chronic  jet  lag on
cognitive efficiency in cabin crew has been investigated. Prolonged cortisol elevations (over
8 hours jet lag per week, for more than 3 years) results in a reduced temporal lobe volume
within the brain, as well as deficits in spatial learning and memory, which become apparent
after just five years of exposure to high cortisol levels [90].

Alongside studies into the effects of shift work and subsequent sleep disruptions on cognitive
function, there has been on-going research into performance enhancers for shift and night
workers. Various studies have found that improvements in alertness and performance during
night shifts are associated with the use of stimulants such as caffeine [91] and modafinil [92,
93], and even exposure to bright light [94]. Laboratory and field studies corroborate that
scheduled exposure to bright light (for work) and darkness (for sleep) shifts the circadian clock
to align completely with a night work/day sleep schedule [95, 96]. As mentioned previously
regarding post-lunch naps [12], short naps may also be useful for improving alertness during
night shifts [91]. However, these countermeasures do not address the underlying cause of the
problem, which is misalignment between circadian rhythms and the sleep and work schedule.

Few studies have assessed the long-term consequences of chronic sleep deprivation and
repeated disruption of circadian rhythms on cognitive function. Findings from the Whitehall
II study show that working more than 55 hours per week is associated with short sleep and
lower scores in many cognitive performance tests, including vocabulary and reasoning, at both
baseline and 5 year follow-up [97]. Another key study has found that male shift workers have
lower cognitive scores and slower cognitive processing than those who have never been
exposed to shift work, and that memory performance decreases with increasing shift-work
duration [98]. Interestingly, individuals who ceased shift work more than 4 years earlier
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demonstrated no cognitive impairments, which suggest that the effect of shift work on
cognitive function may be reversible [98]. Overall, these results imply that long term exposure
to shift work, resulting in insufficient sleep due to a disrupted circadian rhythm, leads to the
deterioration of cognitive function (at least in men).

6. Sleep and amnestic and non-amnestic cognition

The term ‘cognition’ refers to various higher mental processes, which allow us to think,
perceive, remember, imagine and plan ahead in everyday life. These specific processes can be
grouped into two broader categories of ‘amnestic’ (memory) and non-amnestic (not involving
memory) cognitive function. This is a useful dichotomy when considering age-related
cognitive decline and the conversion from normal cognitive ageing to MCI, since MCI is
typically diagnosed as amnestic (aMCI) or non-amnestic (naMCI) type [99]. These two types
of MCI have different trajectories, with aMCI potentially developing into AD, and naMCI
possibly developing into various forms of dementia (e.g. vascular dementia, DLB, frontotem‐
poral dementia) [100].

Despite the advance in knowledge of MCI subtypes, to date, most studies into the effects of
sleep on cognitive function have reported results from tests of ‘global’ cognitive function, such
as the Mini-Mental State Exam (MMSE) [101]. Nevertheless, it is possible to distinguish
between amnestic and non-amnestic function using the MMSE, as reported recently in a study
on sleep characteristics and subsequent cognitive impairment at one-year follow up [102]. In
this study, amnestic cognitive impairment is distinguished from non-amnestic impairment by
scores on the delayed recall task in the MMSE. That is, if participants cannot recall any of the
three items in the memory task, or can only recall one of the items, this is categorised as a
failure and thus the participant is attributed with an amnestic cognitive impairment. With
regards to sleep quantity, amnestic cognitive impairments at one-year follow up are signifi‐
cantly predicted by long sleep durations (≥ 9 hours) in women, and by short sleep durations
(≤ 5 hours) in men. It is possible that women are more resilient to the effects of short sleep due
to environmental demands [42], or that men are more susceptible than women to cognitive
impairment following sleep deprivation [43], although the authors urge that sex differences
in these results should in interpreted with caution [102]. That is, males made up a smaller
proportion of the sample and so some effects may not be detected due to a lack of statistical
power. In addition, there was no association between sleep quantity and non-amnestic
function in this sample of community-dwelling older adults.

Gaining knowledge of different predictors of amnestic and non-amnestic cognitive impair‐
ment is important, now more than ever, owing to the advances in MCI and dementia research
which will eventually allow earlier, and more accurate, diagnoses of cognitive impairments
and dementia. Although Potvin et al. (2012) have shown that the MMSE can be used to extract
amnestic and non-amnestic cognitive scores; the findings should be interpreted with caution
[102]. Relying on the results of one item from a test of global cognition is not a robust method
of diagnosing memory impairment, not merely because there are so many more tests, which
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comprise the non-amnestic score on the MMSE. Further research is now needed to validate
and standardise specific tests of amnestic and non-amnestic cognitive function, which will
allow more accurate and specific diagnoses of MCI subtypes, thus giving way to earlier
detection and diagnoses of dementia and AD, which in turn will improve the level of support
provided to patients and their families.

7. Sleep disordered breathing, sleep disorders and cognitive function

The term sleep-disordered breathing (SDB) refers to conditions, which are characterised by
intermittent reduction (hypopnoea) or cessation (apnoea) of breathing due to narrowing of the
upper airways. These apnoeas and hypopnoeas occur during sleep, causing recurrent arousals
from sleep and subsequent EDS. The condition is very common in the elderly, with reports of
prevalence rates between 24 and 42% [103]. Each of the two consequences of SDB (sleep
fragmentation and hypoxia) is associated with the risk of developing neurocognitive impair‐
ments in various domains [5, 104, 105].

7.1. Sleep apnoea

The most common form of sleep apnoea is obstructive sleep apnoea (OSA) or obstructive sleep
apnoea syndrome (OSAS). OSAS is associated with frontal lobe and subcortical damage, which
in turn is associated with diminished attention span, memory, delayed recall, impaired
language and executive functions [106]. Research suggests that the specific brain damage
associated with OSAS could therefore increase the risk of developing dementia [107]. Fur‐
thermore, a significant positive correlation between the apnoea index (the number of apnoeas
occurring per hour) and severity of dementia has also been reported in AD patients [108].
Indeed, SDB may exacerbate cognitive dysfunction in patients with dementia and AD [109].

The EDS associated with OSAS usually becomes worse as AD progresses. Several studies have
suggested a relationship of EDS with the occurrence of dementia [55, 56, 61], but it remains
unclear as to whether SDB precedes cognitive impairment or vice versa. It is imperative that
the causal associations are established as SDB has a high rate of associated morbidity, and
utilisation of established and effective treatments (such as continuous positive airways
pressure (CPAP)) might prevent or slow future cognitive decline. For instance, research has
shown that treatment of OSA via CPAP improves some aspects of cognitive function in
dementia patients as well as in non-demented elderly patients with OSA [109, 110]. However
some neurobehavioural deficits, such as impairments in driving performance, may not be
reversed by CPAP treatment in patients with severe OSA, and so further research is needed
to assess the causes of such impairments [111].

7.2. Rapid eye movement sleep behaviour disorder (RBD)

RBD is a parasomnia, which is characterized by recurrent dream enactment and loss of normal
voluntary muscle atonia during REM sleep, causing excessive motor activity [112]. These
movements can cause excessive limb or body jerking leading to complex violent behaviours.
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RBD is now recognized to be a symptom or prodrome of the group of diseases, which include
PD, MSA and DLB [113]. The first study to document this relationship reported that 38% of
patients diagnosed with isolated, idiopathic RBD later went on to develop a Parkinsonian
disorder after a mean of 12.7 years from RBD onset [114]. Subsequent studies have confirmed
similar findings, with typical mean intervals from RBD to PD, DLB, or MSA of around a decade
[115-117]. This lengthy preclinical phase has important implications for interventions, which
are designed to slow or halt the neurodegenerative process [4], and could therefore potentially
slow the rate of associated cognitive decline.

7.3. Insomnia

Insomnia is a commonly reported sleep disorder in Western European countries. It is estimated
that between 10% and 35% of the population of Western Europe have varying degrees of
insomnia symptoms [118]. Insomnia has been defined in a variety of different ways in
epidemiological research, from the presence of any difficulty initiating or maintaining sleep
through to validated diagnostic criteria provided by the Diagnostic and Statistical Manual of
Mental Disorders [119], with prevalence rates varying with each definition [120].

There is a growing amount of literature showing that insomniacs are at increased risk of
cognitive decline (see [121] for a review). One study has shown that insomniacs have decreased
memory ability compared to normal sleepers, where the detrimental performance is not
attributable to sleepiness [122]. Furthermore, performance deficits in reaction times and
vigilance tests often found in insomniacs may be related to specific SWS deficiencies [123].

8. Mechanisms

The underlying mechanisms regarding the association between sleep and cognition are still
relatively poorly understood. However, specific brain regions involved with certain neuro‐
cognitive domains, including executive attention, working memory and higher cognitive
functions, are known to be particularly vulnerable to sleep deprivation [3]. Furthermore, it has
been suggested [124] that fragmented daytime sleep (following a night shift) is associated with
large reductions in activity in the corticothalamic network, which mediates alertness, attention
and higher-order cognitive processes. Performing higher-order cognitive tasks, such as
decision-making, at night may be reliant on prefrontal brain areas, which suggests either the
recruitment of a focused attentional strategy, cortical compensation for sleep deprivation, or
both [125].

Despite decades of research, the significance and functions of sleep and its various stages, in
particular REM sleep, are still not fully understood. A close association with cognitive
functions was assumed shortly after the discovery of REM sleep and its relationship to
dreaming [126] and there is now considerable evidence showing that newly learned material
and skills are consolidated during REM sleep [127]. Furthermore, studies show a link between
brain cholinergic activity, timing and density of REM sleep and cognitive functioning [128].
Thus, deficiencies of REM sleep might correlate with or predict cognitive deficits in the elderly.
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Research linking SWS to mental restorative processes has been somewhat limited and less
convincing. Only a few studies have attempted to examine the relationship between nocturnal
SWS and subsequent daytime performance. In one study of healthy young male subjects, those
who had slower reaction times on a daytime vigilance test also had lower amounts of nocturnal
SWS than did age-and gender-matched individuals who had relatively faster reaction times
[129]. Further to findings of the importance of SWS to daytime performance in younger people,
Spiegel et al. report both confirmatory and contradictory results concerning the associations
between loss of SWS and cognitive decline in adult life. They speculate that the role or
functional significance of SWS may change over the course of the life span, which could account
for their inconsistent findings, where SWS plays a restorative role in the cognitive functioning
of older adults [130]. It is however possible that these studies are measuring different aspects
of SWS and that the observed differences may reflect a lack of resolution in the available
measurements.

The formation of long-term memories requires a process of consolidation, which is facilitated
by sleep. The formation of declarative (consciously recalled) memories, which are hippocam‐
pus-dependent, appears to benefit mainly from SWS [131]. Recently, the focus has also been
placed on stage 2 sleep and more precisely on sleep spindles, where research shows that
overnight verbal memory retention is highly correlated with an increase in the number of sleep
spindles [132].

Substantial inter-individual differences in vulnerability to the effects of sleep loss have been
demonstrated by various studies [133]. These differences are partly due to tolerance of
disturbances in circadian and social rhythm, which varies considerably between individuals
[134]. There is also substantial individual variability in the magnitude of age-related cognitive
decline [135]. Suggested sources for this variability focus on individual differences in the
amount of age associated brain dysfunction, such as cortical [136], white matter pathology
[137], and reductions in neurotransmitter receptor binding [138].

Sleep deprivation, mental fatigue, depression, or sleep disorders such as narcolepsy may result
in an individual experiencing a transient loss of perception of external stimuli. This is known
as a microsleep, and may last up to 30 seconds [139]. Microsleeps can occur at any time without
warning, and the sufferer is usually unaware of the occurrence. As such, microsleeps are
extremely dangerous in situations that require constant attention or vigilance, such as driving
or operating heavy machinery [140]. Through a combination of EEG and neuroimaging
techniques, research has shown that there are distinct and localised increases in activity in the
fronto-parietal cortex which accompany microsleeps [141]. This activity may be part of a
mechanism to restore responsiveness during the transient loss of arousal. Positron Emission
Tomography (PET) studies have also confirmed that the ‘resting brain’ is surprisingly active.
Raichle and Mintun (2006) report that, not only are there specific areas of the brain associated
with higher regional cerebral blood flow (rCBF) during rest than during attention-demanding
tasks, but that attention-demanding tasks are associated with just a 10% increase in global brain
metabolism compared to periods of rest [142]. The Default Mode Network (DMN) is respon‐
sible for the default state of ‘resting’ brain activity, which is vital for brain functioning and
possibly consciousness [143]. The DMN comprises the posterior and anterior cingulate cortex,
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and the temporo-parietal cortex [144], where activity decreases during attention-demanding
tasks and increases when no such tasks are preformed (i.e. during rest) [145]. Interestingly,
Picchioni et al. (2008) also found a transient increase in activity within the DMN during early
stage 1 sleep [146].

Closely related to the DMN is the process of ‘mind wandering’ (or daydreaming), which is
described as the default mode of operation of the brain [144]. It has been argued that rather
than being a passive process, mind wandering is vital to healthy cognition, for example by
integrating past and present experiences to facilitate future planning and personal goal
resolution [147]. There has been speculation regarding the similarity between thought
processes involved in mind wandering during wakeful periods and dream mentation during
sleep [148], encouraging a more scientific enquiry into whether daydreaming and dreaming
are mediated by the same neural networks. Indeed, meta-analyses of neuroimaging data show
overlaps in activation of areas of the DMN during mind wandering, and dreaming during
REM sleep [148].

9. Public health importance

There is no doubt that sleep is an integral part of life, and many studies have suggested that
it should not be overlooked by clinicians, especially in older adults. Studies have shown that
poor sleep quality can be an early sign of amnestic cognitive decline [102] and that EDS may
be an early marker and potentially reversible risk factor of cognitive decline and onset of
dementia [56].

Cognitive failures associated with total sleep deprivation are of great interest and impor‐
tance,  as  their  real-world  consequences  are  often  catastrophic  [149,  150].  Night  work  is
associated with safety risks for both the individual worker as well  as society [149,  151].
Deficits  in  many  aspects  of  cognition  such  as  decision-making,  memory  processes  and
importantly in sustained attention are implicated in errors and accidents [16]. Diminished
alertness during night shifts has been linked to ability to drive a motor vehicle, which can
result  in  accidents  [80,  85,  152].  There  is  also  evidence  that  air  traffic  controller  (ATC)
performance declines and error rates increase on the night-shift,  and that ATCs may be
falling asleep while on-duty [153].  This,  together with the evidence that  flying perform‐
ance decrements occur due to fatigue [154], poses a real worry. Considerable controversy
exists  regarding  optimal  work  hours  for  physicians  and  surgeons,  especially  those  in
training  [86].  There  is  a  trade-off  between  providing  a  continuity  of  care;  educational
opportunities; and traditionally defined professionalism vs. clinicians’ fatigue and health;
erroneous decision-making and performance; patient care and safety; and overall cost of
health care [152, 155].

The implementation of  the European Working Time Directive (EWTD) has dramatically
shortened doctors’ working hours in an effort to reduce resident fatigue, with the anticipat‐
ed result of decreasing fatigue-related medical errors and improving residents’ well-being
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[156].  Following  the  implementation  of  these  regulations,  increasing  attention  has  been
focused on the role of resident physicians’ fatigue and the occurrence of medical errors,
percutaneous  needle  sticks,  laceration injuries  and post-call  motor  vehicle  crashes  [157].
Although  certain  aspects  remain  controversial,  there  seems  to  be  a  positive  effect  on
residents’  fatigue levels,  quality  of  life  and job satisfaction,  which may positively  influ‐
ence patient safety [158, 159]. Despite these changes, long working hours remain a common
feature in health care worldwide [160].  An evidence-based approach is  needed to mini‐
mize  the  risk  that  current  work  hour  practices  bestow while  optimizing  education  and
continuity of care [86].

Research shows that the effect of sleep deprivation on cognition is an important public health
issue. Results of these studies have important implications in many areas of society, from new
policies in medical education [87] to flight psychologists, improving overall sleep patterns and
enhancing the war-fighting efforts of aviators in combat [89]. Understanding the fundamental
properties and mechanisms through which sleep disruption and sleep disorders are related to
cognition, and how sleep regulates alertness and performance in humans, also has therapeutic
implications for the development of treatment and prevention strategies, as well as novel
wake-promoting therapies [18].

10. Conclusions

Studies to date suggest that sufficient quantity and quality of sleep are required for many
aspects of amnestic and non-amnestic cognition, most notably executive attention, working
memory and higher cognitive functions. The amount of sleep required continues to be debated,
but it is generally agreed that people at the extremes of the sleep distribution, i.e. short (<5hr)
and long (>9hr) sleepers [20], are subject to cognitive deficits and accelerated cognitive ageing.
Proper alignment between sleep-wakefulness and internal circadian time is crucial for optimal
cognitive performance.

A vast amount of research has been conducted into the effect of sleep on cognition in specific
scenarios as highlighted in this review. Shift workers who may have shortened sleep patterns
have been implicated in compromised health and safety at work due to cognitive deficits.
Furthermore, during pregnancy, postpartum and the menopause, women are vulnerable to
sleep disturbances, which can have profound effects on different areas of cognition, most
notably memory. Age-dependent changes in sleep have been well documented, and research
has been conducted into the association between these changes and effects on normal and
pathological cognitive decline. Sleep disorders have also been shown to negatively affect
cognitive function across the lifespan.

Further research is required to understand the associations and mechanisms involved in more
detail, where the findings could have huge impacts in many areas of medicine, from normal
ageing to neurocognitive disorders and public health.
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cognitive performance.

A vast amount of research has been conducted into the effect of sleep on cognition in specific
scenarios as highlighted in this review. Shift workers who may have shortened sleep patterns
have been implicated in compromised health and safety at work due to cognitive deficits.
Furthermore, during pregnancy, postpartum and the menopause, women are vulnerable to
sleep disturbances, which can have profound effects on different areas of cognition, most
notably memory. Age-dependent changes in sleep have been well documented, and research
has been conducted into the association between these changes and effects on normal and
pathological cognitive decline. Sleep disorders have also been shown to negatively affect
cognitive function across the lifespan.

Further research is required to understand the associations and mechanisms involved in more
detail, where the findings could have huge impacts in many areas of medicine, from normal
ageing to neurocognitive disorders and public health.
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1. Introduction

Cognitive development is the construction of thought processes, including remembering,
problem solving, and decision-making, from childhood to adulthood. Moreover, it refers to
how a person perceives, thinks, and gains understanding of his or her world through the
interaction of genetic and learned factors. Among the areas of cognitive development are
information processing, intelligence, reasoning, language development, and memory.

Historically, the cognitive development of children has been studied in a variety of ways. The
oldest is through the Intelligence Quotient (IQ) based on the concept of "mental age" according
to which the scores of a child of average intelligence match his or her age, while a gifted child's
performance is comparable to that of an older child, and a slow learner's scores are similar to
those of a younger child. IQ tests are used worldwide, but they have come under increasing
criticism for defining intelligence too narrowly and for being biased with regard to race and
gender.

Therefore, the study and knowledge of the various exogenous/environmental factors that
could  influence  the  cognitive  development  could  be  considered  mandatory  for  the
comprehension of the childhood general developing.

2. Sleep and cognitive processes in children

In healthy children, disturbed sleep has been associated with behavioural impairments (e.g.,
hyperactivity, aggression, anxiety, etc.) [1-7] and reduced neurocognitive performance (e.g.,
lower IQ, impaired memory, reduced academic performance, reduced attentive ability, etc.)
[1,2,6,8].
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Among pediatric age, growing evidence suggests the role of sleep habits as disturbing factor
for influencing the cognitive development. The sleep disturbance can impact cognition as
shown by the negative effects of sleep breathing disorders both in adults [9] and children [10]
and as pinpointed by studies on the interaction between specific sleep stages in declarative
memory functioning [11] and learning disabilities [12].

Since 1980, [13]more studies have suggested that sleep is associated with IQ levels in children,
although the underlying mechanism remains still unknown. Studies involving children and
adults have identified a significant relationship between poor or insufficient sleep and
decreased cognitive capacity [14-26]. Furthermore, longer habitual sleep duration in healthy
school-aged participants has been associated with better performance on measures of percep‐
tual reasoning and overall IQ [23]. These findings reveal an association between sleep duration
and performance on IQ tests. Actually, the DSM-5 [27] highlighted the importance of general
mental abilities and of the adaptive functioning, beyond the IQ scores for the assessment of
individual cognition. In this light, the social and practical domains appear to be more relevant,
although the role of sleep cannot be excluded by these aspects, as showed by reports among
subjects affected by intellectual disabilities (28-32).

Several Authors have proposed that sleep spindles may physiologically underpin intelligence
or high-level general mental ability [33-35]. Sleep spindles are a feature of (predominantly)
stage 2 Non-Rapid Eye Movement (NREM) sleep, and are characterized by recurrent and brief
bursts of spindle-like EEG activity.

Moreover, spindles may be classified as either slow (10–13 Hz) or fast (13–16 Hz), with different
EEG scalp topographies [36], and are both co-active also with hemodynamic responses in
different cortical regions [37] and playing a strong role in the reprocessing of previously
encoded information [38].Moreover, Mednick et al in 2013 have been showed as the pharma‐
cological increase induction in spindle occurrence tend to improve memory, providing even
stronger support for a mechanistic role of spindles in memory consolidation [39]. Specifically,
retention of verbal informations are related to spindles recorded over frontal brain regions [40],
while parietal spindles correlate with spatial memory [41].

In general, in humans the maturation of cognitive skills seems to be linked to a subsequent
period of slow-wave activity (SWA), that undergoes maturation in parallel with cortical
morphology [42,43] and sleep spindles (10–14 Hz) directly involved in synaptic remodeling,
leading to alterations in synaptic strength and synchronized neuronal firing [44-47]

On the other hand, sleep spindle frequency in healthy school-age children seems to be
negatively associated with performance on the working memory and perceptual reasoning
modules of the Wechsler Intelligence Scale for Children-IV (WISC-IV) [48]. Moreover, lower
sleep spindle frequency may be associated with better performance on the Intelligence
perceptual reasoning and working memory WISC-IV scales, although sleep spindle amplitude,
duration and density could be not directly associated with performance on the IQ test. [48]

In general in paediatric age children, sleep disturbances have been often considered as the
epiphenomena of an underlying maturational disorder leading to cognitive impairments.
However, cortical maturation and sleep-dependent mechanisms of brain plasticity seem to

Sleep and its Disorders Affect Society30

follow similar developmental trajectories, suggesting closer interactions between these two
dynamic processes [42,43,49,50]. In this light, abnormal sleep activity in children might be a
causal, or at least a contributing factor in cognitive and learning impairments [51,52].

Specifically, converging evidence demonstrated that sleep plays a critical role in the ‘evolution’
of memories [53]. In fact, once encoded, sleep-dependent memory processing can not only
stabilize memories – a process classically referred to as memory consolidation – but can also
enhance them and integrate them into existing memory networks, extracting key elements for
retention, abstracting the gist from multi-item memories, discovering the rules governing such
collections of item memories, and even modifying them in ways that facilitate the subsequent
discovery of creative insights [53].

Conversely,  in  the  declarative  memory  domain  (i.e.  the  memory  for  facts  and  events,
usually verbalizable and explicit), beneficial effects of post-learning sleep on performance
have been highlighted using mostly verbal (word pairs) and visuospatial (e.g. memory for
pictures or objects' location, virtual navigation) hippocampus-dependent learning tasks. For
instance, cued recall  of learned pairs of words was consistently shown better after post-
learning sleep than after a similar period of time spent awake [54-61]. Additionally, sleep
may help protecting recently learned memories against retroactive interference due to the
acquisition of a novel and related verbal material [62,63]. Therefore, sleep would partici‐
pate in memory consolidation processes more than by merely protecting novel memories
from  ongoing,  non-specific  daytime  interferences  and  memory  decay  as  previously
advocated [64]. Likewise in the non-declarative or procedural memory domain, beneficial
effects of post-learning sleep have been evidenced for the consolidation of novel skills and
habits,  although results are more controversial.  Sleep-dependent improvements in visual
discrimination  skills  have  been  consistently  demonstrated  using  the  texture  discrimina‐
tion task (TDT) [65-70]. Furthermore in this task, performance deteriorates over repeated
practice sessions within a day reflecting the saturation of the underlying neural circuits,
unless sleep is allowed between sessions [71].

In this light, performance stabilizes or even increases depending on the duration of the sleep
episode and the availability of slow wave sleep (SWS) and rapid eye movement (REM) sleep
[72].

A most characteristic electrophysiological feature of non-rapid eye movement (NREM) sleep
is the slow oscillation, visible on scalp electroencephalography (EEG) as a biphasic wave of
high amplitude and a fundamental frequency of around 1 Hz [73]. This slow oscillation is the
result of the alternation of periods of extended synchronization and desynchronization of the
membrane potentials of numerous cerebral cortical neurons [74].

During the hyperpolarized phase, often called “down state”, neurons remain silent for up to
a few hundred milliseconds. During the depolarized phase, also called “up state”, neuronal
spike activity takes place, often including burst firing [74]. The “up states” seem to be associ‐
ated with complex and widespread neuronal network activity throughout the brain [75],
including high-frequency oscillations. Especially these oscillations, and their coalescence with
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slow oscillations, have been implicated in network communication and systems consolidation
of memory traces [76-79].

During the up states of slow oscillations, newly encoded memory representations are thought
to be reactivated and redistributed, enabling a shift from temporary storage to long-term
storage. Crucial for the dynamic formation of neuronal ensembles and altering of the synaptic
connections during the up state is the co-occurring thalamo-cortical and cortico-cortical
neuronal activity in higher frequency bands, notably the 10–15 Hz sleep spindles [80] and the
>30 Hz gamma oscillations [81-83].

Over past decades, it has been evidenced that sleep can contribute to the consolidation of
declarative memories in children. How and whether sleep helps in consolidating verbal and
non-verbal procedural skills in this population remains a matter of debate and deserves further
investigations. Dedicated studies combining comprehensive behavioural measures, neuro‐
physiological and/or neuroimaging recordings in healthy and pathological populations are
crucially needed to unravel the mechanisms underlying the evolution of sleep-dependent
memory consolidation processes during childhood. Moreover, we could speculate that
neurophysiological and neuroimaging investigations may contribute to enlighten the patho‐
physiological associations linking abnormal sleep patterns, cognitive disturbances and
impaired sleep-dependent plasticity processes throughout the developmental phase. These
investigations should be conducted in parallel with the study of pathological conditions in
which children present abnormal sleep patterns and cognitive deficits, such as, for a few
instances, ADHD, specific language impairments and epileptic syndromes. In this framework,
comparing the development of sleep-dependent plasticity markers [84] in children with or
without cognitive disorders, and how this evolution interacts with cognitive functioning and/
or cortical maturation, constitutes a promising field of research to understand the pathophy‐
siological conditions subtending the long-term disruption of cerebral plasticity processes
involved in memory consolidation during sleep [84].

