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About 25–50% of children and adolescents with attention-deficit hyperactivity disorder (ADHD) experi-
ence sleep problems. An appropriate assessment and treatment of such problems might improve the
quality of life in such patients and reduce both the severity of ADHD and the impairment it causes.
According to data in the literature and to the overall complexity of the interaction between ADHD and
sleep, five sleep phenotypes may be identified in ADHD: (i) a sleep phenotype characterized mainly by
a hypo-arousal state, resembling narcolepsy, which may be considered a ‘‘primary’’ form of ADHD (i.e.
without the interference of other sleep disorders); (ii) a phenotype associated with delayed sleep onset
latency and with a higher risk of bipolar disorder; (iii) a phenotype associated with sleep disordered
breathing (SDB); (iv) another phenotype related to restless legs syndrome (RLS) and/or periodic limb
movements; (v) lastly, a phenotype related to epilepsy/or EEG interictal discharges.

Each sleep phenotype is characterized by peculiar sleep alterations expressed by either an increased or
decreased level of arousal during sleep that have important treatment implications. Treatment with stim-
ulants is recommended above all in the primary form of ADHD, whereas treatment of the main sleep dis-
orders or of co-morbidities (i.e. bipolar disorders and epilepsy) is preferred in the other sleep phenotypes.
All the sleep phenotypes, except the primary form of ADHD and those related to focal benign epilepsy or
focal EEG discharges, are associated with an increased level of arousal during sleep. Recent studies have
demonstrated that both an increase and a decrease in arousal are ascribable to executive dysfunctions
controlled by prefrontal cortical regions (the main cortical areas implicated in the pathogenesis of ADHD),
and that the arousal system, which may be hyperactivated or hypoactivated depending on the form of
ADHD/sleep phenotype.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

About 25–50% of children and adolescents with attention-defi-
cit hyperactivity disorder (ADHD) experience sleep problems [1].
An appropriate assessment and treatment of such problems might
improve the quality of life in such patients and reduce both the
severity of ADHD and the impairment it causes. Indeed, a better
characterization and understanding of the specific sleep alterations
underlying these complaints is needed [2]. Subjective sleep prob-
lems, as reported above all by caregivers, are bedtime resistance,
sleep onset difficulties, increased number of night awakenings, dif-
ficulties with morning awakenings, sleep disordered breathing and
daytime sleepiness. Objective data based on actigraphic recordings
demonstrate an increase in sleep onset latency, associated with a
decreased amount of time spent asleep, while those obtained by