Moreover, the well known relationship between sleep and cognition in all ages of life suggests
a key role of sleep in cognitive impairment conditions such as mental retardation [85-89],
borderline intellectual functioning [32], learning [12,90], memory [91,92] and executive
functions disabilities [93-95]. The approaching to the intellectual disabilities could be difficult,
particularly in developmental age. In this framework sleep neuropshysiology may help the
knowledge and comprehension for the functional interrelationships between the cerebral
areas.

In general, the decreasing of sleep efficiency and decreased REM ratio were reported as
characteristic neurophysiological signs in several developmental disabilities like Down
syndrome [96,97], autism [96], Angelman syndrome [98] and in ADHD [99].

Moreover, lower sleep efficiency, higher WASO, increases in NREM sleep EEG (relative) delta
and region-dependent decreases in sigma/high frequency activities were reported in subjects
with Asperger syndrome [100].

Finally, reduced total sleep time, decreased sleep efficiency percentage, higher WASO,
increases in frontally measured NREM sleep EEG delta power and SWS time, as well as region-
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dependent decreases in sigma power and reduced REM sleep percent were reported in
Williams syndrome [101]. Thus, several papers are reporting similar sleep-EEG alterations in
different conditions affecting intellectual functioning.

3. From childhood to adulthood: Differences and similarities in the
developmental course

The differences between children and adults are legion, and how they approach and learn from
new situations is clearly one of them. Purely psychological studies, ranging from the work of
Piaget in the 1950s and 1960s to the ongoing work of Spelke and Carey [102], have focused on
the developmental trajectory of learning capacities and the dependence of each incremental
improvement on the ones preceding it. Other studies focused on the continuing development
of the cerebral cortex as key to changes in learning style and intellectual development [103].
In their recent study, Wilhelm et al. suggest that at least some of the differences in how adults
and children process newly acquired information result from age-dependent differences in the
forms of sleep-dependent processing applied to such memories [104]. Specifically, their
findings suggest that children, 8–11 years of age, show greater sleep-dependent extraction of
explicit, or declarative, knowledge of the rules that govern an implicit procedural task than do
adults, 18–35 years old [104].

In general, not every memory undergoes all of these forms of sleep-dependent processing, and
the mechanisms that determine which ones are employed for a given memory remain poorly
understood. [104].

A possible explanation of this age difference in declarative knowledge is found in the structure
of children’ sleep. Children not only obtained significantly more sleep than the adults (9.8 vs
6.5 hr), but spent more than twice as much of that time in deep, slow wave sleep (SWS; 39%
vs 17%; 217 vs 64 min)). [105].

The suggestion that increased SWS in children might lead to better extraction or maintenance
of declarative as opposed to non-declarative (e.g., procedural) knowledge has its counterpart
in the suggestion found in a recent report [106] that further decreases in SWS with aging might
underlie the difficulty to retain new declarative memories experienced by the elderly.

Even childhood naps may be part of this story. Among 15-month-old infants, only those who
napped after a learning task retained knowledge of it the next morning [107]. Moreover, they
suggested that the developmental changes in sleep architecture, with more naps, SWS, and
REM sleep in children than adults, reflects parallel changes in how sleep guides the evolution
of memories across the life cycle, in part enhancing explicit fact memory in children, but more
abstract knowledge in adults. Perhaps sleep makes children smarter, but adults wiser [105].

The expression of slow waves undergoes remarkable changes during development, both with
respect to their topographical distribution [43, 108-110], as well as with respect to their
amplitude [111-113]. The amplitude of slow oscillations increases during childhood to peak
shortly before puberty [112]. Conversely, a steep drop occurs during adolescence, decelerating
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slow oscillations, have been implicated in network communication and systems consolidation
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dependent decreases in sigma power and reduced REM sleep percent were reported in
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at the age of about 17 years, after which the amplitude declines only slowly [111]. The
amplitude of slow oscillations reflects the degree of synchronization by which cortical neurons
switch between up and down states [88]. Although receiving much less attention, the capacity
of a densely connected neuronal network to synchronize its activity may not only be reflected
in the amplitude of slow oscillations, but might as well lead to more pronounced oscillations
in frequency bands other than the 0.5–4 Hz range. Indeed, power in the theta (4–8 Hz) range
declines across puberty and early adolescence [113]. Gaudreau et al. [114] investigated NREM
sleep EEG power in a wider range of frequency bands across the age range of 6 to 60 years.
They report a much higher absolute power of theta (4.0–7.75 Hz), alpha (8.0–12.0 Hz) and beta
(15.25–31.0 Hz) in the group of children in the range of 6 to10 years, as compared to the groups
of adolescents (range 14 to 16 years), young adults (range 19 to 29 years) and middle aged
adults (range 36 to 60 years). The largest values for spindle-range power (12.25–15.0 Hz) were
found in the adolescent group, suggestive of an inverted-U shape peaking somewhere between
the age of about 10 years and late adolescence. Jenni and Carskadon [115] investigated
developmental changes across the 0.6 to 25 Hz NREM-sleep power spectrum and found that
children aged 9.6–12.9 years, as compared to children aged 11.8–15.9 years, had significantly
higher absolute power not only in the low frequencies up to about 7 Hz, but also in the 12–13
Hz sigma range and 16–17 Hz low beta range. Recently, both Tarokh et al. [109, 110,116] and
Baker et al. [117] applied within-subject follow-up design rather than the above-mentioned
cross-sectional approaches, to confirm that changes in the sleep EEG across adolescence were
not restricted to the lower frequency bands, neither to NREM sleep only. Across adolescence,
the sleep EEG power decreases over a wide range of frequencies, up to the beta range for at
least some derivations. In summary, the above mentioned developmental studies suggest that
a wide range of cortical oscillations measured in the scalp EEG show their maximal signal to-
noise ratio in late childhood, around the age of 11, where the signal of interest is the amplitude
of the oscillations and the noise reflects the noise floor of scalp EEG assessment [118]. In
contrast the gamma power increased on the rising slope and positive peak of the slow wave,
with strongly suppression of both gamma and spindle activities during the negative peak,
independently by external stiulation (i.e. acoustic) [118]

Recently, the topographic distribution of slow wave activity (SWA; EEG power between 0.75
and 4.5 Hz) during non-rapid eye movement (NREM) sleep was proposed to parallel cortical
maturation from childhood through adolescence [43]. High density sleep EEG recordings in
children and adolescents between 2 and 20 years of age showed that SWA exhibits a regional,
age specific predominance with a developmental shift from occipital to frontal regions
reaching frontal derivations only during adolescence. Strikingly, the local SWA maxima
paralleled the time course of cortical gray matter [119, 120] and behavioural maturation [121]
indicating that SWA may be a marker of brain maturation. This interpretation seems to be in
line with the increasing number of reports showing a direct relationship between sleep slow
waves and plastic cortical processes [122, 123]. More specifically, it has been hypothesized that
wakefulness is associated with a significant increasing in synaptic strength, which is homeo‐
statically rebalanced during sleep. This hypothesis was confirmed in various species examin‐
ing markers of synaptic strength. A close relationship between SWA and cortical synapses has
been proposed early on [124]. Although direct evidence is lacking, recent findings from animal
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studies or humans using current in vivo measures for cortical structure and activity support
the suggestion that synaptic strength is reflected in deep sleep slow waves [125]. Several
studies have shown that slow wave characteristics (SWA, topography, slope, amplitude) are
closely related to maturational alterations in the cortex [42,43,49,50]. Moreover, slow waves
represent synchronized activity among cortical neurons, as shown by multiunit recordings in
the rat [123]. Thus, neurons show synchronized activity, the larger is the amplitude of slow
waves displayed by this network. Increased synchronization is achieved by stronger synaptic
connections and/or a denser network (i.e. more connections) [125].

In general it has been stated that the SWA is related to cortical plasticity [123, 126-130] (e.g., a
change in strength and/or number of synapses) not only occurs because of learning processes,
but also in the course of brain maturation. In fact, it was shown that SWA is not equally
distributed across the scalp in children and adolescents, but exhibits local age-specific maxima
[43]. Furthermore, the location of maximal SWA seems to parallel the time course of cortical
maturation along the posteroanterior axis [131]. Thus, the topography of SWA may reflect
cortical plasticity during development [125].

Regarding the effect of sleep deprivation, children demonstrate difficult behaviors when sleep
deprived that can be stressful and impact quality of life for the entire family. Connecting sleep
problems with daytime behavioral challenges may not be intuitive to parents. Adults manifest
different symptoms when sleep deprived such as daytime sleepiness, psychomotor slowing
and impairments in cognitive processing and memory [132]. In comparison, sleep deprivation
in children is more likely to be associated with a range of emotional/behavioral disturbances,
including problematic behaviors [133], attention problems [134-136], anxiety/depression [137],
and hyperactivity [138, 139]. Brain maturation is a complex process [140] that begins prenatally
with neural proliferation and migration and synapse formation continuing till two years of
age. Myelination is an important process that begins prenatally as well but continues into
adolescence with different systems myelinating at different times. The determinants of
neurodevelopment and behavior rely on complex neural circuits that connect neural substrates
to serve a specific function. The development of these neural circuits is still a mystery and
influenced by genetic, sociocultural, medical and environmental factors [141]. The neuroana‐
tomic substrates involved in neurobehavioral functioning span cortical, subcortical and
brainstem regions and formulate complex networks which include the prefrontal cortex,
amygdale and striatum. Executive functioning is highly localized to the prefrontal cortex. The
amygdala is of great importance to emotional reactivity and affect and striatum to reward
seeking behavior. Neuroimaging techniques reveal complex patterns of neuroanatomical
functioning during specific sleep stages.

During NREM slow wave sleep, the brainstem, thalamus, basal ganglia, and prefrontal and
temporal lobe regions all appear to undergo reduced activity [142]. In REM sleep, significant
levels of activity are reported in the pontine tegmentum, thalamic nuclei, occipital cortex,
mediobasal prefrontal lobes together with affect related regions including the amygdala,
hippocampus, and anterior cingulate cortex [142]. The prefrontal cortex is relatively inactive
all through sleep in contrast to its high activity during waking states [143]. This inactivity is
reflected by the high voltage and slow brain wave oscillations in NREM sleep in the frontal
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lobes, relative to other cortical regions, suggesting that the thalamocortical input is disabled
and a lower level of metabolism in the frontal lobes during NREM sleep stages is present [144].
Several investigators have suggested that sleep is particularly important for restoring pre‐
frontal cortical activity [145-148] however, this restorative process remains poorly understood.
Neuroimaging studies showed profound effects of one night's total sleep deprivation on the
blood flow to prefrontal areas which correspond to the deteriorations in daytime prefrontal
task performance [149,150].

On the other hand, sleep deprivation also impacts neural circuitry underlying regulation of
emotions, impulsivity and reward seeking behavior. Sleep deprived adult volunteers viewing
emotional images have increased activation of the amygdala on functional neuroimaging yet
weaker connection between the prefrontal cortex and the amygdala [151]. This scenario allows
for uncontrolled, increased emotional response. Likewise, neurocognitive functions that
involve the striatum and basal ganglia such as risk avoidance and responsiveness to rewards
are also impacted by sleep deprivation. For instance, sleep deprived adults take greater risks
and are less concerned about consequences of their behavior [152]. Such findings have also
been noted in adolescents aged 11–13 years using functional magnetic resonance imaging
(fMRI) and a guessing task with monetary rewards [153]. During reward anticipation, less
activation in the caudate nucleus (part of the ventral striatum) was associated with reduced
sleep time, later sleep onset time, and lower self-reported sleep quality. During reward
outcome, less caudate activation was seen with later sleep onset time, earlier sleep offset time,
and lower sleep quality. This findings suggested that sleep deprivation could contribute to
low reactivity in reward-related brain areas in adolescents and may lead to compensatory
increases in reward-driven behavior. Such findings have significant public health implications
when one considers that reward seeking behaviors are associated with depressive symptoms,
sensation seeking, and substance abuse in adolescents [137, 154].

4. Conclusions

The relationship between sleep and cognition is intriguing and not yet well understood.

Investigation into sleep habits in the young and the neurophysiological study of sleep (e.g.
sleep macrostructure, microstructure, power spectra and CAP) may be considered as manda‐
tory in the future for a better knowledge and comprehension of cognition development.
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Chapter 3

An Essay on Sleep-Related Sexual Behaviours and
Offences Related to Sexual Behaviours

Chris  Idzikowski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59140

1. Introduction

The aim of this chapter is to consider mainly the deep sleep parasomnias associated with sexual
behaviour (known variously as sexsomnia, sleep sex, etc, see below) that may lead to non-
consensual behaviour resulting in criminal charges.

Most jurisdictions will acquit a defendant if a court accepts that the criminal behaviour
occurred whilst they were asleep-that is they were 'sleepwalking' or in a 'somnambulistic' state.
It is said that Hippocrates and Aristotle were aware of the condition; that Galen wrote in De
motu musculorum "that he once spent a whole night walking about in his sleep, awakening only
after he struck a stone in his way" and that the philosopher Diogenes Laërtius "was said to
read, to write, and to correct his works while asleep" [1], similar to one of John Polidori’s cases
[2]. Umanath et al also note that Polish intellectual Joannes Jonstonus in his 1632 Thaumatog‐
raphia naturalis had a section on “Of Walkers in the Night” [1]. In England King James II in the
seventeenth century pardoned Colonel Cheyney Culpeper for shooting a guardsman and his
horse with a blunderbuss [1, 3]. (It should be noted that blunderbusses are not very accurate
though very effective at short range.)

Sexual relations are complex across a range of dimensions [4] which could impact on reporting
of sexual crimes, both historically and now. Some may be clouded in confusion-as for example,
with the ‘Old Hag’ (an incubus?) in sleep paralysis (when the muscles of the body are tempo‐
rarily paralysed around the time of awakening) [5]. Schenck et al do cover sleep paralysis
mainly in the context of narcolepsy though [6]. In their appendix they had to resort to quoting
Tess’s experience in Thomas Hardy’s Tess of the d’Urbervilles (1891) [7] to provide some
historical though literature-based context.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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Putting forward a sleep-related sexual behaviour (SRSB) as a defence is relatively new and has
emerged within the last two decades. Whilst the literature shows Bowden [8] reacting to
Buchanan’s report of a case of somnambulistic indecent exposure [9] by pointing out that Motet
in an 1897 article in the Annales d'Hygiène et de Médecine Légale described a similar case, this is
not the type of sexual offence considered in this chapter (the advice generally being wear
pyjamas or nighties if you are a sleepwalker). As a side note, Motet’s case was interesting as
the court acquitted the defendant on the basis that a somnambulistic state was confirmed by
hypnotism. Using the England and Wales Sexual Offences Act 2003 as a guide the type of
offences considered are rape, sexual assault by penetration, sexual assault, etc, those offences
where consent is as much of an issue as the behaviour. Both Shapiro (Canada) [10, 11] and
Guilleminault (U.S.) [12] were the first to describe case series of SRSBs (though there had
previously been sporadic case reports, e.g. Wong: masturbation [13] and forensic cases, e.g.
Fenwick [14]), which eventually led to both Schenck et al’s 2007 comprehensive, thorough and
critical review of the whole area [6].

Legal procedures have evolved to deal with sleep-related violent behaviour but SRSB has only
recently been described so existing laws have to be applied to these cases. Given that courts
have no experience with these cases inevitably means that expert guidance is needed. There
are, however, as this essay flags problems, e.g.1) laws are inconsistent with respect to sleep-
related violence and 2) sleep research is in its infancy and has difficulty answering the
questions that courts may pose. To examine these problems the recently published 2014 3rd

edition of the International Classification of Sleep Disorders [15] will be used as a springboard
to explore SRSB. This is followed by an examination of existing SRSB literature, and the
professional guidelines that have evolved to manage these cases. The problem of matching the
different possible medical (mainly psychiatric) models of these disorders with the different
legal models of a defendant [16] and the lack of an ontological basis with which to link these
two professional domains will be deferred to another essay.

2. The international classification of sleep disorders 3rd edition [2014] [15]

The International Classification of Sleep Disorders Diagnostic and Coding Manual, 3rd edition
[2014] (ICSD3) [15] lists more than 60 different sleep disorders. This is a reduction to the
number of disorders listed in the previous manual, published 2007, which had 80 but more
than the original manual published 1990. The reduction reflects refinements in the classifica‐
tion and pooling some categories which were better covered by umbrella terms.

The sleep disorders are roughly classified into insomnias (inability to sleep), hypersomnias
(inability to remain awake), sleep-related breathing disorders (SRBs) and the parasomnias
(unwanted or abnormal behaviours during sleep) see Table 1. The parasomnias are the main
group of interest in ICSD3 [17]. There are overlaps (e.g. treatment of SRBs may trigger the (re-)
emergence of a parasomnia [18] or SRBs may mimic parasomnias [19], or hypersomnias like
narcolepsy [20, 21].
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Figure 1. Sleep Disorders (ICSD3)

The parasomnias are further divided into REM (Rapid Eye Movement) and NREM (Non-REM)
– Figure 1; and again there are overlaps such as Parasomnia Overlap Disorder. The NREM
Disorders of Arousal include Confusional Arousals, Sleepwalking and Night Terrors. These
disorders all have similar characteristics and are distinguished thus: Confusional arousals are
characterised by mental confusion or confused behaviour that occurs while the person is in
bed and there is an absence of terror or ambulation outside of the bed. Sleepwalking is
associated with ambulation and other behaviours out of bed whilst Sleep (Night) Terrors are
characterised “by episodes of abrupt terror, typically beginning with an alarming vocalization
such as a frightening scream” and “There is intense fear and signs of autonomic arousal,
including mydriasis, tachycardia, tachypnea, and diaphoresis during an episode.

Disorders of Arousal (From NREM Sleep) - confusional arousals, sleepwalking, sleep terrors (including SRSBs)

share similar

1 genetic and familial patterns

2 pathophysiology of partial arousals from deep sleep

3 priming by sleep deprivation and bio-psychosocial stressors

and are

1 not secondary to psychiatric disorders

2 not generally secondary to neuropathology or head injury

3 associated with absent or minimal cognitive functioning

4 associated with amnesia for the prior episode

5 may be triggered by sound, touch, or other stimuli

Table 1. Disorders of Arousal (From NREM Sleep) — Confusional arousals, sleepwalking, sleep terrors (including
SRSBs) share similar:
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As with many diagnostic schemes the frequency of a sign or symptom leads to a classification
rule. The problem in many legal cases is that all the signs and symptoms for a recognised
(medical) mental disorder may be present but a single instance is insufficient to warrant a
‘diagnosis’.

3. Disorders of arousal

Disorders of arousal lead to behaviours that are usually initiated during partial arousals from
(deep) slow wave (N3) sleep. "Most episodes are brief, but they may last as long as 30 to 40
minutes [in some children].” ICSD3 notes that most sleepwalking occurs in children. “They are
especially prevalent among children and adults younger than 35 years.” Also: “The prevalence
of confusional arousals in children three to 13 years of age in a large population-based study
was 17.3%. Lifetime prevalence of confusional arousals has recently been reported as 18.5%
(16.1-20.9 confidence interval). The prevalence among adults older than 15 years is 2.9% to
4.2%”.

The behaviours can be simple or complex, well-learned or automated or instinctive behaviour
of which the person is thought to be unaware and usually is completely amnesic; there is either
no, or relatively sparse mental content. Actions are not necessarily completed. Awakening is
difficult and slow-this effect is known as sleep inertia (and has been called sleep drunkeness).
“Sleep talking and shouting may accompany these events. The eyes are usually open during
an episode and, not uncommonly, are wide open with a confused “glassy” stare." Someone
with "a disorder of arousal may be very difficult to awaken and, when awakened, is often
confused. There is usually amnesia for these episodes, although adults may remember
fragments of episodes. Dream-like mentation is sometimes reported in adults. Other high-level
cognitive functions such as attention, planning, social interaction, and intent are absent."

Sleepwalking tends to run in families. A twin study looking at how genetic and environmental
factors affect sleepwalking looked at 11, 220 subjects including 1, 045 monozygotic (genetically
identical) twins and 1, 899 dizygotic (50% of gene factors shared) twins. Childhood sleep‐
walking was more frequent in women 9% saying they experienced it “sometimes” or “often”
compared to 8%” of men. Childhood sleepwalkers can continue walking as adults. 24.6% of
men and for 18.3% of women continued to walk if they had walked frequently as children [22].
Of adult men sleepwalkers 88.9% had a positive history of sleepwalking in childhood, and in
women, 84.5%. For both men and women those who never walked in their sleep as children
did so rarely has adults-0.6%.In a separate study, immediate relatives of sleepwalkers were
shown to have at least a 10-fold increased likelihood of sleepwalking over that of the general
population. There are no studies on genetic similarity. The highest correlations in both children
and adults between parasomnias were between sleep talking with sleepwalking, nightmares,
and bruxism (tooth grinding) [22].

It is not clear why sleepwalking should decline during adolescence. Certainly children have
much more deep sleep than adults and the duration of deep sleep declines during adolescence.
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What triggers sleepwalking is also an area of debate. During deep sleep the thalamus which
is the main sensory relay in the brain goes into an idling or neutral state so less sensory
information is passed up to the cortex. The cortex reacts to stimuli so with less stimuli the less
there is to respond to. As the areas of brain that handle automatic or well-learned behaviour
have not shut down but are also in a neutral state, the person just continues to sleep. However,
if there is an interruption of breathing or some other stimulus then the learned behaviour may
be triggered. As the rational part of the brain is switched off there is nothing to prevent the
behaviour, the walk, beginning. Recent research on adult sleepwalkers showed that sleep‐
walkers thought that stressful events during the day triggered sleepwalking 52% of the time.
Other important triggers that were reported were: strong positive emotions 42%, prior sleep
deprivation 27%, alcohol 12% and intense physical activity 5% [23]. However, it has been
suggested recall bias may have affected these results [24].

Zadra has highlighted some misconceptions concerning somnambulism that have arisen over
time: 1) that it has no daytime consequences; apparently there are, patients are more somnolent
and have daytime functioning anomalies, 2) somnambulism is characterised by episodic
amnesia-this appears not to be the case and 3) somnambulism is an automatic behaviour
arising in the absence of dreamlike mental activity-again untrue, it has always been known
that dream mentation is not exclusively related to REM sleep and Montplaisir’s group has
noted mentation in somnambulists [25]. These ambiguities lead to disagreements in classifi‐
cation and diagnostic committees. For legal cases this is a problem as factors that are considered
as significant may in fact not be. There is also a problem with working clinician’s experience,
particularly those who are not engaged at sleep centres and even those have the difficulty of
not actually knowing what patients do in their homes as patients, on the whole, do not have
the capacity to walk in sleep centres.

3.1. Sleep-related violence

NREM Disorders of arousal are not inevitably associated with (criminally) violent behaviour.
In a cohort of 64 of his patients Moldofsky noted with 89% sensitivity, 80% specificity and 81%
diagnostic accuracy violence was associated with being male and having less than 2% stage 4
sleep (similar to N3, refer to table 4) [26]. Also associated was experiencing more stressors,
drinking excessive caffeinated beverages and abusing drugs. A UK population study on 2, 078
men and 2, 894 women reported 1997 noted a frequency of 2% [27]. A larger sample of 19, 961
participants was polled 2010 in Finland, Germany, Italy, Portugal, Spain and the UK and found
the frequency was 1.7% of the population [28]. The perpetrators were younger than 35. 61.5%
noted vivid dreams during the episodes, though the highest frequency was observed with
subjects suffering from sleepwalking and sleep terrors. It is notable that only 12.3% of these
subjects reported their problems to a physician. Guilleminault reviewed his violent cases in
1998 comprising of 48 patients with REM Behaviour Disorder (who will not be discussed in
this essay), 44 young somnambulistic patients (mean age 18+/-5 years) and 27 older subjects
[29]. His review is preceded with pertinent questions for the forensic area:”Is the subject ever
‘asleep’ during violent acts, do the events occur out of sleep, or is there an intermediate or borderland
period between sleep and wake? At what point does full alertness occur? Is there a decrease or absence
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4.2%”.

The behaviours can be simple or complex, well-learned or automated or instinctive behaviour
of which the person is thought to be unaware and usually is completely amnesic; there is either
no, or relatively sparse mental content. Actions are not necessarily completed. Awakening is
difficult and slow-this effect is known as sleep inertia (and has been called sleep drunkeness).
“Sleep talking and shouting may accompany these events. The eyes are usually open during
an episode and, not uncommonly, are wide open with a confused “glassy” stare." Someone
with "a disorder of arousal may be very difficult to awaken and, when awakened, is often
confused. There is usually amnesia for these episodes, although adults may remember
fragments of episodes. Dream-like mentation is sometimes reported in adults. Other high-level
cognitive functions such as attention, planning, social interaction, and intent are absent."

Sleepwalking tends to run in families. A twin study looking at how genetic and environmental
factors affect sleepwalking looked at 11, 220 subjects including 1, 045 monozygotic (genetically
identical) twins and 1, 899 dizygotic (50% of gene factors shared) twins. Childhood sleep‐
walking was more frequent in women 9% saying they experienced it “sometimes” or “often”
compared to 8%” of men. Childhood sleepwalkers can continue walking as adults. 24.6% of
men and for 18.3% of women continued to walk if they had walked frequently as children [22].
Of adult men sleepwalkers 88.9% had a positive history of sleepwalking in childhood, and in
women, 84.5%. For both men and women those who never walked in their sleep as children
did so rarely has adults-0.6%.In a separate study, immediate relatives of sleepwalkers were
shown to have at least a 10-fold increased likelihood of sleepwalking over that of the general
population. There are no studies on genetic similarity. The highest correlations in both children
and adults between parasomnias were between sleep talking with sleepwalking, nightmares,
and bruxism (tooth grinding) [22].

It is not clear why sleepwalking should decline during adolescence. Certainly children have
much more deep sleep than adults and the duration of deep sleep declines during adolescence.
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What triggers sleepwalking is also an area of debate. During deep sleep the thalamus which
is the main sensory relay in the brain goes into an idling or neutral state so less sensory
information is passed up to the cortex. The cortex reacts to stimuli so with less stimuli the less
there is to respond to. As the areas of brain that handle automatic or well-learned behaviour
have not shut down but are also in a neutral state, the person just continues to sleep. However,
if there is an interruption of breathing or some other stimulus then the learned behaviour may
be triggered. As the rational part of the brain is switched off there is nothing to prevent the
behaviour, the walk, beginning. Recent research on adult sleepwalkers showed that sleep‐
walkers thought that stressful events during the day triggered sleepwalking 52% of the time.
Other important triggers that were reported were: strong positive emotions 42%, prior sleep
deprivation 27%, alcohol 12% and intense physical activity 5% [23]. However, it has been
suggested recall bias may have affected these results [24].

Zadra has highlighted some misconceptions concerning somnambulism that have arisen over
time: 1) that it has no daytime consequences; apparently there are, patients are more somnolent
and have daytime functioning anomalies, 2) somnambulism is characterised by episodic
amnesia-this appears not to be the case and 3) somnambulism is an automatic behaviour
arising in the absence of dreamlike mental activity-again untrue, it has always been known
that dream mentation is not exclusively related to REM sleep and Montplaisir’s group has
noted mentation in somnambulists [25]. These ambiguities lead to disagreements in classifi‐
cation and diagnostic committees. For legal cases this is a problem as factors that are considered
as significant may in fact not be. There is also a problem with working clinician’s experience,
particularly those who are not engaged at sleep centres and even those have the difficulty of
not actually knowing what patients do in their homes as patients, on the whole, do not have
the capacity to walk in sleep centres.

3.1. Sleep-related violence

NREM Disorders of arousal are not inevitably associated with (criminally) violent behaviour.
In a cohort of 64 of his patients Moldofsky noted with 89% sensitivity, 80% specificity and 81%
diagnostic accuracy violence was associated with being male and having less than 2% stage 4
sleep (similar to N3, refer to table 4) [26]. Also associated was experiencing more stressors,
drinking excessive caffeinated beverages and abusing drugs. A UK population study on 2, 078
men and 2, 894 women reported 1997 noted a frequency of 2% [27]. A larger sample of 19, 961
participants was polled 2010 in Finland, Germany, Italy, Portugal, Spain and the UK and found
the frequency was 1.7% of the population [28]. The perpetrators were younger than 35. 61.5%
noted vivid dreams during the episodes, though the highest frequency was observed with
subjects suffering from sleepwalking and sleep terrors. It is notable that only 12.3% of these
subjects reported their problems to a physician. Guilleminault reviewed his violent cases in
1998 comprising of 48 patients with REM Behaviour Disorder (who will not be discussed in
this essay), 44 young somnambulistic patients (mean age 18+/-5 years) and 27 older subjects
[29]. His review is preceded with pertinent questions for the forensic area:”Is the subject ever
‘asleep’ during violent acts, do the events occur out of sleep, or is there an intermediate or borderland
period between sleep and wake? At what point does full alertness occur? Is there a decrease or absence
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of judgment when violent actions occur within this ill-defined borderland between wake and sleep? Based
on available data, if one accepts the existence of this borderland of sleep and abnormal states of alertness,
how long could this "abnormal state" last? Is there some event during sleep that influences the violent
behavior? Is the state of alertness during the abnormal behavior different from "normal" wake, and, if
different, how and based on what objective information?” Perhaps the review not surprisingly could
not answer the questions but characterise many of the behaviours that can occur and further
noted instances of seizures, the impact of narcolepsy and sleep-related respiratory disorders.
He does note:”The pattern of violence against others is mostly an unconstructed violence against a
bystander who may not be recognized by the wandering subject The most likely bystander, given the
time these nocturnal episodes occur, is a caregiver or family member, often leading to a heart breaking
situation for the perpetrator of the violent act.” Siclari et al recently (2010) reviewed the violence
in sleep literature [30]. They noted that apart from the NREM parasomnias (Confusional
Arousals, Sleepwalking and Sleep Terror) and REM parasomnias (RBD) that epileptic condi‐
tions such as Nocturnal Paroxysmal Dystonia and Epileptic Nocturnal Wandering, Confu‐
sional States, Psychiatric dissociative states and malingering could also account for
(apparently) sleep-related violence. They also listed numerous court cases which perhaps is
less than desirable (see below) but amongst other topics usefully provided a summary
distinguishing between arousal disorders and nocturnal seizures in nocturnal frontal lobe
epilepsy. Ebrahim & Fenwick [31] provide the most comprehensive listing for differential
diagnosis (see Table 2) and controversially use an alcohol provocation test in their sample case.
Their work has led to some controversy [32-40].

Organic medical and neurologic disorders

Vascular

Mass lesions

Toxic/metabolic

Infectious (limbic encephalitis).

Central nervous system (CNS) trauma.

Seizure disorders e.g. partial complex seizures.

Nocturnal seizures

Narcolepsy and idiopathic hypersomnia.

Sleep apnoea.

Sleep deprivation.

Sleep schedule/circadian rhythm disorder (including jet-lag).

Psychogenic disorders (Dissociative states, Fugues. Multiple personality disorder)

Psychogenic amnesia.

Post-traumatic stress disorder.

Malingering.

Munchausen by proxy.

Table 2. Ebrahim & Fenwick provide a comprehensive list of possible aetiologies to aid differential diagnosis [31]
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4. Forensic guidelines for sleep-related violence

In forensic psychiatry it not unusual to consider a behaviour in terms of predisposing (e.g.
heredity), priming (e.g. sleep deprivation) and precipitating (e.g. touch) factors. Pressman in
a series of papers has examined reviewed the literature to consider variables such as touch,
sleep deprivation, febrile illness, etc. [37, 41] with a particular focus on sleep recording
correlates [42] and alcohol [24, 38]. He has also questioned whether in cases that involve
alcohol, whether the amnesia associated with the alleged event is caused by the putative
parasomnia or is merely the result of an alcohol blackout [43] and whether the apparent
association is a result of a methodological bias in the way the data has been collected (i.e. if a
sleepwalker says they walk more often but are amnesic then how do they know, and how
reliable is a third-party’s information on the association) [24].

Feature Violent behaviour SRSBs Comment

History Corroborated +

For violent behaviours there is usually a history of
childhood sleepwalking or other deep sleep
parasomnias. For adult onset there should also be
some evidence in the clinical history or support from
observers (ideally independent). For sexual
behaviours previous bed partners may corroborate the
behaviour.

Defendant asleep +
There should be evidence that the defendant was
asleep.

Asleep for how long 30 mins - two hours ?

For cases of violence it is rare for the behaviour to
occur around the time of sleep onset. More usually
around the time that deep sleep occurs (the first three
hours of the night). For sexual behaviours - the
behaviour may occur later in the night (as it may with
sleepwalking - Mwenge et al, 2013 [44)]

Sleep exceptionally deep
Fatigue, drugs, alcohol,
fever

? Bonkalo[44] identifies this factor

Aroused/ (awoken) Touch, etc + cf [36, 44]

Impulsive/short
Behaviours occurs on
arousal

?
Most guidelines suggest durations of a few minutes to
30 minutes.

Victim accidental ?
The rarer form of sleep-related sexual assault is when
the ‘somnambulist’ perambulates to the victim.

Amnesia None, or marginal ? Sexual ‘RBD’ (see Schenck et al 2007 review) [8]

Return to awareness
Incomprehension,
possibly horror at act

?
In many cases both the victim and defendant remain
asleep and the assault may not reported immediately.

Table 3. Forensic sleep guidelines [11, 12, 30, 31, 44, 46-49]
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of judgment when violent actions occur within this ill-defined borderland between wake and sleep? Based
on available data, if one accepts the existence of this borderland of sleep and abnormal states of alertness,
how long could this "abnormal state" last? Is there some event during sleep that influences the violent
behavior? Is the state of alertness during the abnormal behavior different from "normal" wake, and, if
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sional States, Psychiatric dissociative states and malingering could also account for
(apparently) sleep-related violence. They also listed numerous court cases which perhaps is
less than desirable (see below) but amongst other topics usefully provided a summary
distinguishing between arousal disorders and nocturnal seizures in nocturnal frontal lobe
epilepsy. Ebrahim & Fenwick [31] provide the most comprehensive listing for differential
diagnosis (see Table 2) and controversially use an alcohol provocation test in their sample case.
Their work has led to some controversy [32-40].

Organic medical and neurologic disorders

Vascular

Mass lesions

Toxic/metabolic

Infectious (limbic encephalitis).

Central nervous system (CNS) trauma.

Seizure disorders e.g. partial complex seizures.

Nocturnal seizures

Narcolepsy and idiopathic hypersomnia.

Sleep apnoea.

Sleep deprivation.

Sleep schedule/circadian rhythm disorder (including jet-lag).

Psychogenic disorders (Dissociative states, Fugues. Multiple personality disorder)

Psychogenic amnesia.

Post-traumatic stress disorder.

Malingering.

Munchausen by proxy.

Table 2. Ebrahim & Fenwick provide a comprehensive list of possible aetiologies to aid differential diagnosis [31]
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4. Forensic guidelines for sleep-related violence

In forensic psychiatry it not unusual to consider a behaviour in terms of predisposing (e.g.
heredity), priming (e.g. sleep deprivation) and precipitating (e.g. touch) factors. Pressman in
a series of papers has examined reviewed the literature to consider variables such as touch,
sleep deprivation, febrile illness, etc. [37, 41] with a particular focus on sleep recording
correlates [42] and alcohol [24, 38]. He has also questioned whether in cases that involve
alcohol, whether the amnesia associated with the alleged event is caused by the putative
parasomnia or is merely the result of an alcohol blackout [43] and whether the apparent
association is a result of a methodological bias in the way the data has been collected (i.e. if a
sleepwalker says they walk more often but are amnesic then how do they know, and how
reliable is a third-party’s information on the association) [24].

Feature Violent behaviour SRSBs Comment

History Corroborated +

For violent behaviours there is usually a history of
childhood sleepwalking or other deep sleep
parasomnias. For adult onset there should also be
some evidence in the clinical history or support from
observers (ideally independent). For sexual
behaviours previous bed partners may corroborate the
behaviour.

Defendant asleep +
There should be evidence that the defendant was
asleep.

Asleep for how long 30 mins - two hours ?

For cases of violence it is rare for the behaviour to
occur around the time of sleep onset. More usually
around the time that deep sleep occurs (the first three
hours of the night). For sexual behaviours - the
behaviour may occur later in the night (as it may with
sleepwalking - Mwenge et al, 2013 [44)]
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Impulsive/short
Behaviours occurs on
arousal

?
Most guidelines suggest durations of a few minutes to
30 minutes.

Victim accidental ?
The rarer form of sleep-related sexual assault is when
the ‘somnambulist’ perambulates to the victim.

Amnesia None, or marginal ? Sexual ‘RBD’ (see Schenck et al 2007 review) [8]

Return to awareness
Incomprehension,
possibly horror at act

?
In many cases both the victim and defendant remain
asleep and the assault may not reported immediately.
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Guidelines as to how to assess these cases have been available at least since Bonkalo (1974) [44]
reviewed the literature. His guidelines which had a strong focus on Confusional Arousals and
cases of violence have been adopted and amended by various authors since. Table 4 summa‐
rises these guidelines. With minor variations these guidelines are the same.

For my own part before considering the guidelines that are available the questions that need
to be answered are: 1) is the defendant capable of this behaviour whilst asleep (i.e. is there a
compatible history) and not affected by confounding factors (e.g. medicines, drugs, alcohol,
et) and 2) is the alleged behaviour compatible with a sleep-related disorder (i.e. a parasomnia)?

Sleepwalking — Simple behaviours turning into longer duration wandering?

Figure 2. An illustration that attempts to show the decreasing incidence of a complex SRSB such as rape (though ejacu‐
lation is not noted).

4.1. Sleep-related sexual behaviour

ICDS3 lists SRSBs as a pathologic subtype under Confusional Arousals (A NREM parasomnia).
However, not all SRSBs occur as NREM parasomnias (Table 5). SRSBs first emerged as a
possible subtype of parasomnia with a description of masturbation by Wong [13]. This was
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followed by case reports of sleep-related sexual abuse of children [50] and subsequently more
reports from Shapiro [10] and Rosenfeld [49] with Guilleminault [12] providing the largest,
substantive, well-investigated case series with Shapiro [11] running roughly parallel. Schenck
et al [6] subsequently provide the first major review of the area.

• Sleep sex, sexsomnia, sexual behaviour in sleep

• Sleep sex moaning, sleep sex talking, sleep-sex shouting

• Sleepsex snoring

• Hypersexuality with Kleine-Levin syndrome;

• Epileptic sleep sex/sexsomnia/SBS, sleep related sexual seizures

• Epileptic sleep sex moaning, sleep sex talking, sleep sex shouting

• Chronic, severe insomnia;

• Restless legs syndrome (RLS)

• Sexual hypnagogic or hypnopompic;

• Sexual REM-onset dream attack

• Cataplectic orgasm, peri-orgasmic cataplexy

• Sleep exacerbation of persistent sexual arousal syndrome

• Hypersexuality with sleep related painful erections (SRPE)

• Hypersexuality with sleep related dissociative disorders

• Hypersexuality during nocturnal awakenings

• Nocturnal sexual delusions and hallucinations

(Terms used for searching for SRSBs in the published research literature by Schenk et al [6] for their 2007 review)

Table 4. Sleep related abnormal sexual behaviours (alternate names)

It is notable that the largest number of cases was derived from patients suffering from Kleine-
Levine Syndrome (78 cases), follow by parasomniacs [31] and sleep-related seizures (7 cases).

Schenck et al [6] note that neither the Kinsey [51, 52], apart from male nocturnal emissions, or
Hite Reports [53, 54] note SRSBs. In the section on “Individual Variation, ” Kinsey commented
on the wide variety of human sexual behaviour which may have been a covert reference to
nocturnal or sleep-related behaviour. They also note that their data, because of the sources
contain cases that have led to criminal proceedings. Importantly they find that the greatest
incidence of SRSBs is with patients suffering from Kleine-Levin syndrome, a rare disorder
(probable incidence 1 in a million) characterised by periods of hypersomnia and mood changes,
and with many patients suffering from hypersexuality and/or hyperphagia. Seventy-eight
cases were reported. The next main group was the parasomnias-31 cases, followed by 7 cases
of sleep-related seizures. Schenck et al [6] also question the existence of REM-related SRSBs or
at least note there are no sleep laboratory confirmations of this behaviour and that the cases
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It is notable that the largest number of cases was derived from patients suffering from Kleine-
Levine Syndrome (78 cases), follow by parasomniacs [31] and sleep-related seizures (7 cases).

Schenck et al [6] note that neither the Kinsey [51, 52], apart from male nocturnal emissions, or
Hite Reports [53, 54] note SRSBs. In the section on “Individual Variation, ” Kinsey commented
on the wide variety of human sexual behaviour which may have been a covert reference to
nocturnal or sleep-related behaviour. They also note that their data, because of the sources
contain cases that have led to criminal proceedings. Importantly they find that the greatest
incidence of SRSBs is with patients suffering from Kleine-Levin syndrome, a rare disorder
(probable incidence 1 in a million) characterised by periods of hypersomnia and mood changes,
and with many patients suffering from hypersexuality and/or hyperphagia. Seventy-eight
cases were reported. The next main group was the parasomnias-31 cases, followed by 7 cases
of sleep-related seizures. Schenck et al [6] also question the existence of REM-related SRSBs or
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they reviewed did not involve dream-enactment. Parasomnia Overlap Disorder (a mixture of
NREM and REM parasomnia was noted).

Kleine-Levin syndrome

Sleep related sexual seizures

Severe chronic insomnia

Restless legs syndrome

Narcolepsy

Sleep exacerbation of persistent sexual arousal syndrome

Sleep related painful erections and increased sexual activity

Sleep related dissociative disorders

Nocturnal psychotic disorders

Hypersexuality after nocturnal awakenings

Miscellaneous

(naps; [REM] sleep erections and sexual vulnerability; medication-induced states)

Table 5. Sleep Related Disorders and Abnormal Sexual behaviours and Experiences

It is perhaps surprising that the published clinical literature has relatively few SRSB case
studies, given that an internet survey [55-57] ? The answer may lie in dream mentation work.
Nielsen found that the prevalence of various behaviours particularly sexual behaviours
apparently increased if respondents were asked specific questions about the behaviour;
subjects did not readily reveal their sexual behaviour without being asked. Overall Nielsen
noted that “females reported more speaking, crying, fear and smiling/laughing than did males;
males reported more sexual arousal” [58].

4.2. Sleep-related sexual violence

Andersen et al (2007) [59] provide a slightly more focussed review than Shenck et al, 2007 [6]
on SRSBs but include the main datasets provided by Guilleminault [12] and Shapiro [11]. The
total number of cases cited was 40 (9 women). If the cases that were involved in criminal or
other legal proceedings are excluded the number falls to 22 (7 women) ; if alcohol is then
excluded there remain 17 cases (6 women). Further, if cases of multiple substance abuse and
indecent exposure are removed that leaves a dataset of 15 (6 women). Of these there were 3
cases of sexual intercourse (men). Interaction between two individuals which is an assault
without consent occurred with 7/9 men, and 1/6 women. Moaning was reported for 3/6 women
and 1/10 men; masturbation 3/6 women and 2/10 men.

It is now becoming clear that slow wave sleep consists of not only different types of slow wave
but these types have different functions [103-109]. It follows that when generalisations are
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made about deep sleep, those generalisations may not apply to all type of deep sleep. That
degree of inaccuracy is below that usually required by courts that are seeking the truth.
Spindles have the same problem [110-113].

Variable R&K 1968 [60] AASM 2007 [61] Comments

Scoring page/
window length

15, 20 or 30 seconds 30 seconds
(compulsory)

Originally sleep stages were scored on pages
which consisted of 15-30 seconds data

Stages Wakefulness, stage 1
(drowsy), stage 2 (light), stage
3, stage 4, REM sleep,
movement time.

Stages W, N1, N2,
N3, and R

Combinations and alternative names:

NREM = N1+N2+N3;
REM sleep = Paradoxical sleep

Mental world

Wakefulness EEG alpha activity for ≥50%
of an epoch

Same (W) Multiple variants Awake (full range)

N3 EEG slow-wave activity for
≥50% of the page for stage 4
sleep or ≥20% of the page for
stage 3 sleep, 0.5-2.0 Hz and
>75 μV

Same, except that
stages 3 and 4 are
combined to N3

Not all slow waves
are the same. Some
are very slow
oscillations <1 Hz or
classified according
to different
amplitudes

Nil or dark and
threatening (usually
associated with amnesia
upon awakening)

Deep sleep =
Delta Sleep =
SWS = Slow Wave
Sleep, stages 3
and 4 combined.

N2 Sleep spindles or K-
complexes; EEG slow-wave
activity for <20% of the page

Same (N2) Not all sleep
spindles or K-
complexes are the
same

Identifies sleep onset in
some systems.Stage 2

(light sleep)

N1 Low-voltage, mixed-
frequency activity; possibly
slow eye movements; no sleep
spindles or K-complexes; EEG
alpha activity for <50% of the
epoch

Same (N1) Identifies sleep onset in
some systems.
Possible hallucinations

Stage 1

(drowsiness)

REM Low-voltage, mixed-
frequency EEG activity; very
low submental EMG activity;
possible saw tooth EEG theta
activity; >=1 rapid eye
movement (unequivocal)

Same (R) Phasic activity,
sawtooth waves

Dreaming (full range of
possible, nil, black &
white, colour, etc).
Dream incorporation,
Dream enactment

REM sleep

AASM, American Academy of Sleep Medicine; EEG, electroencephalogram; EMG, electromyogram; R&K, Rechtschaf‐
fen and Kales [60].

Table 6. Showing classification rules and nomenclature of sleep staging systems.
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they reviewed did not involve dream-enactment. Parasomnia Overlap Disorder (a mixture of
NREM and REM parasomnia was noted).
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apparently increased if respondents were asked specific questions about the behaviour;
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noted that “females reported more speaking, crying, fear and smiling/laughing than did males;
males reported more sexual arousal” [58].
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on SRSBs but include the main datasets provided by Guilleminault [12] and Shapiro [11]. The
total number of cases cited was 40 (9 women). If the cases that were involved in criminal or
other legal proceedings are excluded the number falls to 22 (7 women) ; if alcohol is then
excluded there remain 17 cases (6 women). Further, if cases of multiple substance abuse and
indecent exposure are removed that leaves a dataset of 15 (6 women). Of these there were 3
cases of sexual intercourse (men). Interaction between two individuals which is an assault
without consent occurred with 7/9 men, and 1/6 women. Moaning was reported for 3/6 women
and 1/10 men; masturbation 3/6 women and 2/10 men.

It is now becoming clear that slow wave sleep consists of not only different types of slow wave
but these types have different functions [103-109]. It follows that when generalisations are
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made about deep sleep, those generalisations may not apply to all type of deep sleep. That
degree of inaccuracy is below that usually required by courts that are seeking the truth.
Spindles have the same problem [110-113].
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movement time.

Stages W, N1, N2,
N3, and R

Combinations and alternative names:

NREM = N1+N2+N3;
REM sleep = Paradoxical sleep

Mental world

Wakefulness EEG alpha activity for ≥50%
of an epoch

Same (W) Multiple variants Awake (full range)

N3 EEG slow-wave activity for
≥50% of the page for stage 4
sleep or ≥20% of the page for
stage 3 sleep, 0.5-2.0 Hz and
>75 μV

Same, except that
stages 3 and 4 are
combined to N3

Not all slow waves
are the same. Some
are very slow
oscillations <1 Hz or
classified according
to different
amplitudes

Nil or dark and
threatening (usually
associated with amnesia
upon awakening)

Deep sleep =
Delta Sleep =
SWS = Slow Wave
Sleep, stages 3
and 4 combined.

N2 Sleep spindles or K-
complexes; EEG slow-wave
activity for <20% of the page

Same (N2) Not all sleep
spindles or K-
complexes are the
same

Identifies sleep onset in
some systems.Stage 2

(light sleep)

N1 Low-voltage, mixed-
frequency activity; possibly
slow eye movements; no sleep
spindles or K-complexes; EEG
alpha activity for <50% of the
epoch

Same (N1) Identifies sleep onset in
some systems.
Possible hallucinations

Stage 1

(drowsiness)

REM Low-voltage, mixed-
frequency EEG activity; very
low submental EMG activity;
possible saw tooth EEG theta
activity; >=1 rapid eye
movement (unequivocal)

Same (R) Phasic activity,
sawtooth waves

Dreaming (full range of
possible, nil, black &
white, colour, etc).
Dream incorporation,
Dream enactment
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AASM, American Academy of Sleep Medicine; EEG, electroencephalogram; EMG, electromyogram; R&K, Rechtschaf‐
fen and Kales [60].

Table 6. Showing classification rules and nomenclature of sleep staging systems.
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The table is provided to enable comparison of older research with the new American Academy
guidelines. That main point is that precisely what the sleep stages are is still a matter of
research, debate and discussion. The original committee had difficulty in deciding on the stages
(Oswald, personal communication, 1978 and others on the committee) and the 2007 still had
similar problems. However it is notable that the professional sleep societies continue to
monitor and refine the definitions (e.g. [62]). New ‘stages’ continue to be found, e.g. Koch et
al [63]. For applied purposes like legal cases though the stages that cause most problems are
REM and deep sleep. Further discussion in Idzikowski (2014) [64].

Sleep research and sleep medicine using electroencephalography (‘brainwaves’) as the
primary measures grew with the discovery that ‘dreaming’ could be measured objectively [65].
Unfortunately, over time it turned out that the correlation between electrophysiological
measures that lead to a particular classification of sleep stages was just a correlation (see Table
5 for definitions) ; dreaming generally occurs during REM but may occur in other stages, etc.
Also, awkwardly both subjective appreciation, or behavioural responses do not directly map
on to sleep stage. So in ‘light sleep’, (stage 2/N2) which is generally regarded as ‘sleep’
behavioural responses are still possible (depending on the time of night) [66].

The problem of identifying the stages accurately as indexed by the difficulties in producing
automatic computer algorithms to do the staging and the disagreements between human
scorers when sleep records are compared. Rosenberg et al, found sleep stage agreement
averaged 82.6%. Agreement was highest for stage R sleep with stages N2 and W approaching
the same level. Scoring agreement for stage N3 sleep was 67.4% and was lowest for stage N1
at 63.0% (the stages that are important with regard to NREM parasomnias. Scorers had
particular difficulty with the last epoch of stage W before sleep onset, the first epoch of stage
N2 after stage N1 and the first epoch of stage R after stage N2. Discrimination between stages
N2 and N3 was particularly difficult for scorers [62].

In addition to compartmentalising sleep into page lengths of 20-30 seconds there have been
other attempts to quantify sleep that are less reliant on page size and that may be important
in the definition of sleep, deep sleep and sleepwalking. For example, spectral analysis (looking
at the frequency domains) [67, 68, 69, 70] and Cyclic Alternating Pattern CAP [69].

In humans sleep has a 90 minute cyclicity [71, 72], and in normal individuals there is a
preponderance of deep (N3) sleep early in the night, with progressively more REM sleep
occurring late in the sleep period. The 90 minute cycle is punctuated with REM sleep and
possibly wakefulness. Deep sleep is homeostatically controlled as is REM sleep, but REM sleep
also has a circadian component with more REM sleep occurring in the morning.

It is important to note that when the hypothalamic and lower brain sleep centres are most
active, the wake centres are generally quiescent. The interplay between the two orchestrates
some of the changes seen in the brain. Loss of conscious awareness occurs some time during
stage 2 when functional MRI signals decrease in the tale thalamic and hypothalamic regions,
the cingulate cortex, right insula, nearby temporal regions, the inferior parietal lobules and the
inferior/middle frontal gyri [78]. Bassetti et al [79] have observed in one subject during
sleepwalking that a disassociation between an activation in thalamocingulate pathways
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coupled with deactivation of thalamocortical arousal systems is associated with sleepwalking.
It is almost important to note though that within cortical regions there can be both increases
and decreases of activity within “sleep” which are presumed to reflect local energy require‐
ments [80, 81]

Sleep is an orchestrated state with hypothalamic centres strongly controlling which areas of
brain remain active and which become quiescent-see Table 7. Diminution of activity in areas
such as the prefrontal cortex underpin the scientific arguments that the brain centres that might
be involved in the determining whether a behaviour is ‘right or wrong’, appropriate or not are
not active. That coupled with evidence from sleep deprivation work that points to degraded
moral judgement with sleep loss [82].

Whilst this section and sleep classifications describe sleep states as mutually exclusive, in
reality they are not. The stages are an amalgam of different physiological signs that have been
lumped together as stages (by committee and consensus). That does not mean that all aspects
associated with a particular stage will necessarily remain within that stage. For example a
penile erection which is usually associated with REM sleep may continue, for a period of time,
into light sleep or wakefulness? Moreover, there is still debate as to what the functional
significance of sleep stages. Pharmacological disassociations have occasionally been noted, e.g.
changes in deep sleep duration without apparent impact on waking function [83]. Mahowald
and Schenck [84] describe the extreme states of wakefulness whilst apparently asleep (accord‐
ing to electrophysiological characteristics). Mahowald and Schenck identify the three basic
states of being as wakefulness, NREM sleep and REM sleep.

AREA DEEP SLEEP REM SLEEP

Lateral frontal cortex ↓ ↓

Medial prefrontal +
orbitofrontal cortex

↑ ↓

Lateral parietal cortex ↓ ↓

Medial parietal cortex +precuneus ↓ ↓

Temporal-occipital cortices ↑ ↑

Anterior cingulate cortex ↑

Medial temporal lobe, hippocampal regions, amygdala ↑

Thalamus ↓ ↑

Basal ganglia ↓

Pons, midbrain ↓

Cerebellum ↓

Table 7. Provides an overview of brain imaging studies that show both the decreases and increases in brain activity
during the major sleep stages [73-77].
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N2 and N3 was particularly difficult for scorers [62].
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in the definition of sleep, deep sleep and sleepwalking. For example, spectral analysis (looking
at the frequency domains) [67, 68, 69, 70] and Cyclic Alternating Pattern CAP [69].

In humans sleep has a 90 minute cyclicity [71, 72], and in normal individuals there is a
preponderance of deep (N3) sleep early in the night, with progressively more REM sleep
occurring late in the sleep period. The 90 minute cycle is punctuated with REM sleep and
possibly wakefulness. Deep sleep is homeostatically controlled as is REM sleep, but REM sleep
also has a circadian component with more REM sleep occurring in the morning.

It is important to note that when the hypothalamic and lower brain sleep centres are most
active, the wake centres are generally quiescent. The interplay between the two orchestrates
some of the changes seen in the brain. Loss of conscious awareness occurs some time during
stage 2 when functional MRI signals decrease in the tale thalamic and hypothalamic regions,
the cingulate cortex, right insula, nearby temporal regions, the inferior parietal lobules and the
inferior/middle frontal gyri [78]. Bassetti et al [79] have observed in one subject during
sleepwalking that a disassociation between an activation in thalamocingulate pathways
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It is almost important to note though that within cortical regions there can be both increases
and decreases of activity within “sleep” which are presumed to reflect local energy require‐
ments [80, 81]

Sleep is an orchestrated state with hypothalamic centres strongly controlling which areas of
brain remain active and which become quiescent-see Table 7. Diminution of activity in areas
such as the prefrontal cortex underpin the scientific arguments that the brain centres that might
be involved in the determining whether a behaviour is ‘right or wrong’, appropriate or not are
not active. That coupled with evidence from sleep deprivation work that points to degraded
moral judgement with sleep loss [82].

Whilst this section and sleep classifications describe sleep states as mutually exclusive, in
reality they are not. The stages are an amalgam of different physiological signs that have been
lumped together as stages (by committee and consensus). That does not mean that all aspects
associated with a particular stage will necessarily remain within that stage. For example a
penile erection which is usually associated with REM sleep may continue, for a period of time,
into light sleep or wakefulness? Moreover, there is still debate as to what the functional
significance of sleep stages. Pharmacological disassociations have occasionally been noted, e.g.
changes in deep sleep duration without apparent impact on waking function [83]. Mahowald
and Schenck [84] describe the extreme states of wakefulness whilst apparently asleep (accord‐
ing to electrophysiological characteristics). Mahowald and Schenck identify the three basic
states of being as wakefulness, NREM sleep and REM sleep.
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Lateral frontal cortex ↓ ↓

Medial prefrontal +
orbitofrontal cortex

↑ ↓

Lateral parietal cortex ↓ ↓

Medial parietal cortex +precuneus ↓ ↓

Temporal-occipital cortices ↑ ↑

Anterior cingulate cortex ↑

Medial temporal lobe, hippocampal regions, amygdala ↑

Thalamus ↓ ↑

Basal ganglia ↓

Pons, midbrain ↓
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Table 7. Provides an overview of brain imaging studies that show both the decreases and increases in brain activity
during the major sleep stages [73-77].
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5. Alcohol and sleep

Bonkalo notes alcohol amongst factors that may increase deep sleep and thus facilitate violent
confusional arousals [44]. ICSD3 explicitly states [17] “… Disorders of arousal should not be
diagnosed in the presence of alcohol intoxication. The behavior of the alcohol-intoxicated
individual may superficially resemble that of the sleepwalker. …“ This is within a section on
differential diagnosis but it also may have an undue impact in the forensic area. Why this sort
of policy statement should be placed in a scientific document is not entirely clear. It is correct
to note that there are difficulties, but an instance of a behaviour that may occur without alcohol
could be repeated within sleep, irrespective of whether alcohol is present or not? However,
there is confusion in the literature as alcohol has been suggested as a priming factor, partly on
the basis of self-reports, rejected by Pressman et al [24] because of recall bias, and partly as
early hypotheses noted that: 1) deep sleep is associated with sleepwalking, 2) alcohol facilitates
deep sleep (not currently, wholly accepted) and 3) they hypothesis, so alcohol must promote
sleepwalking? No formal experiments have been published either refuting or accepting this
hypothesis and in fact given the reported complex effects of alcohol on sleep [36] and the
variables involved, e.g. Carskadon and colleagues [85-88], it may be quite some time before
an adequate experiment on sleepwalkers is conducted. Answering the question as to how
alcohol might affect sexual response [89, 90] during sleep exacerbates the complexities.

6. Wakefulness and violence

Sleep and wakefulness are two sides of the same coin. Sleep-related legal cases need to be
balanced by considering what can happen when a person is awake. Humans are inherently a
violent species, both in terms of physical aggression and aggression directed sexually [91].
Sleep-related violence has only a loose overlap with WHO’s typology of violence. The overlap
is interpersonal violence which may be physical or sexual. It is unknown whether self-directed
violence in the form of suicidal behaviour occurs during sleep as it is assumed that sleepwalk‐
ers who have perished did not intend to commit suicide. The links between violent assaults
and wakefulness are broad and will not be considered here.

6.1. Wakefulness and sexual violence

There are multiple risk factors that increase the risk of a man committing rape. These include
individual factors such as alcohol and drug use; coercive sexual fantasies, attitudes and beliefs
supportive of sexual violence; impulsive and antisocial tendencies; preference for impersonal
sex; hostility towards women; history of sexual abuse as a child; witnessing family violence as
a child. Additionally, relationship factors (e.g. associating with sexually aggressive and
delinquent peers), community factors (e.g. lack of employment opportunities, general
tolerance of sexual assault within the community) and societal factors (e.g. societal norms
supportive of sexual violence, male superiority and sexual entitlement). Conservative esti‐
mates suggest that at least 25 percent of American women have been assaulted in adolescence
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or adulthood and that 18 percent have been raped. Furthermore, at least 20 percent of American
men report having perpetrated sexual assault and 5 percent report having committed rape [92].

In the United Kingdom (North London, 1993) 6% assaulted in the past 12 months, and 23%
attempted or completed forced sex by an intimate partner [93, 94]. The comparable figures for
the U.S. are 0.7% and 7.7% but these may be skewed as the sample group did not include
women who had been in a relationship [91].

6.2. Alcohol and sexual violence

The biological links between alcohol and violence are complex. Even the impact of alcohol on
sexual potency needs further research as results currently still need clarification-e.g. high doses
of alcohol which might render some men impotent do not appear to have the same effects on
rapists [95]. Alcohol does though have a disinhibiting role in sexual assaults, it reduces
inhibitions, clouds judgements and impairs ability to interpret cues [91]. As lack of reporting
causes a problem in identifying the precise incidence of alcohol being associated with rape,
the estimates are similar to violent crime in general and range between 34-74% [92]. The role
of alcohol is complex [96].

7. Discussion

It is perhaps not surprising that there are calls for more considered opinions and further
research into the whole area of sleep-related violence, let alone sleep-related sexual violence
[97]. Extrapolating what is known about parasomnias, given the limited evidence base, which
at best is still only at the data-collection phase, to applied situations such as legal cases have
to be fraught. There are varying degrees of certainty with respect to what we know: 1) in NREM
deep sleep, associated with short-duration somnambulism (within the confines of one sleep
cycle), there is a) limited or fragmentary connection with the external world, b) some mental
activity that may be concordant with behaviour, and c) behaviours including ambulation that
are relatively simple. 2) It is not clear, particularly with longer duration, more complex
behaviours, whether deep sleep continues, or whether sleep either moves into a more wakeful
but disassociated state, or to drowsiness and/or light sleep but still possibly in a disassociated
state. 3) The normal cyclicity of sleep is disturbed. The main hypotheses dealing with sleep
control posit an interaction between a sleep homeostat and the circadian system. There is
curiously little evidence that the circadian system is involved, other than most (if not all) NREM
parasomnias occur at night? However, circadian displacement is being increasingly implicated
[115]. The homeostat increases the pressure for sleep, particularly deep sleep, in parallel with
the duration of prior wakefulness. However, in sleepwalkers this system appears to be faulty
[25], with their deep sleep being more broken with arousals and wakefulness (which could be
a circadian system effect, with circadian time being affected by the sleep deprivation?).With
SRSBs there is a range of possibilities ranging from simple caresses to sexual intercourse, all
of which may lead to legal action if occurring inappropriately and without consent. The current
database of recorded sexual activity is sparse and what there is has been with consenting adults
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violence in the form of suicidal behaviour occurs during sleep as it is assumed that sleepwalk‐
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or adulthood and that 18 percent have been raped. Furthermore, at least 20 percent of American
men report having perpetrated sexual assault and 5 percent report having committed rape [92].
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activity that may be concordant with behaviour, and c) behaviours including ambulation that
are relatively simple. 2) It is not clear, particularly with longer duration, more complex
behaviours, whether deep sleep continues, or whether sleep either moves into a more wakeful
but disassociated state, or to drowsiness and/or light sleep but still possibly in a disassociated
state. 3) The normal cyclicity of sleep is disturbed. The main hypotheses dealing with sleep
control posit an interaction between a sleep homeostat and the circadian system. There is
curiously little evidence that the circadian system is involved, other than most (if not all) NREM
parasomnias occur at night? However, circadian displacement is being increasingly implicated
[115]. The homeostat increases the pressure for sleep, particularly deep sleep, in parallel with
the duration of prior wakefulness. However, in sleepwalkers this system appears to be faulty
[25], with their deep sleep being more broken with arousals and wakefulness (which could be
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database of recorded sexual activity is sparse and what there is has been with consenting adults
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dressed for sleep. Apart from sexual intercourse rape may involve unclothing a possibly
unfamiliar victim, and also possibly in unfamiliar circumstances. Whilst erection and ejacula‐
tion are underpinned by primarily reflexive mechanisms, more complex control is required to
achieve full intercourse with ejaculation.

It is perhaps not surprising that the emerging (sub-?) speciality of 'forensic sleep' or 'forensic
sleep medicine', given the limited database, ambiguities over the function of sleep or its
staging, that the area has little theoretical underpinning. Perhaps though the time has come to
start theorising or creating testable models against which to run hypotheses? This has already
started thought at a basic level. Cramer Bornemann and Mahowald [114] leaning on the
concept of central pattern generators provide some ideas as to how simple, reflexive and
instinctive behaviours may arise in humans during sleep. Zadra et al [25] consider the existing
evidence to assemble a model describing somnambulistic behaviour. This suggests that there
are two main dimensions to sleepwalking: a dysfunctional “deep sleep” system, and b) a
dysfunctional arousal (wake-promoting) system.

7.1. What can sleep science & sleep medicine tell the law?

Sleep research has identified various stages of sleep though there are still debates as to scoring
of the stages and their functional significance. As noted earlier, there are also ambiguities as
to when sleep onset actually occurs and very little work on what cognitive capacity remains-
(insight, problem-solving, etc.) (dreams are a special case, where a mixture of brain imaging
and self-report identities what brain regions appear inactive, and provides more information
e.g. reduced firing in the locus coeuruleus would lead external stimuli having less impact on
attention-which may account for a dream narrative incorporating external stimuli as opposed
to breaking the narrative (and awakening the subject?) [98].

For forensic work the main issues are how (particular stages of) sleep can affect cognitive
capacity, and control of behaviour. The impact of sleep deprivation and sleep restriction on
waking sleepiness and cognitive capacity is not dealt with in this chapter. This needs further
consideration as the complexity of behaviour in an alleged crime is important, e.g. what
capacity is required for a defendant to appreciate consent, what capacity is required for a
‘sleeping?’ rapist to seek out and locate a victim? At which point does apparent capacity
preclude the possibility that the defendant is in fact not asleep (they may be awake but may
be in a different state, a disassociated state of some sort (not necessarily sleep-related)).

In normal REM sleep the muscles are paralysed so movement is more or less impossible.
However penile tumescence is normal and in some circumstances the meaning of an erection
can be misconstrued (leading to legal action). Given that sleep is a usually coordinated state
the tumescence would normally subside prior to or when entering other stages, like wakeful‐
ness (with the possibility of sleep inertia) or drowsiness or light or even deep sleep. At sleep
onset, the precise determination of the onset of mental sleep is unclear, occurring sometime
during N2 (light sleep). ‘Wet dreams’ are not regarded as pathological, when ejaculation occurs
during [REM?] sleep. Clearly, some movements occur during sleep to maintain comfort (either
avoiding pain or maintaining an appropriate temperature, etc), but even these if someone is
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sleeping nearby, these movements may accidentally impact on the other sleeper which in some
circumstances can lead to complaints of assault.

Sleep medicine can describe somnambulistic  episodes only roughly (virtually no helpful
home recordings), quite roughly-both duration and timing of episodes are subject to dispute.
Consider Mwenge et al’s sleepwalker whose latest episode was 06.45-using home record‐
ings [45].

7.2. What can the law tell sleep science and medicine?

Judicial systems have had to manage sleep-related states considerably a lot longer than the
time that sleep science and medicine have existed (considerably longer than the Royal College
of Psychiatrists!). Understanding the nuances where they are not policy driven can be a useful
area to explore. Unfortunately though, reliable data as to individual cases is rarely available.
Media misreporting is common. Attention demanding headlines or misreporting by legal
correspondents creates difficulties that may ultimately influence professional opinions and
misguide the opinions experts may give in court. Furthermore, publishing of case studies is
fraught with difficulty if reference is made to court proceedings. Case material acquired during
a court case is not in the public domain. A defendant whether convicted or not retains their
human rights and although the confidentiality between practitioner and client is broken in
relation to the court, that does not necessarily (arguable) make the material available to the
public domain.

8. Future agendas

Basic science research: arousal thresholds, sensory/cognitive processing capability, classical/
operant conditioning potential. Better models of human sexual behaviour. Development of
home recording equipment (video, ambulatory systems (e.g. like the Zeo [99-102]. There is also
a need for better models of describing the relationship of sleep and wakefulness with cognition
and behaviour (the subject of another paper).

Clinical science research: improved classifications systems; the need to distinguish between
somnambulism, sleep inertia and disassociated states.

Forensic: Some definition of standards and methodologies driven not only by a reaction to
legal needs but also by consideration of basic pathophysiology. The effect of alcohol needs to
be explored both in a laboratory and non-laboratory setting (initially outside of a legal context).

Legal: Reform and uniformity across jurisdictions with respect to insanity and automatism
laws. Ideally a mechanism to record accurately court proceedings and the data associated with
these cases, so that it is possible to court cases as data.
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dressed for sleep. Apart from sexual intercourse rape may involve unclothing a possibly
unfamiliar victim, and also possibly in unfamiliar circumstances. Whilst erection and ejacula‐
tion are underpinned by primarily reflexive mechanisms, more complex control is required to
achieve full intercourse with ejaculation.

It is perhaps not surprising that the emerging (sub-?) speciality of 'forensic sleep' or 'forensic
sleep medicine', given the limited database, ambiguities over the function of sleep or its
staging, that the area has little theoretical underpinning. Perhaps though the time has come to
start theorising or creating testable models against which to run hypotheses? This has already
started thought at a basic level. Cramer Bornemann and Mahowald [114] leaning on the
concept of central pattern generators provide some ideas as to how simple, reflexive and
instinctive behaviours may arise in humans during sleep. Zadra et al [25] consider the existing
evidence to assemble a model describing somnambulistic behaviour. This suggests that there
are two main dimensions to sleepwalking: a dysfunctional “deep sleep” system, and b) a
dysfunctional arousal (wake-promoting) system.

7.1. What can sleep science & sleep medicine tell the law?

Sleep research has identified various stages of sleep though there are still debates as to scoring
of the stages and their functional significance. As noted earlier, there are also ambiguities as
to when sleep onset actually occurs and very little work on what cognitive capacity remains-
(insight, problem-solving, etc.) (dreams are a special case, where a mixture of brain imaging
and self-report identities what brain regions appear inactive, and provides more information
e.g. reduced firing in the locus coeuruleus would lead external stimuli having less impact on
attention-which may account for a dream narrative incorporating external stimuli as opposed
to breaking the narrative (and awakening the subject?) [98].

For forensic work the main issues are how (particular stages of) sleep can affect cognitive
capacity, and control of behaviour. The impact of sleep deprivation and sleep restriction on
waking sleepiness and cognitive capacity is not dealt with in this chapter. This needs further
consideration as the complexity of behaviour in an alleged crime is important, e.g. what
capacity is required for a defendant to appreciate consent, what capacity is required for a
‘sleeping?’ rapist to seek out and locate a victim? At which point does apparent capacity
preclude the possibility that the defendant is in fact not asleep (they may be awake but may
be in a different state, a disassociated state of some sort (not necessarily sleep-related)).

In normal REM sleep the muscles are paralysed so movement is more or less impossible.
However penile tumescence is normal and in some circumstances the meaning of an erection
can be misconstrued (leading to legal action). Given that sleep is a usually coordinated state
the tumescence would normally subside prior to or when entering other stages, like wakeful‐
ness (with the possibility of sleep inertia) or drowsiness or light or even deep sleep. At sleep
onset, the precise determination of the onset of mental sleep is unclear, occurring sometime
during N2 (light sleep). ‘Wet dreams’ are not regarded as pathological, when ejaculation occurs
during [REM?] sleep. Clearly, some movements occur during sleep to maintain comfort (either
avoiding pain or maintaining an appropriate temperature, etc), but even these if someone is
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sleeping nearby, these movements may accidentally impact on the other sleeper which in some
circumstances can lead to complaints of assault.

Sleep medicine can describe somnambulistic  episodes only roughly (virtually no helpful
home recordings), quite roughly-both duration and timing of episodes are subject to dispute.
Consider Mwenge et al’s sleepwalker whose latest episode was 06.45-using home record‐
ings [45].

7.2. What can the law tell sleep science and medicine?

Judicial systems have had to manage sleep-related states considerably a lot longer than the
time that sleep science and medicine have existed (considerably longer than the Royal College
of Psychiatrists!). Understanding the nuances where they are not policy driven can be a useful
area to explore. Unfortunately though, reliable data as to individual cases is rarely available.
Media misreporting is common. Attention demanding headlines or misreporting by legal
correspondents creates difficulties that may ultimately influence professional opinions and
misguide the opinions experts may give in court. Furthermore, publishing of case studies is
fraught with difficulty if reference is made to court proceedings. Case material acquired during
a court case is not in the public domain. A defendant whether convicted or not retains their
human rights and although the confidentiality between practitioner and client is broken in
relation to the court, that does not necessarily (arguable) make the material available to the
public domain.

8. Future agendas

Basic science research: arousal thresholds, sensory/cognitive processing capability, classical/
operant conditioning potential. Better models of human sexual behaviour. Development of
home recording equipment (video, ambulatory systems (e.g. like the Zeo [99-102]. There is also
a need for better models of describing the relationship of sleep and wakefulness with cognition
and behaviour (the subject of another paper).

Clinical science research: improved classifications systems; the need to distinguish between
somnambulism, sleep inertia and disassociated states.

Forensic: Some definition of standards and methodologies driven not only by a reaction to
legal needs but also by consideration of basic pathophysiology. The effect of alcohol needs to
be explored both in a laboratory and non-laboratory setting (initially outside of a legal context).

Legal: Reform and uniformity across jurisdictions with respect to insanity and automatism
laws. Ideally a mechanism to record accurately court proceedings and the data associated with
these cases, so that it is possible to court cases as data.
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9. Conclusion

This essay focused on NREM parasomnias that might lead to SRSB that in turn might lead to
legal proceedings. A considerable amount of work needs to be done so that expert opinion in
court is based on science that has substantive forensic value.
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1. Introduction

Obstructive Sleep Apnea Syndrome (OSAS) is a condition characterized by intermittent partial
or total obstruction of the upper airways during sleep. The events of upper airway obstruction
are associated with repetitive episodes of hypoxemia and microarousals, usually followed by
autonomic activation. As a consequence, OSAS is related to sleep fragmentation, excessive
daytime sleepiness and its consequences, cognitive and behavioural changes, and an increased
risk of cardiovascular and cerebrovascular diseases.[1]

In childhood, OSAS is characterized by both intermittent obstruction and by prolonged periods
of partial resistance/obstruction of the airways.[1] Methodological differences in diagnosing
this disease have led to variable reports of prevalence, with the strongest evidence indicating
a prevalence of 1 to 5%.2 The disease occurs in all childhood age ranges from the neonatal
period to adolescence, being more common among preschoolers.

In the childhood age range, OSAS is more frequently associated with tonsil and adenoid
hypertrophy and with other conditions including obesity, allergic rhinitis, craniofacial
malformations, neuromuscular diseases, and genetic and metabolic syndromes.

Important clinical outcomes of the condition such as delayed growth and hyperactive behavior
have been well established. [1]

2. Clinical aspects

Clinical Signs and Symptoms: The clinical signs and symptoms are mainly characterized by
snoring, difficult breathing during sleep, nighttime breathing pauses, agitated sleep, and
hyperactive behavior.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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Snoring is present in the great majority of children, but may not be observed in infants or
children with muscle weakness. Paradoxical breathing is frequently present due to a more
complying thoracic cage in childhood.1

Different ventilatory patterns may characterize Sleep Disordered Breathing (SDB) in child‐
hood, with the predominance or exclusive presence of each one in each child: [1]

1. Cyclic apneas, as observed in adults, with snoring associated with intermittent breathing
pauses followed by noisy inspiraton and movements/microarousals.

2. Obstructive hypoventilation, with continuous snoring, without frequent pauses or
microarousals. This pattern occurs in younger children and consists of prolonged periods
of partial airway obstruction associated with hypercapnia or hypoxemia, or both.

3. A pattern similar to that known in adults as Upper Airway Resistance Syndrome, with
snoring and intermittent periods of greater ventilatory effort associated with microar‐
ousals, with no changes in flow compatible with apnea or hypopnea.

In childhood, respiratory events may occur without being associated with microarousals,
especially in younger children, due to the high arousal threshold. In addition, these events
occur more during REM sleep, when the child is especially predisposed not to wake, and are
rare during slow-wave sleep. [1] Typically, there is greater preservation of sleep architecture
than in adults. For this purpose, the main pattern of sleep architecture change is the increase
of slow-wave sleep and a reduction of REM sleep duration. [3, 4]

Snoring is usually reported by the caregivers, whereas breathing pauses may not be perceived.
Or, conversely, the parents may report the observation of nighttime breathing pauses in
children, with these events being of the central type – or even obstructive – but of an insufficient
number to characterize OSAS. Thus, anamnesis alone is insufficient to exclude or diagnose
sleep apnea in children who snore. [5, 6, 7, 8, 9]

In addition to snoring and breathing pauses, other signs observed are agitated sleep, night
sweats, preferential decubitus with cervical hyperextension, and enuresis. Episodes of
parasomnia and sleep bruxism may be more frequent. Morning headache, difficulty in getting
up in the morning and excessive daytime sleepiness may occur, especially among older
children. Excessive sleepiness is usually absent in younger children, who more commonly
show daytime agitation.

Since tonsil and adenoid hypertrophy is the main cause underlying OSAS in the childhood
age range, related clinical aspects may be present, such as mouth breathing syndrome and its
orthodontic and craniofacial complications such as crossbite, high-arched palate, and long face
syndrome with practically constant open mouth (figure 1); dysphagia and odynophagia;
repeated upper airway infections; hearing loss; gastroesophageal reflux disease. So far, the
degree of tonsil and adenoid hypertrophy has not been documented to predict the presence
of OSAS in children who snore and are mouth breathers. [10, 11] Methodological aspects may
be involved, in addition to the fact that other factors contribute to the presence or absence of
OSAS, such as particularities of the neural control of ventilation in each child.

Sleep and its Disorders Affect Society80

In younger children, OSAS may be related to difficulty in gaining weight, particularly when
associated with genetic syndromes. In older children, obesity may be present. Regardless of
their weight status, children may develop weight gain after treatment of OSAS, not infre‐
quently increasing their food intake after improvement of olfaction, of dysphagia and of
odynophagia induced by adenotonsillectomy. 1

    Snoring is usually reported by the caregivers, whereas breathing pauses may not be perceived. Or, 
conversely, the parents may report the observation of nighttime breathing pauses in children, with these 
events being of the central type – or even obstructive – but of an insufficient number to characterize OSAS. 
Thus, anamnesis alone is insufficient to exclude or diagnose sleep apnea in children who snore. 5,6,7,8,9 
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Figure 1. Typical face in mouth breathing children. (A) frontal; (B) lateral view.

Some of the clinical outcomes of this syndrome in childhood have been well established,
whereas others are still under investigation. The complaint of school difficulty is relatively
frequent and most studies have established an association between childhood OSAS and
cognitive deficit. However, the correlation between the severity of the breathing disorder and
the degree of neuropsychological impairment is still controversial due to methodological
differences and to the lack of control of other relevant clinical variables such as obesity, in
addition to environmental and social variables. More studies are still needed to determine the
cognitive subdomains that are more affected, their relationship with hypoxemia and sleep
fragmentation, and their evolution after the treatment of OSAS.[ 2]

From a behavioral viewpoint, hyperactive behavior is the most common abnormality. Children
tend to show a worse performance in tests of sustained attention and executive functions [12,
13] and may or may not fulfill the formal criteria of Attention Deficit Hyperactivity Disorder
(ADHD). In addition, children with ADHD have a higher prevalence of SDB than controls.[14,
15, 16] Aggressiveness, difficulty in social relations, and mood changes are other behaviors
reported.

Excessive daytime sleepiness may be present in some children, although few studies have
correlated polysomnography (PSG) parameters with objective sleepiness parameters.[2]

Some studies have demonstrated behavioral and cognitive improvement after the treatment
of apnea in children, whereas others have detected persistence of the previous impairment. [2]
Well-designed studies are still needed, with the control of confounding variables such as
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Snoring is present in the great majority of children, but may not be observed in infants or
children with muscle weakness. Paradoxical breathing is frequently present due to a more
complying thoracic cage in childhood.1

Different ventilatory patterns may characterize Sleep Disordered Breathing (SDB) in child‐
hood, with the predominance or exclusive presence of each one in each child: [1]

1. Cyclic apneas, as observed in adults, with snoring associated with intermittent breathing
pauses followed by noisy inspiraton and movements/microarousals.

2. Obstructive hypoventilation, with continuous snoring, without frequent pauses or
microarousals. This pattern occurs in younger children and consists of prolonged periods
of partial airway obstruction associated with hypercapnia or hypoxemia, or both.

3. A pattern similar to that known in adults as Upper Airway Resistance Syndrome, with
snoring and intermittent periods of greater ventilatory effort associated with microar‐
ousals, with no changes in flow compatible with apnea or hypopnea.

In childhood, respiratory events may occur without being associated with microarousals,
especially in younger children, due to the high arousal threshold. In addition, these events
occur more during REM sleep, when the child is especially predisposed not to wake, and are
rare during slow-wave sleep. [1] Typically, there is greater preservation of sleep architecture
than in adults. For this purpose, the main pattern of sleep architecture change is the increase
of slow-wave sleep and a reduction of REM sleep duration. [3, 4]

Snoring is usually reported by the caregivers, whereas breathing pauses may not be perceived.
Or, conversely, the parents may report the observation of nighttime breathing pauses in
children, with these events being of the central type – or even obstructive – but of an insufficient
number to characterize OSAS. Thus, anamnesis alone is insufficient to exclude or diagnose
sleep apnea in children who snore. [5, 6, 7, 8, 9]

In addition to snoring and breathing pauses, other signs observed are agitated sleep, night
sweats, preferential decubitus with cervical hyperextension, and enuresis. Episodes of
parasomnia and sleep bruxism may be more frequent. Morning headache, difficulty in getting
up in the morning and excessive daytime sleepiness may occur, especially among older
children. Excessive sleepiness is usually absent in younger children, who more commonly
show daytime agitation.

Since tonsil and adenoid hypertrophy is the main cause underlying OSAS in the childhood
age range, related clinical aspects may be present, such as mouth breathing syndrome and its
orthodontic and craniofacial complications such as crossbite, high-arched palate, and long face
syndrome with practically constant open mouth (figure 1); dysphagia and odynophagia;
repeated upper airway infections; hearing loss; gastroesophageal reflux disease. So far, the
degree of tonsil and adenoid hypertrophy has not been documented to predict the presence
of OSAS in children who snore and are mouth breathers. [10, 11] Methodological aspects may
be involved, in addition to the fact that other factors contribute to the presence or absence of
OSAS, such as particularities of the neural control of ventilation in each child.

Sleep and its Disorders Affect Society80

In younger children, OSAS may be related to difficulty in gaining weight, particularly when
associated with genetic syndromes. In older children, obesity may be present. Regardless of
their weight status, children may develop weight gain after treatment of OSAS, not infre‐
quently increasing their food intake after improvement of olfaction, of dysphagia and of
odynophagia induced by adenotonsillectomy. 1
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Figure 1. Typical face in mouth breathing children. (A) frontal; (B) lateral view.

Some of the clinical outcomes of this syndrome in childhood have been well established,
whereas others are still under investigation. The complaint of school difficulty is relatively
frequent and most studies have established an association between childhood OSAS and
cognitive deficit. However, the correlation between the severity of the breathing disorder and
the degree of neuropsychological impairment is still controversial due to methodological
differences and to the lack of control of other relevant clinical variables such as obesity, in
addition to environmental and social variables. More studies are still needed to determine the
cognitive subdomains that are more affected, their relationship with hypoxemia and sleep
fragmentation, and their evolution after the treatment of OSAS.[ 2]

From a behavioral viewpoint, hyperactive behavior is the most common abnormality. Children
tend to show a worse performance in tests of sustained attention and executive functions [12,
13] and may or may not fulfill the formal criteria of Attention Deficit Hyperactivity Disorder
(ADHD). In addition, children with ADHD have a higher prevalence of SDB than controls.[14,
15, 16] Aggressiveness, difficulty in social relations, and mood changes are other behaviors
reported.

Excessive daytime sleepiness may be present in some children, although few studies have
correlated polysomnography (PSG) parameters with objective sleepiness parameters.[2]

Some studies have demonstrated behavioral and cognitive improvement after the treatment
of apnea in children, whereas others have detected persistence of the previous impairment. [2]
Well-designed studies are still needed, with the control of confounding variables such as
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family and social environment, educational level, time of disease evolution, and the presence
of other sleep disorders.

Regarding the cardiovascular outcomes, despite the scarcity of well-designed studies, there is
evidence indicating increased arterial pressure and repercussions on both the right and left
ventricles. Arterial hypertension, pulmonary hypertension and cor pulmonale may occur in
children with more severe disorder. There is a lack of well- controlled studies also regarding
inflammatory markers, with C-reactive protein apparently increasing in more serious cases. [2]

3. Diagnosis

Ideally, the presence of OSAS should be investigated in all children with complaints of snoring
and agitated sleep. However, the predictive value of the clinical history alone is low, with PSG
being considered to be the gold standard for diagnosis. [17] Alternative methods of diagnostic
complementation such as oximetry, evaluation of cardiovascular parameters, ambulatory
evaluation of ventilatory parameters, and daytime PSG have not been recommended to define
the diagnosis thus far, as they may not be sufficient when negative. Ideally, children with
negative results should be referred to whole night PSG study. [2]

A Report of snoring or of increased breathing effort, or both during sleep

B. The caregiver or the child reports at least ONE of the signs/symptoms below:
1. presence of a paradoxical breathing pattern during inspiration
2. arousal associated with movements
3. diaphoresis
4. cervical hyperextension during sleep
5. excessive daytime sleepiness, hyperactivity or aggressive behavior
6. reduced growth rate
7. morning headache
8. secondary nighttime enuresis

C. PSG presents obstructive AHI ≥ 1/hour

D. PSG presents items 1 or 2 below:
1. At least ONE of the events below:

1.1. increased arousals related to increased breathing effort;
1.2. fall in oxygen saturation associated with obstructive breathing
events;
1.3. hypercapnia during sleep;
1.4. marked negative oscillation in esophageal pressure

2. Periods of hypercapnia or desaturation, or both, during sleep, associated with snoring, paradoxical breathing
and at least one of the events below:

2.1. frequent arousals;
2.2. marked negative oscillation of esophageal pressure

Table 1. Diagnosis of OSAS in Childhood and Adolescence
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According to the criteria of the International Classification of Sleep Disorders [1], the diagnosis
is based on clinical and PSG criteria (Table 1). From a clinical viewpoint, there must be the
complaint of snoring and/or difficult breathing during the night, associated with at least one
of the following signs and symptoms: paradoxical breathing, agitated sleep, nocturnal
sudoresis, cervical hyperextension, excessive daytime sleepness, hyperactivity or aggressive
behavior, morning headache, and secondary enuresis.

From a polysomnographic viewpoint, an Apnea + Hypopnea Index (AHI) ≥ 1/hour should be
present in association with sleep fragmentation, desaturation episodes, hypercapnia, or
negative oscillations of esophageal pressure.

4. Clinical and complementary evaluation

4.1. Clinical evaluation and physical examination: Anterior rhinoscopy and endoscopy

The systematized measurement of cervical circumference routinely used for adults has not
been standardized for children and therefore it is not routinely used in most services.

The otorhinolaryngology exam is always focused on the search of obstructive causes in the
airways, from the nasal fossae to the regions of the hypopharynx and larynx. Bone changes
such as micrognathia and deformity of the skull base (present, for example in individuals with
Down Syndrome) should always be remembered. Complementary flexible nasofibroscopy is
desirable, as it permits a precise evaluation up to the larynx region. The main causes of
respiratory obstruction are:

Choanal Atresia: this is a congenital malformation that leads to nasal obstruction, nasal secretion
and, when bilateral, respiratory stress breathing at birth. The diagnosis can be made by CT
scan and nasal endoscopy (Figure 2).
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family and social environment, educational level, time of disease evolution, and the presence
of other sleep disorders.

Regarding the cardiovascular outcomes, despite the scarcity of well-designed studies, there is
evidence indicating increased arterial pressure and repercussions on both the right and left
ventricles. Arterial hypertension, pulmonary hypertension and cor pulmonale may occur in
children with more severe disorder. There is a lack of well- controlled studies also regarding
inflammatory markers, with C-reactive protein apparently increasing in more serious cases. [2]

3. Diagnosis

Ideally, the presence of OSAS should be investigated in all children with complaints of snoring
and agitated sleep. However, the predictive value of the clinical history alone is low, with PSG
being considered to be the gold standard for diagnosis. [17] Alternative methods of diagnostic
complementation such as oximetry, evaluation of cardiovascular parameters, ambulatory
evaluation of ventilatory parameters, and daytime PSG have not been recommended to define
the diagnosis thus far, as they may not be sufficient when negative. Ideally, children with
negative results should be referred to whole night PSG study. [2]

A Report of snoring or of increased breathing effort, or both during sleep

B. The caregiver or the child reports at least ONE of the signs/symptoms below:
1. presence of a paradoxical breathing pattern during inspiration
2. arousal associated with movements
3. diaphoresis
4. cervical hyperextension during sleep
5. excessive daytime sleepiness, hyperactivity or aggressive behavior
6. reduced growth rate
7. morning headache
8. secondary nighttime enuresis

C. PSG presents obstructive AHI ≥ 1/hour

D. PSG presents items 1 or 2 below:
1. At least ONE of the events below:

1.1. increased arousals related to increased breathing effort;
1.2. fall in oxygen saturation associated with obstructive breathing
events;
1.3. hypercapnia during sleep;
1.4. marked negative oscillation in esophageal pressure

2. Periods of hypercapnia or desaturation, or both, during sleep, associated with snoring, paradoxical breathing
and at least one of the events below:

2.1. frequent arousals;
2.2. marked negative oscillation of esophageal pressure

Table 1. Diagnosis of OSAS in Childhood and Adolescence
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According to the criteria of the International Classification of Sleep Disorders [1], the diagnosis
is based on clinical and PSG criteria (Table 1). From a clinical viewpoint, there must be the
complaint of snoring and/or difficult breathing during the night, associated with at least one
of the following signs and symptoms: paradoxical breathing, agitated sleep, nocturnal
sudoresis, cervical hyperextension, excessive daytime sleepness, hyperactivity or aggressive
behavior, morning headache, and secondary enuresis.

From a polysomnographic viewpoint, an Apnea + Hypopnea Index (AHI) ≥ 1/hour should be
present in association with sleep fragmentation, desaturation episodes, hypercapnia, or
negative oscillations of esophageal pressure.

4. Clinical and complementary evaluation

4.1. Clinical evaluation and physical examination: Anterior rhinoscopy and endoscopy

The systematized measurement of cervical circumference routinely used for adults has not
been standardized for children and therefore it is not routinely used in most services.

The otorhinolaryngology exam is always focused on the search of obstructive causes in the
airways, from the nasal fossae to the regions of the hypopharynx and larynx. Bone changes
such as micrognathia and deformity of the skull base (present, for example in individuals with
Down Syndrome) should always be remembered. Complementary flexible nasofibroscopy is
desirable, as it permits a precise evaluation up to the larynx region. The main causes of
respiratory obstruction are:

Choanal Atresia: this is a congenital malformation that leads to nasal obstruction, nasal secretion
and, when bilateral, respiratory stress breathing at birth. The diagnosis can be made by CT
scan and nasal endoscopy (Figure 2).
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Adenotonsillar hypertrophy: the complaints reported by the mother usually starts when the child
is already older than two years, although they may also start earlier. Depending on the severity
of the case, the child has nighttime apnea which considerably frightens the parents, who are
unable to sleep. Diagnosis of palatine tonsils hypertrophy is clinical (Figure 3), while adenoid
hypertrophy, in most cases, the diagnosis is confirmed by simple lateral radiography or
nasofibroscopy (Figure 4). It should be pointed out that Valera et al.[18], in 2005, in a retro‐
spective study based on the analysis of clinical data in the medical records of 267 children, did
not observe a correlation between the degree of adenotonsillary hypertrophy and the severity
of OSAS. These data were later confirmed by Nolan and Brietzke (2011) [10], who concluded
that the association between tonsil grading and OSAS severity should be considered at best
weak.
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Figure 4. Adenoid hypertrophy. (A) Lateral X-Ray; (B) Endoscopic view, with important obstruction in nasopharynx
due to adenoid hypertrophy.

Allergic rhinitis: children with allergic rhinitis who are not properly treated may present severe
nasal obstruction because the hypertrophic nasal turbinates prevent the airflow.

Sleep and its Disorders Affect Society84

Anatomical variations of the nasal turbinates: the most common of them is the Bollosa turbinate,
when the middle turbinate is pneumatized. This variation may be only a endoscopic/ radio‐
graphic finding, but it may be also related to nasal obstruction and repeated rhinosinusitis.
The diagnostic suspicion based on nasofibroscopy is confirmed by CT scan (Figure 5).

Figure 5. Cororal CT scan, showing bilateral concha bollosa

Septal deformities: important deviations of the septal wall can also induce mouth breathing and
OSAS in children (Figure 6).

Nasal tumors: benign or malignant tumors in the nasal fossae of children may provoke
unilateral or bilateral nasal obstruction and should be promptly diagnosed (Figures 7 to 9).
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 Figure 7- Endoscopic view: Nasal polyps.  
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due to adenoid hypertrophy.

Allergic rhinitis: children with allergic rhinitis who are not properly treated may present severe
nasal obstruction because the hypertrophic nasal turbinates prevent the airflow.
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Anatomical variations of the nasal turbinates: the most common of them is the Bollosa turbinate,
when the middle turbinate is pneumatized. This variation may be only a endoscopic/ radio‐
graphic finding, but it may be also related to nasal obstruction and repeated rhinosinusitis.
The diagnostic suspicion based on nasofibroscopy is confirmed by CT scan (Figure 5).

Figure 5. Cororal CT scan, showing bilateral concha bollosa

Septal deformities: important deviations of the septal wall can also induce mouth breathing and
OSAS in children (Figure 6).

Nasal tumors: benign or malignant tumors in the nasal fossae of children may provoke
unilateral or bilateral nasal obstruction and should be promptly diagnosed (Figures 7 to 9).
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Figure 8- Anthrochoanal polyp (A) Coronal CT scan; (B) Axial CT scan. 

 

 

 

 

 

 

 

 

 

Figure 9- Endoscopic view of nasopharynx: nasopharyngeal tumor diagnosed as naso 

lymphoma. 
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Figure 8. Anthrochoanal polyp (A) Coronal CT scan; (B) Axial CT scan.

Flexible nasal fibroscopy should reach the region of the larynx, also for the evaluation of
changes in soft tissues such as macroglossia and of laryngeal diseases such as laryngomalacia
(Figure 10). The procedure permits the diagnosis of hypotonia of the dilators of the lower
airways present in children with neuromuscular abnormalities (hypotonic muscular dystro‐
phies and cerebral palsy causing lack of coordination).

Some authors[19] recommend the use of anterior rhinomanometry, which measures nasal
resistance in order to diagnose severe apnea in children. According to them, the nasal resist‐
ance of children is significantly reduced with age and increases in the presence of edema of
the nasal fossae induced by adenoid enlargement. However, this exam is not routinely
performed in these children.
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Figure 10. Endoscopic view of laryngomalacia. Reduncdant arythenoyd tissue, obstructing laryngeal glottis.

4.2. Cephalometry

In view of the interaction between craniofacial changes and SDB in children, cephalometry is
considered to be a useful exam for these patients. [20] The exam consists of radiography of the
face in a systematic manner, so that the data for one patient can be compared to a data bank
of normal values.

However, its routine use for the evaluation of patients with OSAS is still questioned by the
major consensuses. [21] According to these consensuses, clinical evaluation can identify the
main craniofacial changes when they are more exuberant and this should determine whether
the patient needs cephalometry as an additional exam. Cephalometry, however, is essential
for the indication of surgery in patients with craniofacial anaomalies.
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 Figure 7- Endoscopic view: Nasal polyps.  
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All professionals who deal with children should be aware these as the main causes of OSAS
in children and refer these patients to a specialist who will detect them and treat them correctly
as soon as possible. Permitting the child to breathe through the nose before five years of age
prevents the installation of changes of bone development and of facial muscles and will favor
growth with the desired orofacial harmony.

4.3. Polysomnography

Nocturnal polysomnography (PSG) in a sleep laboratory is considered to be the gold standard
for the evaluation of SDB since it provides an objective and quantitative evaluation of the
respiratory and sleep architecture parameters [17].

Despite the scarcity of sleep laboratories with experience in treating children, diagnostic PSG
recording in childhood can be acquired with few technical variations compared to adult
examination, with the most important differential probably being the incorporation of
capnography. The interpretation of the recording should be adapted to the childhood age
range and the recommendation is to acquire and analyze the data according to the pediatric
criteria of the sleep staging manual of the American Academy of Sleep Medicine (AASM) [22].
These criteria should be applied for children and adolescents up to 18 years of age, although,
in selected cases, adult criteria can be applied to individuals older than 13 years.

Apneas should be identified by recording oronasal airflow with a thermistor, and hypopneas
should be identified with pressure transducers using a nasal pressure tube [22].

The main events identified are:

1. Obstructive apnea: A reduction of basal air flow of 90% or more for at least two breathing
cycles, accompanied by breathing effort.

2. Mixed apnea: A reduction of basal air flow of 90% or more for at least two breathing cycles,
with breathing effort present only during one period of absence of airflow.

3. Central apnea: A reduction of basal air flow of 90% or more in the absence of breathing
effort. Central apneas lasting more than 20 seconds and central apneas with a duration of
two respiratory cycles accompanied by desaturation ≥ 3% or arousal are computed. For
children younger than 1 year, only central apneas associated with a reduction of heart rate
of less than 50 bpm for at least 5 seconds, or less than 60 bpm for at least 15 seconds are
considered.

4. Hypopnea: Reduction of at least 30% of the amplitude of the pressure tube signal for two
respiratory cycles accompanied by desaturation of ≥ 3% or arousal. When breathing effort
is maintained, obstructive hypopnea is considered to be present [2].

In children, for the diagnosis and classification of SDB, no effect of the first night responsible
for erroneous stratification of the disease was observed. The night-to-night variation of AHI
in consecutive PSG or PSG performed at intervals of up to 50 days does not seem to be
significant in children aged 2 to 17 years [23, 24, 25, 26, 27, 28]. In this respect, the recording of
one night is usually adequate for the diagnostic evaluation of SDB.
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Few studies have specifically assessed the accuracy of PSG for the diagnosis of OSAS in
children. The fragility of the correlation between PSG parameters and the remaining aspects
of the disease, such as the clinical itself does not necessarily indicate poor validation of PSG,
since these aspects may not have the reliability or stability needed to represent a useful
comparative measurement. Also, test-test tests after intervention studies have provided
moderate to strong evidence of the validity of PSG for the characterization of childhood SDB.
Also, reliability and reproducibility tests provide good to excellent support for the use of PSG
in the evaluation of ventilatory parameters in infants and children. [17, 28]

In summary, the PSG exam in children is probably useful, valid and reproducible and, when
interpreted in the light of clinical data, it represents the gold standard for the diagnosis of SDB
also in the childhood age range.

5. Treatment

Pharmacological Treatment. Since the major cause of OSAS in children is adenotonsillary
hypertrophy [22], the initial treatment should approach these structures.

For children with adenoid hypertrophy alone, the intial treatment could be the use of topical
nasal corticosteroids. The use of mometasone furoate, for example, has been effective in
reducing the dimensions of the adenoids and in improving the obstructive symptoms. [29, 30,
31] There is no evidence about treatment with Montelucast alone.

Adenotonsillectomy should be considered in cases in which there is association with hyper‐
trophy of the palatine tonsils and in cases that did not respond adequately to clinical treatment.

Adenotonsillectomy. Adenotonsillectomy is considered to be the main treatment of OSAS in
childhood. [2, 32] This is a procedure with a high benefit/risk ratio[2], since it is highly efficient
and presents a low prevalence of complications. Major complications are bleeding, infection,
anesthetic complications, respiratory decompensation, velopharyngeal incompetence,
subglottic stenosis and, rarely, death.

Despite the low postoperative risks in general, there is a pediatric population that is especially
susceptible to complications: patients younger than 3 years, with severe OSAS, with cardiac
complications, difficulty in gaining weight, important craniofacial changes, genetic syn‐
dromes, and neuromuscular diseases. All of these children should be submitted to adenoton‐
sillectomy in a tertiary hospital, where prompt admission to the pediatric ICU would be
possible.[33] In addition, the American Academy of Otolaryngology-Head and Neck Surgery
recommends that children with AHI ≥ 10/h and/or Nadir of SATO2< 80% be admitted for
observation after adenotonsillectomy. [34]

Partial tonsillectomy is not indicated since it may cause greater perioperative bleeding,
maintenance of repeated infections and recurrence of obstruction due to new tissue growth. [2]
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Relative contraindications of adenotonsillectomy for OSAS are: a small tonsil and adenoid size,
acute infection of the upper airways, untreated hemorrhagic disease, or other clinical condi‐
tions that cause patient instability for the surgical procedure.

Adenotonsillectomy has proved to reduce AHI significantly when compared to preoperative
values. [32, 35, 36, 37] The rates of cure obtained with adenotonsillectomy vary according to
the definition of OSAS used, to the definition of cure criteria and to sample differences, such
as the proportion of obese children among the subjects operated. For AHI ≥ 1/h the rates of
OSAS persistence after adenotonsillectomy vary from 19 to 73%. Consistent risk factors for
residual OSAS reported in the literature are obesity and severity of preoperative OSAS. The
absence of postoperative snoring represents a good parameter for reevaluation, although it is
not 100% specific. Thus, PSG should be performed after surgery in children at risk for residual
disease.

In addition to improving AHI, adenotonsillectomy is associated with an improvement of the
quality of life, of behavior, of cognitive function, and of oral motricity. [38, 39, 4, 41] Another
benefit, mainly observed in children of preschool age, is the reversal of some craniofacial
changes: in some studies, adenotonsillectomy led to greater transverse palatal growth, to
compensation of anterior crossbite and to a reduction of mandibular inclination.[42, 43, 44, 45,
46, 47]

Rapid maxillary expansion. Rapid maxillary expansion (RME) is an orthodontic procedure
for the enlargement of the transverse diameter of the hard palate by the redimension of the
palatine suture, which may be an alternative for children with maxillary constriction and
malocclusion.

RME is only indicated when the children present concomitant maxillary atresia, preferably
associated with unilateral or bilateral crossbite and when the maxillary symphysis has not yet
undergone fusion. In some studies conducted by the Stanford group, [48, 49, 50] RME was
associated with a significant improvement of apnea indiceses and with an improved quality
of life.

Despite this proven improvement of PSG indices, there still is some controversy about the
effect of RME on the enlargement of nasal dimensions: while some studies have demonstrated
an increased volume and a reduced nasal resistance, [51, 52, 53, 54] others have not been able
to demonstrate this effect.[55, 56, 57] The same conflict occurs regarding enlargement of the
pharynx: while Iwasaki et al.[58] observed an increased pharyngeal volume by cone-beam
tomography, Ribeiro et al.[59] and Langer et al.[60] detected no effect of RME on nasophar‐
yngeal volume.

Thus, the effect of RME on childhood OSAS needs to be better elucidated for a better under‐
standing of the mechanism responsible for this clinical improvement and for the confirmation
of its real benefit.

Positive Pressure Therapy. Despite the treatments described above, some degree of residual
OSAS persists in many children, who continue to experience apnea even after optimized
clinical/surgical treatment. [32, 61] This persistence is mainly observed in older children, in
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children with associated obesity and asthma, and in children with more severe apnea during
the preopeative period. [32, 36] In cases of residual OSAS in children with craniofacial
anomalies, skeletal treatment (clinical, with orthodontic braces or surgical) can optimize the
improvement and, in many cases, reverse the persistence of OSAS. However, the treatment
most indicated for cases of moderate to severe residual OSAS is continuous positive airway
pressure (CPAP). [2]

CPAP is used in general in children with persistent moderate to severe disease after surgical
correction, especially obese children, children with craniofacial anomalies or children with
contraindication of surgery. Treatment with CPAP is associated with improvement of clinical
symptoms and of PSG parameters.

Despite a significant improvement in respiratory parameters and in quality of life, a problem
with the use of CPAP in children in the rate of adhesion: according to Marcus et al, [62] one
third of the children abandon the use of the device by six months after its indication. Thus, the
success of therapy depends on greater efforts for obtaining adequate nasal or oronasal
interfaces, education, support and parental counseling.

Bilevel positive airway pressure (BiPAP) therapy is indicated for children with comorbidities
that lead to the absence or insufficiency of the ventilatory drive, such as sequelae of cardior‐
espiratory arrest and Moebius Syndrome, or hypoventilation secondary to neuromuscular
diseases or chest wall deformities.

Special Conditions. Children with craniofacial abnormalities, genetic syndromes, sequelae of
a hypoxic-ischemic insult and neuromuscular diseases should receive individualized treat‐
ment that might contemplate adenotonsillectomy, specific treatment of the base disease, when
present, procedures for facial deformities such as mandibular distraction, and therapy with
positive pressure. Tracheostomy is indicated when CPAP/BIiPAP treatment is impossible or
fails in children with very severe OSAS, or may be performed transitorily during the perio‐
perative period in airway surgeries in children at risk for respiratory insufficiency.

6. Future research

The described flow diagram for the therapeutic approach to OSAS is not so simple, with many
children who do not present the principal risk factors continuing to have OSAS after surgery,
while others continue to have mild symptoms of low clinical importance for their parents.

At present, these children pose the greatest difficulty of conduct:

• Should partial polysonographic improvement be treated even when the child continues to
be asymptomatic?

• If so, which treatment should be indicated?

• May mild residual OSAS predispose this child to becoming an adult with OSAS?
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• All of these questions, although occasionally answered, should be further explored in the
near future so that more appropriate therapeutic conducts can be offered to the pediatric
population.
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• All of these questions, although occasionally answered, should be further explored in the
near future so that more appropriate therapeutic conducts can be offered to the pediatric
population.
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Chapter 5

Swallowing, Gastroesophageal Reflux and Sleep Apnea

Shinji  Teramoto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57577

1. Introduction

Because the pharynx is a shared conduit for swallowing and respiration, it is known that the
breathing cycle is well coordinated with the swallowing in humans [1-3]. The process of
inspiration and expiration is very precisely linked with the swallowing reflex via the supra‐
laryngeal nerve. However, the anatomical configuration of the pharynx may allow for the risk
of food aspiration of material into the lower airways during bolus passage, particularly in
elderly patients with a history of stroke and dementia [4-11]. The condition and function of
the pharynx and upper airways may be considerably affected by nocturnal disturbed breathing
including obstructive sleep apnea hypopnea syndrome (OSAHS) [12-14].

Gastro-esophageal reflux (GER) also affects the breathing and respiratory symptom [15]. The
coincidence of recurrent respiratory symptoms and gastro-esophageal reflux (GER) is a well-
known phenomenon in infants [16]. It has reported that gastro-esophageal reflux (GER) is
increased in patients with OSAHS [15]. The GER is also associated with swallowing and
breathing. Since the GER, OSAHS, and dysphagia are rapidly increased in adult and elderly
patients, this chapter describes the interesting features of sleep apneas in terms of swallowing
function and GER.

2. Breathing and swallowing

Swallowing function is necessary for eating, and it is coupled with breathing. it is well known
that the breathing cycle is well coordinated with the swallowing in humans [1].The adult
pattern of breathing-swallowing coordination during eating and drinking is well studied, with
75-95% of swallows beginning in the expiratory phase [2, 3] compared to 39% in newborns [4].
Swallowing elicits inspiratory suppression during breathing (Figure 1). Aspiration related
infectious events are prevented by defense mechanisms, such as swallowing reflex, cough

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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reflex, and mucocilliary clearance. Protection of the airway from aspiration requires inhibition
of inspiratory airflow throughout the period of laryngeal exposure to the swallowed bolus.
This respiratory inhibition is called deglutition apnea and appears to be a universal accom‐
paniment of the normal swallow sequence in man [4-10]. Oral infusion of water at a variable
rate of 40 ml/min while the subject breathes through the nose elicits repetitive swallows (rate:
8.1+/-4.1 swallows/min, mean+/-SD), but this does not cause a single incidence of coughing or
aspiration in normal adults (Figure 2) [10]. The swallows interrupts inspiration and expiration
and leads to compensatory changes in tidal volume and breathing frequency. Swallowing also
causes respiratory phase resetting with a pattern that is characteristic of the strong perturba‐
tions of an attractor-cycle oscillator [11]. The threshold for initiation of swallowing in awake
subjects is influenced by, but not strongly coupled to, the phase of respiration. The respiratory
timing, in addition to anatomical barriers within the upper airway, influences the vulnerability
for aspiration during deglutition. Swallows initiated near the expiratory-inspiratory transition
may be the most likely to result in bolus aspiration, especially in pathological conditions that
weaken the impact of swallowing on respiratory rhythm or slow the transport of the bolus
through the pharynx [11]. Breathing and swallowing are well-controlled by the interaction of
neuronal groups co-localized in the brainstem [12, 13]. This central neuronal control, combined
with local anatomical conditions and sensory input from the pharynx, permit safe and directed
passage of air and food materials. Ventilatory control as indicated by arterial partial pressure
of CO2 affects swallowing [14, 15]. The dysphagia due to anatomical disorders or diseases may
also affect breathing patterns [16-18]. The changes in pharyngeal function by surgical condi‐
tions may be concerned. However, the coupling between the swallowing and respiratory
pattern generators is highly stable even in the post-laryngectomized patients [19].

(cited by Hårdemark Cedborg A I et al. Exp Physiol 2009;94:459-468)

Figure 1. Pharyngeal and esophageal swallowing and swallowing apnea One swallow preceded and followed
by expiration (respiratory phase pattern E–E). One swallow preceded and followed by expiration (respiratory phase
pattern E–E). Recordings of pharyngeal (A) and oesophageal manometry (B), nasal air pressure and oral and nasal air‐
flow by the bidirectional gas flow discriminator. The end of swallowing apnea is marked with arrows (↑). The start of
pharyngeal swallowing is defined as the start of pressure rise at the tongue base (TB-start) and the end of pharyngeal
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swallowing as the start of pressure rise at the upper esophageal sphincter (UES-start), which also defines the start of
the esophageal phase of swallowing. Pharyngeal manometry was recorded at the tongue base (TB), upper/lower level
of the pharynx (Pharynx Up./Low.) and upper oesophageal sphincter (UES). Oesophageal manometry was recorded at
2, 4 and 6 cm below the UES. Inspiration (I), expiration (E).

(Cited by Issa FG, Porostocky S. Control of ventilation during continuous swallowing. Am J Respir Crit Care Med
1994;150:1274-8.)

Figure 2. Changes in swallowing pattern during quiet breathing and CO2 rebreathing. Swallowing pattern dur‐
ing quiet breathing (closed circles) and hypercapnic tests (open symbols) in control (no infusion, 0 mllmin) and contin‐
uous swallowing (40 ml/min) in seven subjects participating in the study. Different symbols represent mean data of
different subjects, with bold crosses representing the mean data of all tests. Note that the number of swallows per
minute (spm), duration of the swallow (glottic closure), and the total duration of glottic closure were higher during
rebreathing tests than during control tests. Note also that the pattern of swallowing was different during quiet
breathing than during CO2 rebreathing. Asterisks (p <0.05) and NS (not significant) denote statistical difference be‐
tween CO2 rebreathing and quiet breathing (top asterisks), between 40 and 0 infusion rates during quiet breathing
(middle asterisks), and between 40 and 0 infusion ratesduring CO2 rebreathing (bottom asterisks).

3. Swallowing function in sleep apnea

The condition and function of the pharynx and upper airways is affected by nocturnal
disturbed breathing and obstructive sleep apnea (OSA) [20]. Although the mechanisms of
apnea termination in obstructive sleep apnea have not been fully elucidated, mechanoreceptor
feedback from the respiratory muscles or pharynx has been thought to play an important role
in apnea termination [21]. The influence of chemoreceptor information may be mediated
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indirectly through an effect on ventilatory effort. The constant positive airway pressure
applied via a nose mask through the nares (nasal CPAP, nCPAP) has been established as the
first line of therapy for obstructive sleep apnea hypopnea syndrome (OSAHS). It has been
reported, however, that nCPAP exerts an inhibitory influence on the water-induced swallow‐
ing reflex [22].

Several investigators have reported that gastroesophageal reflux (GER) is increased in adult
and child patients with OSAHS [23, 24]. It appears that the swallowing mechanism may be
affected by mechanical and/or chemical stimuli, including apnea and positive pressures in the
upper airways. Because abnormalities of neural networks in the area of the suprapharynx are
implicated in the cause and/or results of obstructive sleep apneas, it is possible that patients
with OSAHS have an abnormal swallowing reflex due to impaired neural/muscular function
at the upper airways.

The phenomenon was observed. The swallowing reflex was determined according to the
following criteria: latent time (LT), the time following a bolus injection of distilled water at the
suprapharynx to the onset of swallowing; inspiratory suppression time (IST), the time from
the termination of swallowing to the next onset of inspiration; and threshold volume, the
minimum volume of water (range, 0.4 to 2 mL) that could evoke the swallowing response.
Whereas the LT values in patients with OSAS were larger than the LT values in the control
subjects, the IST values (which may reflect the switching mechanism from deglutition apnea
to breathing) were actually shorter (Figure 3). In addition, a greater bolus volume was
necessary to elicit swallowing in patients with OSAHS than was necessary in the control
subjects. Thus, patients with OSAHS are likely to exhibit an impaired swallowing reflex,
probably due to the perturbed neural and muscular function of the upper airways [25].
However, Jobin and others have reported that threshold volume did not differ between the
OSAHS and control groups with obesity. Although the swallowing latency was shorter for
OSA patients, IST were similar for OSA patients and control subjects. Since there was a
significant inverse relation between vibratory sensation threshold (VST) and IST, orophar‐
yngeal sensory impairment in OSA may be associated with an attenuation of inhibitory
modulating inputs to reflex and central control of upper airway swallowing function [26].

4. Clinical implication of swallowing dysfunction in sleep apnea

Sleep apnea caused swallowing dysfunction may lead to susceptibility to upper airway
infection in child patients and older patients [27-29]. The increased respiratory effort to breath
against a closed airway may facilitate pulmonary aspiration in the patients. It is known that
children with sleep-disordered breathing experience more respiratory infections. Sleep apnea
associated swallowing abnormality is possibly a predisposing risk factor for community-
acquired pneumonia (CAP) in children [27]. In the frail elderly, sleep apnea considered to be
a significant risk factor for the development of pneumonia [28-30]. Further, immune pertur‐
bations secondary to disrupted sleep may render them susceptible to invasion of pathogens
[31]. The impaired immune function caused by sleep-disturbed breathing may also potentiate
the emergence of pneumonia.
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From treatment viewpoints of sleep apnea, nCPAP therapy may have favorable effects on the
risk reduction of airway infection. The treatment of OSAHS with CPAP may be effective for
the improvement of awakens and daytime activity as well as the prevention of nocturnal
aspiration and pneumonia. On the other hand, poor maintenance of the CPAP machine and
the humidifier leads to bacterial growth. Although this does not cause an infection, it can result
in the introduction of bacteria to the patient's respiratory system. Keeping the machine and its
components clean decreases the opportunity for bacterial growth. The only infection clearly
associated with CPAP use may be meningitis. It has been reported that meningitis occurred
in patients using CPAP only following a skull trauma [31]. In the elderly, OSA and central type
apnea was associated with an increase in mortality from pneumonia in addition to increased
risk of cardiovascular related and all-cause mortality. However, there was no relationship
between mortality and severity of sleep apnea [32].

5. Breathing and gastroesophageal reflux (GER)

Acid reflux events are very different between the awake period and the sleep period. During
sleep, acid reflux events tend to be less frequent and of a longer duration as compared with
acid reflux events during the awake period [33]. This is due to the profound effect of sleep on
esophageal response to acid reflux events. During sleep, there is a significant reduction in

(Cited by Teramoto et al. Chest Chest. 1999;116(1):17-21. doi:10.1378/chest.116.1.17)

Figure 3. Swallowing reflex in OSAS patients and control subjects. A presentation of the latency for the swallowing
reflex induced by a bolus of water in 20 patients with OSAS and in 20 age-matched control subjects (CTRL). The laten‐
cy for swallowing initiation was judged using LT on the recording of submental EMG activity.
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voluntary swallowing and thus primary peristalsis. In addition, diminished saliva production
during sleep results in delayed normalization of the distal esophageal pH after an acid reflux
event has occurred. Loss of gravitation effect as well as alteration in perception of acid reflux
events and thus less symptom generation may all adversely affect physiological response to
GER. Consequently, nocturnal GER has been demonstrated to be associated with esophageal
inflammation, GER-related complications and extra-esophageal manifestations of gastroeso‐
phageal reflux disease (GERD) [34, 35]. It is well known that GERD, besides its classical
symptoms, is associated with extra esophageal symptoms and complications as well (Table
1). The most common ones are respiratory symptoms, no cardiac chest pain, and physiatrist
symptoms including nocturnal disturbed breathing [36-38].

Organ specialty Symptoms /complications

Cardiology non-cardiac chest pain

Pulmonologist bronchial asthma, chronic cough

Otolaryngology Posterior laryngitis, reflux laryngitis,

Psychiatry sleep disorders, sexual disorders, anxiety

Pediatrics recurrent lower respiratory tract infection, apnea (sudden death), otitis media

Geriatrics sleep disorders, recurrent lower respiratory tract infection

Table 1. Extra-esophageal complications of GERD

6. Gastroesophageal reflux in sleep apnea

Gastroesophageal reflux disease (GERD) is a very common disorder defined as various
symptoms or esophageal mucosal damage generated by the abnormal reflux of gastric contents
into the esophagus [39]. Patients with OSAHS have been reported to have a high prevalence
of gastroesophageal reflux (GER) symptoms [40]. The increase of transdiaphragmatic pressure
in parallel with the large negative intrathoracic pressure produced during apnea events may
directly lead to GER (Figure 4) [41]. Some studies have demonstrated that the application of
nCPAP for OSAHS also improve GER symptoms. However, GER does not occur with every
apnea [42]. Because the common conditions observed in patients with OSAHS, including
obesity or alcohol ingestion, are also predisposing factors for GER, the direct pathologic
association between OSAHS and GER has not been established. In fact, a recent investigation
in over 1000 subjects failed to show a causal link between both diseases [43]. Thus, there is a
common pathology between OSAHS and GERD, but the direct causal relationships between
two disorders remains controversial. Further, a temporal relationship between cough and
reflux events has been suggested by studies utilizing impedance-pH monitoring of reflux
events and objective cough recording. However, consensus is lacking in terms of whether this
temporal relationship proves a causal link between reflux and cough [44].
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Possible pathologic link between gastroesopgaheal reflux (GER) and sleep apnea 
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Figure 4. Possible pathologic link between gastroesopgaheal reflux (GER) and sleep apnea

7. Clinical implication of GER in sleep apnea

Extraesophageal complications of GERD have been concerned in patients with sleep apnea.
The GER may be associated with cardiovascular, pulmonologic, laryngeal, and dental
complications [45]. The most recognized manifestations are non-cardiac chest pain, bronchial
asthma, chronic bronchitis, chronic cough, and posterior laryngitis, as well as the acidic
damage of dental enamel [45].

Heartburn during sleep is very common in the general population. This type of symptom of
GERD is strongly associated with increased body mass index (BMI), carbonated soft drink
consumption, snoring, daytime sleepiness, insomnia, hypertension, bronchial asthma, and
usage of benzodiazepines. These factors are also strong risk factors for sleep apnea. Thus,
heartburn during sleep may be associated with the severity of OSA related negative intra‐
thoracic pressure, resulting in increased sleep complaints and excessive daytime sleepiness
[46]. It has been suggested that sleep deprivation is hyperalgesic in patients with GERD and
provides a potential mechanism for increase in GERD symptom severity in sleep-deprived
patients [47].

8. Possible links among dysphagia, GER and sleep apnea

Chronic cough is a common problem in patients who visit physicians. The cough is associated
with deterioration in patients’ quality of life. The three most common causes of chronic cough
in those who are referred to pulmonary specialists are postnasal drip, asthma and gastroeso‐
phageal reflux. It has been reported that asthma, postnasal drip syndrome (PNDS), and
gastroesophageal reflux disease (GERD), alone or in combination, were responsible for > 90%
of the causes of chronic cough [48]. The chronic cough may lead to true asthma and asthma is
exacerbated by the gastroesopgaeal reflux [49, 50]. The initial treatment of patients with cough
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is often empiric and may involve a trial of decongestants, bronchodilators or histamine H2
antagonists, as monotherapy or in combination [51]. If a therapeutic trial is not successful,
sequential diagnostic testing including chest radiograph, and barium swallow may be
indicated. The chronic cough could be caused by repeated GER, aspiration, and OSA [52]. The
pathologic link between chronic cough and sleep apneas has been considered. The chronic
cough is a symptom of GER and dysphagia. The daytime symptom may affect the night time
symptom including sleep apneas. One possible explanation for the risk of chronic cough in
OSA patients may be related to easy pulmonary aspiration. Since high collapsibility of the
upper airway is characteristic to OSA, resultant hypoxemia may stimulate such patients to
breath against a closed airway, therefore generating a more negative intra-thoracic pressure
[53-55]. The more negative intra-thoracic pressure induces a higher pressure gradient and a
vacuum pressure through the upper airway, facilitating aspiration of pharyngeal secretions,
saliva or oral contents into the lower respiratory tract[56]. Because the fundamental mechanism
of sleep-disordered breathing in children may not be the same as that of sleep apneas in adults
and the elderly, the inter-relationships among chronic cough, sleep apnea, and GER in younger
subjects and children is different from those in adult and elderly patients. Post-swallow apnea
and post-swallow inspiration occur significantly more frequently in infants suffering from
acute bronchiolitis than healthy infants [57].It is interesting to know the swallowing function
in child patients and older patients with sleep apneas or GERD. Because the swallowing
function is impaired in patients with OSAHS, and because the swallowing function is associ‐
ated with cough reflex thorough substance P, the abnormality in swallowing function in OSAS
may be associated with chronic cough in children and adults [58, 59]. It has been suggested
that excessive daytime sleepiness seen in some OSAHS patients may be associated with various
pathophysiological mechanisms including changes in substance P levels [60]. Although many
patients with adults OSAHS complain of sleep-related heartburn and regurgitation of gastric
contents into the pharynx, the complaint is rarely heard in children with apneas. Therefore,
the similarities and differences in swallowing function, cough reflex, and GER between
children and adult patients with SAS may lead to further knowledge regarding the coupling
mechanism between respiration and deglutition [61, 53]. However, as GERD manifests a
spectrum of conditions, including asthma, posterior laryngitis, and chronic coughing, the
pathologic link among chronic cough, OSAS, and GERD is not simply determined in children.

9. Summary

Breathing and swallowing is tightly coupled. Disruption of breathing-swallowing coordina‐
tion causes aspiration, which facilitates several pulmonary complications including lower
respiratory tract infection.

Swallowing is also affected by the gastroesophageal reflux (GER). Thus, GER affects respira‐
tory symptom including aspiration, cough, and dysphasia. The coincidence of recurrent
respiratory symptoms and GER is important in infants as well as elderly patients. The GER
related respiratory symptoms are considerably influenced by nocturnal disturbed breathing
including OSAHS. The intrathoracic pressure changes during obstructive apnea and compen‐
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sated hyperinflation are associated with the occurrence of GER and aspiration. We should
seriously consider that the swallowing, breathing and GER are dependently and independ‐
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respiratory symptoms and GER is important in infants as well as elderly patients. The GER
related respiratory symptoms are considerably influenced by nocturnal disturbed breathing
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1. Introduction

Chronic obstructive pulmonary disease (COPD), a common preventable and treatable disease,
is characterized by persistent airflow limitation that is usually progressive and associated with
an enhanced chronic inflammatory response in the airways and the lung to noxious particles
or gases (Global Strategy for the Diagnosis, 2013).

The chronic airflow limitation characteristic of COPD is caused by a mixture of small-airway
disease (obstructive bronchiolitis) and parenchymal destruction (emphysema). The relative
contributions of each vary from person to person. Chronic inflammation causes structural
changes and narrowing of the small airways.

Symptoms of COPD include sputum production, cough and dyspnea. These respiratory
symptoms are chronic and progressive over time. As a result, subjects increasingly experience
deterioration in their health-related quality of life, in their capacity to work and reduced
participation in social and physical activities (Rabe et al., 2007).

COPD includes heterogeneous lesions that variably affect the airways, lung parenchyma and
systemic structures. COPD is caused by various pathogenic mechanisms and does not present
a uniform histological substrate. Patients with this disease present with different clinical
features: non-exacerbator with emphysema or chronic bronchitis; mixed COPD-asthma;
exacerbator with emphysema and exacerbator with chronic bronchitis (Miravitlles et al.,
2013). In addition to affecting the lungs, the disease presents significant systemic consequences
including skeletal muscle dysfunction, nutritional disorders and weight loss (Andreassen &
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Vestbo, 2003; Agusti, 2005). As a result COPD causes a progressive decrease in the ability to
perform the essential activities of daily living.

COPD is a leading cause of morbidity and mortality worldwide and results in an economic
and social burden that is both considerable and increasing. According to some studies, the
prevalence of COPD in Spain is 10.6% (Sobradillo et al., 1999), and the mortality rate in 2011
was 51.2 deaths per 100,000 males and 14.6 deaths per 100,000 females (Instituto Nacional de
Estadística, 2011).

Due to its high prevalence, morbidity and mortality, COPD generates significant economic
costs to the health system and is considered a significant health problem.

Obstructive sleep apnea syndrome (OSAS) is a disorder characterized by recurrent upper
airway collapse during sleep (Young et al., 1993). This results in a reduction or complete
cessation of airflow despite ongoing inspiratory efforts and leads to arousals, sleep fragmen‐
tation, and oxyhemoglobin desaturation (Remmers et al., 1978).

OSAS is a common disease, affecting 3.4% in men and 3% in women of the adult population
and appears to be associated with a number of forms of morbidity (Duran et al., 2001). Al least
6.8% of subjects 50-70 years of age are affected (Zamarron et al., 1999).

The most common symptoms of OSAS patients include chronic loud snoring, excessive
daytime sleepiness, personality changes and deterioration of quality of life. Though clinically
recognized for more than three decades (Gastaut et al., 1965; Lugaresi et al., 1972; Guillemi‐
nault, 1985), general awareness of OSAS has been slow to develop.

Treatment with continuous positive airway pressure (CPAP) has been shown to decrease the
frequency and severity of sleep disturbances and associated symptoms (Kiely et al., 1999).
Other treatments include mandibular advancement prosthesis (Doff et al., 2013) or surgery
(Tuncel et al., 2012).

OSAS may coexist with COPD and this combination has been the focus of extensive study.
Fenley referred to it as ‘‘overlap syndrome” (Flenley, 1985). Recently, to encourage further
research in this area, another terminology has been proposed to integrate OSAS in the setting
of obstructive lung disease, which is called OLDOSA (obstructive lung disease and obstructive
sleep apnea) (Ioachimescu & Teodorescu, 2013).

The aim of the present review is to analyse the association and interaction of obstructive sleep
apnea syndrome and chronic obstructive lung disease.

2. Epidemiology

There have been a number of studies evaluating the presence of OSAS among COPD patients.
Chaouat et al. found a 14% prevalence of OSAS among patients with mild COPD (Chaouat et
al., 1995), and O’Brien found overlap syndrome in 11.9% of COPD patients (O'Brien &
Whitman, 2005).
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On the other hand, there have also been studies evaluating the presence of COPD among
patients with OSAS. In a group of 265 OSAS patients, Chaouat found that 11% also had COPD
(Chaouat et al., 1995). Sanders et al. found 11% of overlap syndrome among patients with
OSAS (Sanders et al., 2003). Nevertheless, a very large study including 5,954 participants done
in conjunction with the Sleep Heart Health Study found no significant difference in the
prevalence of OSAS, defined as apnea hypopnea index greater than 10, among COPD subjects
(14.0%) and those without COPD (18.6%) (Sanders et al., 2003). A study involving 356 males
and 320 females with OSAS found a lower prevalence of overlap syndrome (9.2%) (Bednarek
et al., 2005). Recently, in 524 male subjects with OSAS diagnosed by the prevalence rate of
COPD was 12% (Shiina et al., 2012).

All of this suggests that the coexistence of COPD and OSAS is due more to chance than a
pathophysiologic link between the two conditions.

Among the different phenotypes that constitute COPD, OSAS is preferably associated to
chronic bronchitis. Study results COPDGene showed that patients with chronic bronchitis
phenotype showed prevalence of OSAS 22.4% versus 14.4% in those who did not meet this
criterion (Kim et al., 2011). These findings are consistent with the idea that the chronic
bronchitis patient may present episodic nocturnal desaturations during REM sleep. Izquierdo
et al. also found that the prevalence of OSAS is more prevalent in the phenotype chronic
bronchitis and emphysema, compared to COPD and asthma (23.6, 4.9% and 12.5%, respec‐
tively (Izquierdo-Alonso et al., 2013).

3. Physiopatological consequences

Sleep has profound effects on ventilation (Douglas et al., 1982), partly because it is accompa‐
nied by a fall in metabolic rate (White et al., 1985). Sleep represents a challenge to the respiratory
system, especially in patients debilitated by respiratory disease. As occurs in some respiratory
diseases, patients affected by respiratory failure while awake, are even more seriously affected
during sleep.

In overlap syndrome, ventilatory response may be disturbed by lung mechanics and gas
exchange. Radwan et al. studied breathing pattern and CO2 response in obese patients with
overlap syndrome and obese patients with OSAS only. The OSAS group presented similar
values to non-obese controls in ventilatory response to CO2 and occlusion pressure responses.
The overlap group had a higher breathing frequency and lower tidal volume than the OSAS-
only group. This author concluded that overlap patients with hypercapnia had both blunted
ventilatory and mouth occlusion pressure responses during CO2. In patients with chronic
hypercapnia, there is an increased blood bicarbonate concentration, which may inhibit CO2

sensitivity and decreases mouth occlusion pressure response (Radwan et al., 1995).

In patients with overlap syndrome, sleep-related hypoventilation is associated to a reduction
in respiratory drive, loss of accessory muscle activity and ventilation perfusion mismatch.
Hypoventilation in such patients is due to an increased breathing effort, related to upper and
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lower airway obstruction. Respiratory muscles may also fatigue which is related to the
mechanical disadvantage of chest wall hyperinflation. Moreover, there is also a reduction in
functional residual capacity which is related to supine posture and sleep state (McNicholas,
1997). Kwon et al. suggest that increased severity of hyperinflation is associated with worse
sleep efficiency, independent of apnea and nocturnal hypoxemia. The mechanisms underlying
this observation are uncertain. These authors speculate that therapies aimed at reducing lung
hyperinflation may improve sleep quality in patients with overlap syndrome (Kwon et al.,
2009).

Overlap patients present more nocturnal desaturation than patients with either OSAS or COPD
alone (Chaouat et al., 1995; Sanders et al., 2003). Sanders examined the degree to which COPD
and OSAS independently and jointly contribute to desaturation during sleep. After adjusting
for age, sex, height, weight, race, smoking status, and awake oxygen saturation, the OR for
nocturnal oxyhemoglobin desaturation was found to be considerably increased in OSAS
patients (Sanders et al., 2003). Furthermore, Lacedonia suggest that day-time hypoxemia in
overlap patients is largely determined by the increase of body weight and severity of nocturnal
hypoxia (Lacedonia et al., 2013).

4. Pulmonary hypertension

Patients with overlap syndrome are more likely to develop daytime pulmonary hypertension
(Weitzenblum et al., 1988) and right heart failure (Bradley & Phillipson, 1985) than patients
with either condition alone. COPD patients are affected by pulmonary hypertension secondary
to alveolar hypoxia (Bonsignore et al., 1994), which is associated to increased morbidity and
mortality (Chaouat et al., 2005). In these patients, pulmonary hypertension is primarily
observed in those with severe disease, when the FEV1 is lower than 50% predicted and diurnal
PaO2 is less than 60 mm Hg (Ashutosh et al., 1983).

OSAS patients may also be affected by pulmonary hypertension (Bady et al., 2000). However,
this impact is higher when associated with COPD. In fact, Hawrylkiewicz et al. found a
prevalence of pulmonary hypertension among overlap patients of 80% compared to 16%
among individuals with OSAS alone (Hawrylkiewicz et al., 2004).

Patients with simultaneous COPD and OSAS have a more serious sleep related oxygen
desaturacion than patients with COPD alone and the same degree of bronchial obstruction.
Chaouat et al. reported a PaO2 ≤ 65 mm Hg in 54 (23%) out of 235 non-OSAS COPD patients
and compared to 17 (57%) out of 30 patients with overlap syndrome (Chaouat et al., 1995). In
the same report, right-heart catheterization identified pulmonary hypertension in 7% of
patients with COPD and 36% of those with overlap syndrome. In fact, hypoxemia, hypercap‐
nia, and pulmonary hypertension were observed in the presence of even mild to moderate
bronchial obstruction in overlap patients (Fletcher et al., 1987). When COPD reaches an
advanced-stage, concomitant OSAS is likely to cause significant adverse clinical consequences
(Hiestand & Phillips, 2008).
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5. Sleep apnea syndrome and COPD association and vascular disease

COPD is a systemic disease with multiple effects on target-organs including cardiovascular
system. Until recently, exacerbations of disease and progression of respiratory insufficiency
have been the focus of mortality studies in COPD, however, a number of epidemiologic reports
have shown that significant morbidity and mortality in COPD involves cardiovascular
diseases.

In France, Fuhrman et al found that cardiovascular disease accounted for 32% of deaths in
COPD patients (Fuhrman et al., 2006). Similar results were obtained in previous retrospective
studies conducted in Canada (Huiart et al., 2005; Curkendall et al., 2006). In these reports,
cardiovascular morbidity and mortality were higher in the COPD group than in the general
population.

Moreover, some prospective reports have shown that FEV1 is a factor that predicts mortality
risk from all causes and specifically mortality from ischemic heart disease in both genders
independently of the smoking habit (Schunemann et al., 2000). In Spain, De Lucas-Ramos et
al. in a cross sectional multicentre study of 572 COPD patients found a prevalence of 16.4% of
ischemic heart disease (De Lucas-Ramos et al., 2008). In a subsequent paper of 1200 COPD
patients and 300 control subjects, these authors found that COPD was an independent risk
factor for cardiovascular disease with an odds ratio of 2.23 (1.18 to 4.24) (De Lucas-Ramos et
al., 2012). However, Izquierdo et al, in another case-control study found no association between
ischemic heart disease and COPD and concluded that the higher prevalence of traditional
cardiovascular risk factors in patients with COPD may explain the higher incidence of ischemic
heart disease in these patients (Izquierdo et al., 2010).

A close relationship exists between COPD, systemic inflammation and cardiovascular disease,
but the mechanisms by which COPD patients develop systemic inflammation remain unclear.
Although the main abnormality favouring vascular disease associated with COPD is systemic
inflammation, other factors include the activation of platelets related to hypoxia and oxidative
stress (Takabatake et al., 2000; Mills et al., 2008). In COPD there is a systemic inflammatory
component which manifests itself in the presence of several inflammatory mediators in
peripheral blood (Gan et al., 2004).

An extensively-studied inflammatory mediator is C-reactive protein. Studies have shown that
patients with COPD have higher values of C-reactive protein and that these are independent
of smoking (Pinto-Plata et al., 2006; Karadag et al., 2008). C-reactive protein exerts diverse
effects on endothelial biology by promoting proinflammatory and proatherogenic phenotype,
currently considered to be a systemic marker of the inflammatory process associated with
cardiovascular disease.

It has also been found that homocysteine in blood, another marker for cardiovascular disease,
was elevated in severe stable COPD patients (Seemungal et al., 2007). In a three-year follow-
up study of a cohort of 3247 subjects, Nunomiya et al. found that levels of homocysteine in
blood were predictive of FEV1 reduction (Nunomiya et al., 2013). In addition, elevated levels
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of inflammatory markers such as TNF-alpha, IL-6, IL-8 have also been reported in patients
with COPD (Pinto-Plata et al., 2012).

We should also point out that several studies have found a relation between endothelial
dysfunction and COPD (Cella et al., 2001; Moro et al., 2008; Nakanishi et al., 2011; Minet et al.,
2012).

The relation between OSAS and cardiovascular disease involves a number of mechanisms such
as the followings.

OSAS-associated disturbances, especially chronic intermittent hyopoxia and enhanced
sympathetic activity, lead to up-regulation of the renin-angiotensin system and down-
regulation of nitric oxide synthases (Fletcher et al., 1999; Prabhakar et al., 2001). When an
obstructive apnea occurs, it is terminated by a sudden arousal, that is, lightening of sleep or
awakening from sleep (Somers et al., 1995).

Furthermore, increased oxidative stress has been associated with development of cardiovas‐
cular diseases and can be promoted by the chronic intermittent hypoxia characteristic of OSAS
(Park et al., 2007). In fact, a variety of studies suggest that oxidative stress is present in OSAS
at levels relevant to tissues such as the arterial wall (Barcelo et al., 2006; Grebe et al., 2006). This
process enhances lipid uptake into human macrophages and may contribute to atherosclerosis
in OSAS patients (Lattimore et al., 2005).

Furthermore, OSAS decreases blood antioxidant status in high-BMI subjects and may change
the relationship between oxidative stress markers (Wysocka et al., 2008).

Systemic inflammation is increasingly being recognized as a risk factor for a number of
complications including atherosclerosis (Ross, 1999) and is a well-established factor in the
pathogenesis of cardiovascular disease (Hansson, 2005). C-reactive protein is an important
serum marker of inflammation with major implications for cardiovascular morbidity and
atherogenesis (Rutter et al., 2004). C-reactive protein levels are increased in OSAS in accord‐
ance with disease severity (Shamsuzzaman et al., 2002; Kokturk et al., 2005; Punjabi & Beamer,
2007; Taheri et al., 2007).

A variety of findings support the existence of a relation between hypercoagulability, OSAS
and cardiovascular disease. Patients with OSAS present higher plasma levels of several
procoagulant factors such as fibrinogen (Reinhart et al., 2002; Tkacova et al., 2008), platelet
activity (Akinnusi et al., 2009) and the fibrinolysis-inhibiting enzyme plasminogen activator
inihibitor (PAI-1) (Von et al., 2006; Zamarron et al., 2008b).

Finally, a number of studies involving OSAS patients indicate an associated endothelial
dysfunction (Nieto et al., 2004; Kohler et al., 2008; De la Peña et al., 2008). Endothelial dys‐
function is frequently present in OSAS (Kheirandish-Gozal et al., 2010) and may have a
potential role in the pathogenesis of vascular diseases that is pertinent to OSAS (Berger & Lavie,
2011). Several studies have reported higher endothelin-1 levels in OSAS patients (Phillips et
al., 1999; Saarelainen & Hasan, 2000)
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As inflammatory diseases, both OSAS and COPD are associated to higher cardiovascular risk.
The mechanisms that may be involved different factors and include vascular inflammation,
endothelial dysfunction, and tonic elevation of sympathetic neural activity (Figure 1).

 Sympathetic activity

Endothelial dysfunction
Hypoxemia -

reoxygenation 
episodes

Sleep 
fragmentation
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Coagulation-fibrinolysis imbalance

Oxidative stress

Sistemic inflammation

Cardiovascular 
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Figure 1. A schematic summary of the proposed sequence of events in obstructive sleep apnea syndrome (OSAS) and
chronic obstructive pulmonary disease (COPD) starting from episodic hypoxia and sleep fragmentation

Evidence of systemic inflammation and oxidative stress in COPD and sleep apnea provides
insight into potential interactions between both disorders that may predispose to cardiovas‐
cular disease (Lee & McNicholas, 2011). In sum, OSAS is one of the most frequent comorbidities
and/or associations of COPD, and may bring on increased inflammation (Carratu & Resta,
2008; Macnee et al., 2008; Gilmartin et al., 2008; Shiina et al., 2012).

6. Clinical characteristics

The most common symptoms of OSAS patients include chronic loud snoring, excessive
daytime sleepiness, personality changes, depression, impairment of thinking and deteriora‐
tion of quality of life (Zamarron et al., 1998; Pichel et al., 2004). COPD patients, on the other
hand, may present cough; sputum production; or dyspnea (Miravitlles et al., 2013).
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of inflammatory markers such as TNF-alpha, IL-6, IL-8 have also been reported in patients
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As inflammatory diseases, both OSAS and COPD are associated to higher cardiovascular risk.
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Figure 1. A schematic summary of the proposed sequence of events in obstructive sleep apnea syndrome (OSAS) and
chronic obstructive pulmonary disease (COPD) starting from episodic hypoxia and sleep fragmentation
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Nevertheless, overlap patients present unique characteristics, which set them apart from either
COPD-only or OSAS-only patients (Zamarron et al., 2008). After comparing overlap patients
with OSAS-only patients, Radwan et al. found no significant differences in OSAS severity,
mean arterial oxygen saturation during sleep, and BMI (Radwan et al., 1995). Chaouat et al.
found that, compared to the OSAS-only group, the overlap population tended to be older, but
similar BMI (Chaouat et al., 1995). O’Brien and Whitman found that overlap patients were
older, and less obese than the OSAS-only group (O'Brien & Whitman, 2005). Resta el al. showed
that overlap patients had higher PaCO2 than OSAS-only group, but similar apnea hypopnea
index. This author developed a model for predicting PaCO2 in overlap patients based on
PaO2, FEV1, and weight (Resta et al., 2002).

Cardiac arrhythmias and sudden death are common and important causes of mortality in
patients with COPD (Yildiz et al 2002). Several factors such as hypoxemia, hypercapnia, acid-
base disturbances, autonomic dysfunction, and medication may contribute to the development
of arrhythmias in these patients (Sarubbi et al., 1997; Yildiz et al., 2002). Patients with OSAS
have a higher frequency of cardiac rhythm disturbances and ST-segment depression episodes
than snoring and control subjects. Moreover, ST-segment changes are related to sympathetic
tone and sleep fragmentation, whereas most of the rhythm disturbances in OSAS patients are
associated to sleep fragmentation, nocturnal hypoxemia, and sympathetic tone (Alonso-
Fernandez et al., 2005).

Sleep disturbance in patients with COPD is usually related to nocturnal cough, wheezing, and
shortness of breath (Weitzenblum & Chaouat, 2004). It is common for moderate to severe
COPD patients to complain about poor-quality sleep, particularly elderly patients in the form
of morning tiredness and early awakenings (Bellia et al., 2003). Sleep studies in COPD have
shown frequent arousals and awakening, and decreased total sleep time with increased
number of arousals (Fleetham et al., 1982). Furthermore, Sandek made reference to the fact
that reduced average nocturnal oxygenation is associated with increased superficial sleep
(Sandek et al., 1999).

In contrast, Sanders et al. observed that COPD patients without OSAS had minimally pertur‐
bed sleep. Thus, it appears that COPD per se does not affect or only slightly affects the quality
of sleep. Instead, it may be that hypoxemia is a determinant of poor-quality sleep in patients
with advanced COPD. In these patients, oxygen therapy has been shown to improve the quality
of sleep, daytime hypoxemia and severe sleep-related oxygen desaturation (Sanders et al.,
2003).

Colt indicates that in OSAS patients, one of the most incapacitating symptoms is excessive
daytime somnolence, which results from disrupted sleep or nightime oxygen desaturation
(Colt et al., 1991). In overlap patients, Sanders et al. observed that, compared to COPD-only
subjects, they had higher Epworth sleepiness scores, lower total sleep time, lower sleep
efficiency, and higher arousal index. Indeed, the quality of sleep in COPD seems to be
influenced by the presence of OSAS but not by the severity of airway obstruction (Sanders et
al., 2003).

Regarding hypercapnia, although overlap patients were expected to be at greater risk,
Weitzenblum et al. found that diurnal pCO2 levels were similar for COPD and overlap patients.
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In fact, significant differences were only found with respect to healthy subjects (Weitzenblum
et al., 2008).

In addition, some studies have shown that overlap syndrome has a major impact on quality
of life. Mermigkis studied 30 subjects with overlap syndrome and 15 control subjects. Quality
of life was determined by St George's Respiratory Questionnaire. The control group included
subjects with COPD and no evidence of OSAS by polysomnography. All subjects were habitual
snorers with normal Epworth Sleepiness Scale scores. Significant differences were found in
total score and in each of the three questionnaire components suggesting worse quality of life
in overlap patients. It is fair to say that OSAS has a major impact on quality of life in patients
with overlap syndrome and can exist in COPD patients with habitual snoring even in the
absence of daytime sleepiness (Mermigkis et al., 2007).

7. Diagnostic procedures

The diagnosis of OSAS should be based on clinical findings and confirmed by polysomnog‐
raphy which has traditionally been regarded as the gold standard for diagnosis (Kushida et
al., 2005). However, alternatives that are less expensive and time-consuming are increasingly
becoming popular (Flemons et al., 2003).

Subjects with COPD normally have well-preserved sleep architecture; hence, when faced with
sleep complaints, the possible existence of associated sleep disorders should be considered
and polysomnography applied for further characterization. Not all COPD patients necessarily
need to be tested for OSAS. Nocturnal polysomnographic monitoring in COPD is usually
performed when OSAS is suspected (Table 1). Only COPD subjects who have the typical risk
factors for OSAS, such as obesity, chronic snoring, enlarged neck, daytime sleepiness, and
hypertension, should be considered for further testing (Marrone et al., 2006; Lopez-Acevedo
et al., 2009). Other indications include the presence of nocturnal hypoxaemia complications
that are not explained by awake arterial oxygen levels, pulmonary hypertension, or cor
pulmonale out of proportion to the severity of pulmonary function derangement in COPD
patients whose daytime PaO2 is 60–65 mmHg (Douglas & Flenley, 1990).

Clinical suspicion of OSAS:

Headache upon awakening,

Excessive daytime sleepiness.

Snoring and breathing pauses

Obesity

Normal daytime blood oxygen with

Cor pulmonale

Polycithemia and normal daytime oxygen.

Table 1. Indications for nocturnal polysomnography in COPD
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8. Treatment

Conventional oxygen therapy is prescribed to stable COPD patients who exhibit marked and
persistent hypoxemia. This therapy is sufficient to correct even severe nocturnal desaturation
and has favourable effects on the observed hypoxemia-related peaks in pulmonary hyperten‐
sion (Boysen et al., 1979). Furthermore, some authors report that oxygen therapy improves the
quality of sleep by shortening latency to sleep, increasing REM sleep as well as stages III and
IV, and by decreasing number of arousals (Calverley et al., 1982).

All patients with OSAS should be counselled about the potential benefits of therapy and the
risks of going without treatment as well as the value of avoiding factors that increase the
severity of upper-airway obstruction, such as sleep deprivation; the use of alcohol, sedatives,
and hypnotic agents; and excessive weight (Haynes, 2005). CPAP therapy is a well-established,
widely used treatment (Giles et al., 2006), but, it is not suitable for all patients.

The coexistence of OSAS and COPD defines a high-risk group of patients because their awake
and sleep related hypoxemia and hypoxemic cardiovascular consequences are more marked.
Although the natural history of overlap syndrome is not well-known, a major aim of therapy
should be to correct both upper airway obstructive episodes and sleep hypoxemia.

Treatment for overlap syndrome consists of CPAP or non-invasive positive pressure ventila‐
tion, with or without associated O2, for correction of the upper airway obstructive episodes
and hypoxemia during sleep (Pronzato, 2010; Nural et al., 2013).

Sampol studied a group of overlap patients over three consecutive nights. This study found
that the application of CPAP corrected apneas and hypopneas, but not oxygen desaturation.
With the addition of oxygen at a flow of 1.5 L.min-1 at suboptimal CPAP levels, they observed
an increase in apnea frequency, persistence of apneas at CPAP levels which eliminated them
when no supplemental oxygen was administered, and longer duration of apneas and hypo‐
pneas. However, when the effective CPAP level was reached with supplemental oxygen, its
efficacy in eliminating apneas and hypopneas was maintained and, furthermore, oxygen
desaturation was corrected. The authors conclude that CPAP with supplemental oxygen
constitutes a practical therapeutic alternative for hypoxic patients with overlap syndrome
(Sampol et al., 1996).

De Miguel evaluated the effects of CPAP therapy on lung function in patients with overlap
syndrome over two consecutive years. After six months of CPAP therapy, there were statisti‐
cally significant increases in PaO2, FEV1, and FVC, accompanied by significant decreases in
PaCO2, serum bicarbonate levels, and alveolar-arterial oxygen difference. However, these
patients also had significant weight loss during this time, which may explain the benefits
observed. Also, the degree of obstruction, as reflected by the FEV1/FVC ratio, did not change.
Interestingly, there was no improvement from six to eighteen months, a period in which there
were no changes in patient weight. Response of overlap syndrome patients to CPAP therapy
was greater in the hypercapnic group, particularly in relation to improvement of arterial blood
gases 13.
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Mansfield and Naughton studied fourteen patients, ten of whom were able to tolerate CPAP
for at least three months. They found an improvement in gas exchange and FEV1 associated
with a decrease in hospitalizations (Mansfield & Naughton, 1999). Similar results were
reported by other studies (Peker et al., 1997;Marin et al., 2010).

CPAP treatment may have other potentially beneficial effects. Seeing as COPD is an inflam‐
matory airways disorder and OSAS may act as an inflammatory stimulus, coexistent of both
diseases in overlap may augment airway inflammation. Thus, the improvement in OSAS
resulting from the application of CPAP may, in turn, lead to an improvement in the coexistent
COPD. In some studies, the improvement in some markers of bronchial hyper responsiveness
following the application of CPAP suggests the possibility that CPAP therapy may have a
bronchodilator effect (Chan et al., 1988).

A decrease of serum C reactive protein in overlap patients following effective CPAP treatment
shows that CPAP is an effective treatment method for systemic inflammation (Nural et al.,
2013)

Nocturnal oxygen attenuates sleep desaturations among stable overlap patients and does not
produce clinically significant increases in PaCO2. However, hypoxemia and hipercapnic may
persist in the most severe overlap patients in spite of efficient application of nocturnal CPAP
and oxygen therapy. For these patients, some authors recommend nocturnal treatment with
positive pressure ventilators, and the monitoring of treatment effectiveness by sleep study
(Marrone et al., 2006).

9. Prognosis

Regarding the complications that modify the natural history of COPD, it has previously been
shown that, compared to COPD-only patients, overlap syndrome patients are at an increased
risk for respiratory failure, pulmonary hypertension and cor pulmonale, independently of the
degree of airway obstruction (Table 2).

Daytime pulmonary hypertension and right heart failure

High cardiovascular risk

Major impact on quality of life

Increased overall and cardiovascular mortality

Higher medical utilization and cost

Table 2. Overlap syndrome: impact of coexisting disease

In order to evaluate the cost-effectiveness of early interventions and disease management
programs, Shaya studied the economic impact of OSAS among Medicaid beneficiaries with
COPD. The diagnosis of concomitant COPD was associated with substantially higher medical
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utilization and cost than the diagnosis of either alone, and OSAS may add additional economic
burden on beneficiaries who already have COPD or concomitant COPD (Shaya et al., 2009).

Machado carried out a prospective cohort study of 603 hypoxemic COPD patients receiving
long-term oxygen therapy, 95 subjects were diagnosed with moderate-to-severe OSAS. After
adjusting for several confounders, patients treated with CPAP had a significantly lower risk
of death (Machado et al., 2009). This observational study indicated a positive effect of CPAP
treatment on survival in moderate-to severe OSAS patients with hypoxemic COPD receiving
long-term oxygen therapy. This study recommends an active search for OSAS in patients with
hypoxemic COPD using a screening questionnaire and/or nocturnal oximetry.

Overlap syndrome exhibit both increased overall and cardiovascular mortality in patients with
COPD. Marin et al. in a cohort of patients with SAS followed for nine years, patients with
COPD and SAS had a relative risk of death of 1.79 (1.16 to 2.77), with cardiovascular and
pulmonary causes the most common mortality even adjusted for the severity of COPD.

In conclusion, overlap syndrome constitutes a worsening of the complications inherent in
either COPD or OSAS alone. Early identification and treatment of overlap syndrome is
fundamental in order to avoid serious potential effects.
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The effect of oxygenation on sleep quality in chronic bronchitis and emphysema.
Am.Rev.Respir.Dis., 126, 206-210.

[15] Carratu, P. & Resta, O. (2008). Is obstructive sleep apnoea a comorbidity of COPD
and is it involved in chronic systemic inflammatory syndrome? Eur.Respir.J., 31,
1381-1382.

[16] Cella, G., Sbarai, A., Mazzaro, G., Vanzo, B., Romano, S., Hoppensteadt, T. et al.
(2001). Plasma markers of endothelial dysfunction in chronic obstructive pulmonary
disease. Clin.Appl.Thromb.Hemost., 7, 205-208.
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utilization and cost than the diagnosis of either alone, and OSAS may add additional economic
burden on beneficiaries who already have COPD or concomitant COPD (Shaya et al., 2009).

Machado carried out a prospective cohort study of 603 hypoxemic COPD patients receiving
long-term oxygen therapy, 95 subjects were diagnosed with moderate-to-severe OSAS. After
adjusting for several confounders, patients treated with CPAP had a significantly lower risk
of death (Machado et al., 2009). This observational study indicated a positive effect of CPAP
treatment on survival in moderate-to severe OSAS patients with hypoxemic COPD receiving
long-term oxygen therapy. This study recommends an active search for OSAS in patients with
hypoxemic COPD using a screening questionnaire and/or nocturnal oximetry.

Overlap syndrome exhibit both increased overall and cardiovascular mortality in patients with
COPD. Marin et al. in a cohort of patients with SAS followed for nine years, patients with
COPD and SAS had a relative risk of death of 1.79 (1.16 to 2.77), with cardiovascular and
pulmonary causes the most common mortality even adjusted for the severity of COPD.

In conclusion, overlap syndrome constitutes a worsening of the complications inherent in
either COPD or OSAS alone. Early identification and treatment of overlap syndrome is
fundamental in order to avoid serious potential effects.
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1. Introduction

Cardiovascular diseases are the leading cause of morbidity and mortality in the adult popu‐
lation. The most common risk condition to almost all cardiovascular diseases is hypertension.
The obstructive sleep apnea (OSA) syndrome, a growing worldwide sleep-breathing disorder
is recognized as an independent risk factor for hypertension and is associated with other
cardiovascular diseases, such as stroke, pulmonary hypertension, coronary artery disease and
stroke. OSA is characterized by repeated episodes of airflow detention during sleep produced
by the upper airway collapse. Among the disturbances produced by OSA, the chronic
intermittent hypoxia is considered the main factor for the progression of the systemic hyper‐
tension. Although the link between OSA and systemic hypertension is well established, the
pathogenic mechanisms responsible for the hypertension are not entirely understood.
Autonomic dysfunction, oxidative stress and inflammation have been proposed as potential
hypertensive mechanisms. However, conclusions from studies in OSA patients are controver‐
sial, because of concomitant comorbidities (i.e. obesity, metabolic disorders and cardiovascular
diseases), which are confounding factors that increases the cardiovascular risk associated with
OSA. Thus, experimental models of rodents exposed to chronic intermittent hypoxia, which
reproduced several pathologic cardiovascular features of OSA, are the gold-standard to study
the pathogenic mechanisms involved in the OSA-induced hypertension. In this chapter, we
will review and discuss the evidence supporting an essential role of the carotid body chemo‐
receptor and the contribution of the autonomic nervous system to the progression of the
hypertension in OSA patients and animals exposed to chronic intermittent hypoxia.
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2. Pathogenic mechanisms of the hypertension induced by OSA

The OSA syndrome elicited by repeated airflow total or partial occlusions is diagnosed when
patients has an apnea-hypopnea index (AHI) > 10 events/hour. OSA affects up to 9% of the
adults men and 4% of women worldwide population [111]. However, according to a report of
the American Heart Association in collaboration with the National Center on Sleep Disorders
Research, “85% of patients with clinically significant and treatable OSA have never been
diagnosed, and referral populations of OSA patients represent only the tip of the iceberg of OSA
prevalence”. Therefore, the estimated adult population that present an AHI of 5 is ~20% [100].
The OSA syndrome is associated with clinical neurobehavioral dysfunction, such as daytime
sleepiness, fatigue, depressed mood, attention and executive deficits, and verbal and visual-
spatial memory impairments [5, 67]. Nevertheless, the OSA syndrome is also associated with
diurnal systemic hypertension (~50% of the OSA patients developed systemic hypertension),
and with stroke, pulmonary hypertension, coronary artery disease and atrial fibrillation [3, 8,
12, 19; 28, 30, 35, 52, 53, 64, 74, 79, 100].

Several epidemiological studies have shown that OSA is an independent risk factor for the
progression of the hypertension. Indeed, OSA patients show a positive relationship between
AHI and the hypertension, which is independent of other risks [23, 60, 61, 85, 96, 100, 111,
112]. Moreover, results obtained from the Wisconsin Sleep Cohort (an ongoing 21-years
longitudinal study performed on 1500 Wisconsin state employees) have shown that untreated
OSA patients have a high mortality risk associated with AHI [74, 112].

Although the link between OSA and hypertension is well established, the mechanisms
underlying the hypertension are not entirely known. The most accepted explanation proposes
that chronic intermittent hypoxia produces oxidative stress, inflammation, and sympathetic
hyperactivity, which led to endothelial dysfunction and hypertension [19, 25, 28, 41, 43, 52, 53,
65, 99, 100], but it is likely that intrathoracic pressure changes causing excessive mechanical
stress on large artery walls and the heart, and arousal-induced sympathetic hyperactivity may
also contribute to the endothelial dysfunction [47]. OSA is characterized by repeated episodes
of total or partial airflow detention during sleep produced by the pharyngeal collapse, eliciting
intermittent hypoxia and hypercapnia, negative intrathoraxic pressure, sleep fragmentation
and arousal. During the airflow occlusion, the resulting hypoxia and hypercapnia stimulates
the carotid body chemoreceptors producing reflex ventilatory, sympathetic and hypertensive
responses. Among these disturbances, the chronic intermittent hypoxia is considered the main
factor for the development of the hypertension [1, 19, 33, 41, 43, 51, 55, 56, 82, 83, 88, 93, 100].
However, conclusions from studies performed in OSA patients are partial and somehow
controversial, because invasive procedures are precluded because of ethical reasons in
humans, and OSA patients often present concomitant morbidities (i.e. obesity, metabolic
alterations and other cardiovascular diseases), which are confounding factors that increase the
cardiovascular risk. Therefore, experimental models of rodents exposed to intermittent
hypoxia, which simulates the hypoxic-reoxygenation cycles and reproduce several of the
cardiovascular pathologic features of OSA including hypertension, are the gold-standard to
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study the pathogenic mechanisms involved in progression of the cardiovascular and respira‐
tory alterations induced by OSA [15-18, 22, 27, 43, 83-84, 86, 88, 95].

3. Clinical aspects of OSA

There are a strong association between OSA and systemic hypertension in human patients.
Indeed, several studies have shown that the prevalence of OSA is higher in hypertensive
patients, while other studies have shown that OSA increases the predisposition for hyperten‐
sion. In addition, there are observational studies that showed that patients with hypertension
presented a high incidence of OSA, some of these studies are cross-sectional (27, 46, 51, 109].
It has been found in patients with resistant hypertension, that the main secondary cause was
OSA [81]. On other hand, cross-sectional studies have shown that patients with sleep breathing
disorders, including OSA and snoring, present a strong correlation with hypertension [8, 74,
112]. Prospective studies also showed a strong association between AHI and THE increased
arterial blood pressure [85]. It is relevant to note that the OSA-hypertension link is independent
from other comorbidities like obesity [33, 45, 51, 79, 100]. Other study performed in OSA
patients without hypertension, which were follow-up during five years for the risk of hyper‐
tension, concluded that there is a trend of association between AHI > 30 and the occurrence of
the hypertension [75]. OSA patients without treatment presented high risk of hypertension
than those patients treated with continuous positive airway pressure (CPAP) therapy [61].

OSA and hypertensive patients frequently present a combination of comorbidities including
obesity, diabetes and cardiovascular diseases ([1, 33, 45, 54, 56, 64, 100]. The mechanisms that
could explain the association between OSA and hypertension are still in ongoing research. As
was mentioned before, the pathogenesis of the association between OSA and hypertension is
likely to be multifactorial, involving a varied range of pathogenic mechanisms comprising a
group of systemic factors including inflammation, oxidative stress and metabolic dysregula‐
tion, which are beyond the scope of this review. Evidence supporting the role played by
sympathetic dysfunction has been demonstrated by different invasive and noninvasive
methods that quantify sympathetic activity in patients with OSA, the main methods reported
are:

3.1. Muscle sympathetic nerve activity in OSA patients

This technique is based on the microneurographic recording with a tungsten electrode of the
muscle sympathetic nerve activity in the peroneal nerve, which produce vasoconstriction in
blood vessel of skeletal muscles. The muscle sympathetic nerve discharge plays a fundamental
role in the homeostasis of the systemic arterial blood pressure. Studies comparing muscle
sympathetic discharges between OSA patients and controls showed that patients had higher
basal levels of muscle sympathetic nerve discharges [71-73, 99]. Also intermittent hypoxia in
humans produced hypertension and elevated the muscle sympathetic nerve discharges [29].
Continuous positive air pressure therapy decrease muscle sympathetic nerve discharges
overactivity in OSA patients [39, 72, 73, 99].
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3.2. Heart rate variability in OSA patients

The spectral analysis of heart rate variability has two major components defined as the low
frequency (LF) band related to sympathetic influences, and the high frequency (HF) band
related mainly to vagal influences and respiratory sinus arrhythmia. The LF/HF ratio is
believed to be an index of the sympathovagal balance on heart rate [105]. Normotensive
patients with recently diagnosed OSA showed a shift of the HRV spectral indexes towards the
low frequency band, which is associated with increased sympathetic discharges in the peroneal
nerve [70, 97]. The spectral analysis of heart rate variability is performed using a Fast Fourier
Transform or autoregressive methods. The spectrum of R-R intervals is assess using the
following frequency bands: very low frequency: DC-0.04 Hz, low frequency (LF): 0.04-0.15 Hz
and high frequency (HF): 0.15-0.4 Hz in the frequency domain. HF power reflects the activity
of parasympathetic nervous system activity, whereas LF power reflects a combination of
sympathetic and parasympathetic activity [92, 105]. OSA patients showed increased sympa‐
thetic and reduced vagal modulation of HRV in comparison with controls [2, 4]. This sym‐
phato-vagal imbalance is modified with CPAP therapy; in OSA patients with hypertension
CPAP administration reduced the LF power [11, 114].

3.3. Catecholamine measurements in OSA patients

The measurement of blood or urinary catecholamines gives information about their release
from neurons and from the adrenal medulla. Baseline values of the plasmatic concentration of
norepinephrine (NE) characterize the balance between the amount of NE released and then
re-uptake into the nerve terminals. The urinary NE is the amount of NE that is being eliminated
by excretion and metabolism. Plasmatic concentration of epinephrine (E) represents a balance
between adreno-medullary release, excretion and metabolism. In OSA patients, studies of
catecholamines concentrations had shown the presence of elevated levels of catecholamines
in plasma and urine [62, 24, 113], suggesting and elevated sympathetic activity. OSA patients
with elevated NE levels in plasma and urine showed severe hypertension and excessive
sweating, similar to what happened in pheochromocytoma, improved their condition with
CPAP therapy ([36]. It has also been shown that CPAP reduces NE levels in patients with severe
OSA [101, 113, 114]. In children with OSA an association between AHI and urinary NE and E
has been also reported [76].

3.4. Noninvasive cardiovascular autonomic tests in OSA patients

These tests are grouping in two main categories: sympathetic and cardiovagal tests. The
sympathetic tests include arterial blood pressure response to gravitational stress, isometric
exercise and cold stimuli. Cardiovagal autonomic tests include heart rate changes on deep
breathing, Valsalva maneuver ratio and heart rate changes on standing. These tests are
performed during wakefulness and they have shown a diurnal sympathetic dysfunction [6,
14, 66, 103]. Also parasympathetic cardiac dysfunction has been found in OSA patients [14, 66,
107].Overall, the results of these tests suggest an increased sympathetic tone and a decreased
parasympathetic cardiac function in OSA patients.
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4. Autonomic dysfunction in animals exposed to chronic intermittent
hypoxia

Patients recently diagnosed with OSA, show enhanced vasopressor and ventilatory responses
to acute hypoxia [69, 71], sympathetic hyperactivity, demonstrated by an increased muscle
sympathetic neural activity [9, 68, 72-73, 99] and a higher accumulation of 24-h urinary
norepinephrine [21]. Similarly, animals exposed to chronic intermittent hypoxia present
enhanced sympathetic discharges and respiratory responses to acute hypoxia, and develop
systemic hypertension [15, 20, 25, 26, 34, 37, 48, 59, 86, 87, 92, 115]. The autonomic alteration
is characterized by an enhanced sympathetic outflow, reduction of the efficiency of the
baroreflexes sensitivity and alterations of heart rate variability. Indeed, non-invasive spectral
analysis of heart rate variability suggested a preponderance of the sympathetic drive in
animals exposed to chronic intermittent hypoxia [15, 20, 57, 86, 88, 92], similarly to what was
observed patients with OSA [68,72, 97,99]. Thus, it is likely that the enhanced sympathetic
activity along with the reduction of the baroreflex sensitivity could impair heart rate variability
and the regulation of vasomotor tone of blood vessels contributing to the hypertension. In
addition, chronic intermittent hypoxia elicits vagal withdrawal, attributed in part to neuronal
loss in ambiguous nucleus [57, 110].

Using a protocol of short hypoxic cycles (10% O2, 10 times/hr for 8 hrs), we found that exposure
of cats to chronic intermittent hypoxia for 4 days enhanced the ventilatory responses induced
by acute hypoxia and reduced the sensitivity of the baroreflex control of heart rate, but did not
evoke hypertension or enhanced the vasopressor responses to hypoxia [88, 90, 92]. However,
normotensive animals exposed to chronic intermittent hypoxia like normotensive OSA
patients, show a similar increased LF/HF ratio [88, 92]. Besides that, we found a positive linear
correlation (r=0.97) between the LH/HF ratio and the baseline carotid body chemosensory
discharges in the hypoxic-treated cats, suggesting that the potentiation of carotid body
chemosensory discharges may be linked to early changes in the autonomic control of heart
rate in cats exposed to short-term chronic intermittent hypoxia [92]. Thus, our results suggest
that the hypertension induced by chronic intermittent hypoxia is preceded by early alterations
in the autonomic balance of the heart rate, associated with an enhanced carotid body chemo‐
sensory response to hypoxia and a decreased baroreflex control [88, 92]. Lai et al., [See in 49]
also found that chronic intermittent hypoxia increases the LF component and the LF/HF ratio
of the blood pressure variability before the onset of the hypertension in conscious rats exposed
to intermittent hypoxia.

5. Contribution of the carotid body to the cardiorespiratory alterations in
OSA patients and animals exposed to chronic intermittent hypoxia

The enhanced cardiorespiratory responses to acute hypoxia observed in OSA patients has been
attributed to a potentiated hypoxic peripheral chemoreflexes [12, 58, 69, 71], suggesting that
carotid body chemoreceptors play a main role in the pathological alterations induced by OSA.
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3.4. Noninvasive cardiovascular autonomic tests in OSA patients

These tests are grouping in two main categories: sympathetic and cardiovagal tests. The
sympathetic tests include arterial blood pressure response to gravitational stress, isometric
exercise and cold stimuli. Cardiovagal autonomic tests include heart rate changes on deep
breathing, Valsalva maneuver ratio and heart rate changes on standing. These tests are
performed during wakefulness and they have shown a diurnal sympathetic dysfunction [6,
14, 66, 103]. Also parasympathetic cardiac dysfunction has been found in OSA patients [14, 66,
107].Overall, the results of these tests suggest an increased sympathetic tone and a decreased
parasympathetic cardiac function in OSA patients.
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4. Autonomic dysfunction in animals exposed to chronic intermittent
hypoxia

Patients recently diagnosed with OSA, show enhanced vasopressor and ventilatory responses
to acute hypoxia [69, 71], sympathetic hyperactivity, demonstrated by an increased muscle
sympathetic neural activity [9, 68, 72-73, 99] and a higher accumulation of 24-h urinary
norepinephrine [21]. Similarly, animals exposed to chronic intermittent hypoxia present
enhanced sympathetic discharges and respiratory responses to acute hypoxia, and develop
systemic hypertension [15, 20, 25, 26, 34, 37, 48, 59, 86, 87, 92, 115]. The autonomic alteration
is characterized by an enhanced sympathetic outflow, reduction of the efficiency of the
baroreflexes sensitivity and alterations of heart rate variability. Indeed, non-invasive spectral
analysis of heart rate variability suggested a preponderance of the sympathetic drive in
animals exposed to chronic intermittent hypoxia [15, 20, 57, 86, 88, 92], similarly to what was
observed patients with OSA [68,72, 97,99]. Thus, it is likely that the enhanced sympathetic
activity along with the reduction of the baroreflex sensitivity could impair heart rate variability
and the regulation of vasomotor tone of blood vessels contributing to the hypertension. In
addition, chronic intermittent hypoxia elicits vagal withdrawal, attributed in part to neuronal
loss in ambiguous nucleus [57, 110].

Using a protocol of short hypoxic cycles (10% O2, 10 times/hr for 8 hrs), we found that exposure
of cats to chronic intermittent hypoxia for 4 days enhanced the ventilatory responses induced
by acute hypoxia and reduced the sensitivity of the baroreflex control of heart rate, but did not
evoke hypertension or enhanced the vasopressor responses to hypoxia [88, 90, 92]. However,
normotensive animals exposed to chronic intermittent hypoxia like normotensive OSA
patients, show a similar increased LF/HF ratio [88, 92]. Besides that, we found a positive linear
correlation (r=0.97) between the LH/HF ratio and the baseline carotid body chemosensory
discharges in the hypoxic-treated cats, suggesting that the potentiation of carotid body
chemosensory discharges may be linked to early changes in the autonomic control of heart
rate in cats exposed to short-term chronic intermittent hypoxia [92]. Thus, our results suggest
that the hypertension induced by chronic intermittent hypoxia is preceded by early alterations
in the autonomic balance of the heart rate, associated with an enhanced carotid body chemo‐
sensory response to hypoxia and a decreased baroreflex control [88, 92]. Lai et al., [See in 49]
also found that chronic intermittent hypoxia increases the LF component and the LF/HF ratio
of the blood pressure variability before the onset of the hypertension in conscious rats exposed
to intermittent hypoxia.

5. Contribution of the carotid body to the cardiorespiratory alterations in
OSA patients and animals exposed to chronic intermittent hypoxia

The enhanced cardiorespiratory responses to acute hypoxia observed in OSA patients has been
attributed to a potentiated hypoxic peripheral chemoreflexes [12, 58, 69, 71], suggesting that
carotid body chemoreceptors play a main role in the pathological alterations induced by OSA.
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Moreover, Fletcher et al., [See in 26] found that the bilateral carotid body denervation pre‐
vented the hypertension in rats exposed to chronic intermittent hypoxia, suggesting that the
carotid body contributes to the cardiovascular pathologies induced by OSA. In the last years,
the proposal that the carotid body is involved in the progression of the intermittent hypoxia-
induced hypertension received substantial attention [19, 22, 25, 28, 41, 43, 98, 100].

A growing body of new evidence supports the proposal that the carotid body is involved in
the generation of the hypertension in OSA patients and animals exposed to intermittent
hypoxia. OSA patients present enhanced ventilatory, pressor and sympathetic responses to
acute hypoxia, attributed to a potentiation of the peripheral hypoxic chemoreflexes [58, 100].
Narkiewicz et al. [See in 69, 71] studied the reflex ventilatory, tachycardic and vasopressor
responses to acute hypoxia in untreated normotensive patients with OSA, and found that the
hypoxic stimulation produce larger increases in volume-minute ventilation, heart rate and
arterial blood pressure in OSA patients than control subjects. Thus, the available data support
the idea that the enhanced chemoreflex response observed in OSA patients is produced by the
intermittent hypoxia. Similarly, animals exposed to chronic intermittent hypoxia show
enhanced hypoxic ventilatory responses to acute hypoxia [15, 18, 43, 44, 87] and long-term
facilitation of respiratory motor responses [63, 83, 88]. Recording of chemosensory nerve
impulses from the carotid sinus nerve have confirmed the idea that chronic intermittent
hypoxia produces long-term facilitation of the carotid body chemosensory responses to
hypoxia. Indeed, exposure of rats and cats to intermittent hypoxia for few days increases the
basal carotid body discharges measured in normoxia and enhances the chemosensory
responses to acute hypoxia [15, 18, 43, 82-84, 88, 90].

The carotid body, located in the bifurcations of the carotid arteries is the main arterial oxygen
chemoreceptor in terms of its contribution to the ventilatory reflex responses. In mammals,
the hypoxic stimulation of the carotid body increases the sympathetic discharges to the arterial
blood vessels and heart, producing hypertension. The primary oxygen sensors in the carotid
body are the glomus cells, which are in synaptic contact with the nerve terminals of the
chemosensory petrosal neurons [31, 40, 42]. The current model of chemoreception states that
hypoxia induces the inhibition of voltage-independent tandem pore domain potassium
channels (TASK K+), leading to the depolarization of the glomus cells, the entry of Ca2+through
L-type Ca2+channels, and the subsequent release of excitatory transmitters (Acetylcholine and
adenosine triphosphate), which increases the discharges of the nerve endings of the petrosal
chemosensory neurons [40, 42]. Recently, we found that chronic intermittent hypoxia poten‐
tiates the hypoxic inhibition of the TASK-like K+channel currents in glomus cells from
intermittent hypoxia rats. This novel effect of intermittent hypoxia may contribute to explain
its enhancing effect on carotid body hypoxic chemoreception [77]. The carotid body is a
polymodal chemosensory receptor, which is activated by hypoxia, hypercapnia, acidosis, stop
flow, temperature and respond to the levels of glucose [31]. The carotid body has been involved
in several sympathetic-mediated diseases such as hypertension, heart failure, diabetes and
renal failure [94]. Moreover, the denervation or ablation of the carotid body has been proposed
for the treatment of severe and resistant hypertension [78].
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6. Mediators of enhanced carotid body chemosensory responses to hypoxia
in animal models of OSA

Reactive oxygen species (ROS) and reactive nitrogen species (RNS), and pro-inflammatory
agents have been proposed as mediators of cardiovascular and cognitive alterations in OSA
patients [7, 13, 33, 45, 52, 65, 102] and animal models [10, 15-18, 44, 48, 82, 84, 106]. Studies
performed in OSA patients and animals exposed to intermittent hypoxia showed that the
hypoxia-reoxygenation episodes produce systemic oxidative stress due to the accumulation
of ROS and RNS, which are potential sources of cellular damage. Recently, we tested the
hypothesis that oxidative stress contributes to the carotid body chemosensory potentiation
and the progression of the hypertension in rats exposed to chronic intermittent hypoxia [15,
18, 44]. We found that intermittent hypoxia increased the plasma lipid peroxidation and the
formation of the oxidative stress marker 3-nitrotyrosine in the carotid body. In addition,
chronic intermittent hypoxia enhances carotid body chemosensory and reflex ventilatory
responses to hypoxia, alters hear rate variability and elicits hypertension [15]. Ascorbic acid
treatment reduced the increased systemic and local carotid body oxidative stress, the poten‐
tiation of the carotid body chemosensory and ventilatory responses to hypoxia, as well as the
hypertension [15]. These results agree and extend previous observations that antioxidant pre-
treatment prevented the carotid body chemosensory potentiation [80, 82] and the hypertension
[106] in rats exposed to intermittent hypoxia. Although, these results strongly suggest that the
carotid body chemosensory potentiation is mediated by oxidative stress [15, 43, 44, 80], it is
matter of debate if ROS perse increases the carotid body chemosensory discharges [32]. Thus,
it is likely that other molecule downstream the ROS signals mediate the effects of ROS on
carotid body chemoreception induced by intermittent hypoxia. The CB, the main contributor
to the sympathetic activation and hypertension following intermittent hypoxia is extremely
sensitive to peroxynitrites formation [15] Thus, RNS formation is a common feature in both
human and experimental OSA models, suggesting that may participate in the OSA patho‐
physiology. In conclusion, the available evidence supports and extends the idea that both
oxidative and nitrosative stress plays a pivotal role in OSA pathophysiology.

Among the molecules upregulated in the carotid body by intermittent hypoxia, such as
endotelin-1 (ET-1), vascular endothelial growth factor (VEGF), and inducible nitric oxide
synthase (iNOS) [15-18, 50, 89-91], pro-inflammatory cytokines have been proposed as
mediators of the carotid body chemosensory potentiation induced by intermittent hypoxia [16,
18, 43, 44, 50] and cardiovascular pathologies in OSA patients [7, 65, 108, 104]. We found that
chronic intermittent hypoxia induced a ROS-dependent increases of tumor necrosis factor
(TNF) and Interleukin 1β (IL-1β) in the carotid body, suggesting that these pro-inflammatory
cytokines may mediate the ROS-induced carotid body potentiation [16, 18]. To test this
hypothesis, we studied the effects of ibuprofen on the increased TNF-α and IL-1β levels in the
rat carotid body, the potentiation of carotid body chemosensory and ventilatory hypoxic
responses and the hypertension [18]. Ibuprofen prevented the carotid body cytokines overex‐
pression, the enhanced hypoxic ventilatory response and the hypertension, but failed to block
the enhanced carotid body chemosensory responses. Thus, our studies suggest that the
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Moreover, Fletcher et al., [See in 26] found that the bilateral carotid body denervation pre‐
vented the hypertension in rats exposed to chronic intermittent hypoxia, suggesting that the
carotid body contributes to the cardiovascular pathologies induced by OSA. In the last years,
the proposal that the carotid body is involved in the progression of the intermittent hypoxia-
induced hypertension received substantial attention [19, 22, 25, 28, 41, 43, 98, 100].

A growing body of new evidence supports the proposal that the carotid body is involved in
the generation of the hypertension in OSA patients and animals exposed to intermittent
hypoxia. OSA patients present enhanced ventilatory, pressor and sympathetic responses to
acute hypoxia, attributed to a potentiation of the peripheral hypoxic chemoreflexes [58, 100].
Narkiewicz et al. [See in 69, 71] studied the reflex ventilatory, tachycardic and vasopressor
responses to acute hypoxia in untreated normotensive patients with OSA, and found that the
hypoxic stimulation produce larger increases in volume-minute ventilation, heart rate and
arterial blood pressure in OSA patients than control subjects. Thus, the available data support
the idea that the enhanced chemoreflex response observed in OSA patients is produced by the
intermittent hypoxia. Similarly, animals exposed to chronic intermittent hypoxia show
enhanced hypoxic ventilatory responses to acute hypoxia [15, 18, 43, 44, 87] and long-term
facilitation of respiratory motor responses [63, 83, 88]. Recording of chemosensory nerve
impulses from the carotid sinus nerve have confirmed the idea that chronic intermittent
hypoxia produces long-term facilitation of the carotid body chemosensory responses to
hypoxia. Indeed, exposure of rats and cats to intermittent hypoxia for few days increases the
basal carotid body discharges measured in normoxia and enhances the chemosensory
responses to acute hypoxia [15, 18, 43, 82-84, 88, 90].

The carotid body, located in the bifurcations of the carotid arteries is the main arterial oxygen
chemoreceptor in terms of its contribution to the ventilatory reflex responses. In mammals,
the hypoxic stimulation of the carotid body increases the sympathetic discharges to the arterial
blood vessels and heart, producing hypertension. The primary oxygen sensors in the carotid
body are the glomus cells, which are in synaptic contact with the nerve terminals of the
chemosensory petrosal neurons [31, 40, 42]. The current model of chemoreception states that
hypoxia induces the inhibition of voltage-independent tandem pore domain potassium
channels (TASK K+), leading to the depolarization of the glomus cells, the entry of Ca2+through
L-type Ca2+channels, and the subsequent release of excitatory transmitters (Acetylcholine and
adenosine triphosphate), which increases the discharges of the nerve endings of the petrosal
chemosensory neurons [40, 42]. Recently, we found that chronic intermittent hypoxia poten‐
tiates the hypoxic inhibition of the TASK-like K+channel currents in glomus cells from
intermittent hypoxia rats. This novel effect of intermittent hypoxia may contribute to explain
its enhancing effect on carotid body hypoxic chemoreception [77]. The carotid body is a
polymodal chemosensory receptor, which is activated by hypoxia, hypercapnia, acidosis, stop
flow, temperature and respond to the levels of glucose [31]. The carotid body has been involved
in several sympathetic-mediated diseases such as hypertension, heart failure, diabetes and
renal failure [94]. Moreover, the denervation or ablation of the carotid body has been proposed
for the treatment of severe and resistant hypertension [78].
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6. Mediators of enhanced carotid body chemosensory responses to hypoxia
in animal models of OSA

Reactive oxygen species (ROS) and reactive nitrogen species (RNS), and pro-inflammatory
agents have been proposed as mediators of cardiovascular and cognitive alterations in OSA
patients [7, 13, 33, 45, 52, 65, 102] and animal models [10, 15-18, 44, 48, 82, 84, 106]. Studies
performed in OSA patients and animals exposed to intermittent hypoxia showed that the
hypoxia-reoxygenation episodes produce systemic oxidative stress due to the accumulation
of ROS and RNS, which are potential sources of cellular damage. Recently, we tested the
hypothesis that oxidative stress contributes to the carotid body chemosensory potentiation
and the progression of the hypertension in rats exposed to chronic intermittent hypoxia [15,
18, 44]. We found that intermittent hypoxia increased the plasma lipid peroxidation and the
formation of the oxidative stress marker 3-nitrotyrosine in the carotid body. In addition,
chronic intermittent hypoxia enhances carotid body chemosensory and reflex ventilatory
responses to hypoxia, alters hear rate variability and elicits hypertension [15]. Ascorbic acid
treatment reduced the increased systemic and local carotid body oxidative stress, the poten‐
tiation of the carotid body chemosensory and ventilatory responses to hypoxia, as well as the
hypertension [15]. These results agree and extend previous observations that antioxidant pre-
treatment prevented the carotid body chemosensory potentiation [80, 82] and the hypertension
[106] in rats exposed to intermittent hypoxia. Although, these results strongly suggest that the
carotid body chemosensory potentiation is mediated by oxidative stress [15, 43, 44, 80], it is
matter of debate if ROS perse increases the carotid body chemosensory discharges [32]. Thus,
it is likely that other molecule downstream the ROS signals mediate the effects of ROS on
carotid body chemoreception induced by intermittent hypoxia. The CB, the main contributor
to the sympathetic activation and hypertension following intermittent hypoxia is extremely
sensitive to peroxynitrites formation [15] Thus, RNS formation is a common feature in both
human and experimental OSA models, suggesting that may participate in the OSA patho‐
physiology. In conclusion, the available evidence supports and extends the idea that both
oxidative and nitrosative stress plays a pivotal role in OSA pathophysiology.

Among the molecules upregulated in the carotid body by intermittent hypoxia, such as
endotelin-1 (ET-1), vascular endothelial growth factor (VEGF), and inducible nitric oxide
synthase (iNOS) [15-18, 50, 89-91], pro-inflammatory cytokines have been proposed as
mediators of the carotid body chemosensory potentiation induced by intermittent hypoxia [16,
18, 43, 44, 50] and cardiovascular pathologies in OSA patients [7, 65, 108, 104]. We found that
chronic intermittent hypoxia induced a ROS-dependent increases of tumor necrosis factor
(TNF) and Interleukin 1β (IL-1β) in the carotid body, suggesting that these pro-inflammatory
cytokines may mediate the ROS-induced carotid body potentiation [16, 18]. To test this
hypothesis, we studied the effects of ibuprofen on the increased TNF-α and IL-1β levels in the
rat carotid body, the potentiation of carotid body chemosensory and ventilatory hypoxic
responses and the hypertension [18]. Ibuprofen prevented the carotid body cytokines overex‐
pression, the enhanced hypoxic ventilatory response and the hypertension, but failed to block
the enhanced carotid body chemosensory responses. Thus, our studies suggest that the
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upregulation of TNF-α and IL-1β in the carotid body induced by chronic intermittent hypoxia
is linked to oxidative stress, as well as the enhanced carotid body chemosensory responsive‐
ness to hypoxia, but the chemosensory potentiation does not depend on the increased TNF-
α and IL-1β levels in the carotid body [18]. However, pro-inflammatory cytokines contribute
to enhance the hypoxic ventilatory response and the hypertension induced by ch4onic
intermittent hypoxia, suggesting that multiple mechanisms may participate in the cardiores‐
piratory alterations induced by intermittent hypoxia [18]

Figure 1 shows a diagram of the proposed contribution of the intermittent hypoxic induced
potentiation of CB chemosensory hypoxic responsiveness to the hypertension. It is likely that
the hypoxic-reoxygenation cycles enhance the CB chemosensitivity to hypoxia, which in turn
contributes to elicit a persistent augmented sympathetic neural output.

Hypertension

Ventilatory          
response

CB 

ROS

ROS

Figure 1. Diagram of the contribution of the carotid body (CB) to the hypertension induced by chronic intermittent
hypoxia. ROS, reactive oxygen species. NTS, nucleus of the tractus solitary. CG, chemoreceptor (glomus) cells.

7. Conclusion

OSA patients and animals exposed to chronic intermittent hypoxic shows autonomic altera‐
tions and a potentiated carotid body chemosensory responses to hypoxia. The autonomic
alterations are characterized by an enhanced sympathetic outflow, a reduction of the efficiency
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of the baroreflexes sensitivity and alterations of heart rate variability. Indeed, non-invasive
spectral analysis of heart rate variability shows a predominance of the sympathetic drive in
patients with OSA and animals exposed to intermittent hypoxia. Moreover, direct recordings
of muscle nerve sympathetic discharges also showed an increased sympathetic tone and
response to hypoxia. Thus, it is likely that the enhanced sympathetic activity along with the
reduction of the baroreflex sensitivity could impair heart rate variability and the regulation of
vasomotor tone of blood vessels eliciting sustained blood pressure elevation.

Studies performed in OSA patients and animals models exposed to chronic intermittent
hypoxia have provide evidence that OSA is associated with enhanced sympathetic activation,
mainly attributed to the chronic intermittent hypoxia. The link between the cardiovascular
consequences of OSA, including hypertension is multifactorial, most likely related to enhanced
sympathetic activity, but also with oxidative stress and systemic inflammation. Understanding
how the autonomic dysfunction induced by intermittent hypoxia interacts with metabolic
alterations, oxidative stress and inflammation will provide new insights into the pathogenesis
of the hypertension associated with OSA. Further basic knowledge will allow proposing and
developing new therapeutic strategies to moderate the severity of the cardiovascular altera‐
tions induced by OSA.
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of the baroreflexes sensitivity and alterations of heart rate variability. Indeed, non-invasive
spectral analysis of heart rate variability shows a predominance of the sympathetic drive in
patients with OSA and animals exposed to intermittent hypoxia. Moreover, direct recordings
of muscle nerve sympathetic discharges also showed an increased sympathetic tone and
response to hypoxia. Thus, it is likely that the enhanced sympathetic activity along with the
reduction of the baroreflex sensitivity could impair heart rate variability and the regulation of
vasomotor tone of blood vessels eliciting sustained blood pressure elevation.

Studies performed in OSA patients and animals models exposed to chronic intermittent
hypoxia have provide evidence that OSA is associated with enhanced sympathetic activation,
mainly attributed to the chronic intermittent hypoxia. The link between the cardiovascular
consequences of OSA, including hypertension is multifactorial, most likely related to enhanced
sympathetic activity, but also with oxidative stress and systemic inflammation. Understanding
how the autonomic dysfunction induced by intermittent hypoxia interacts with metabolic
alterations, oxidative stress and inflammation will provide new insights into the pathogenesis
of the hypertension associated with OSA. Further basic knowledge will allow proposing and
developing new therapeutic strategies to moderate the severity of the cardiovascular altera‐
tions induced by OSA.
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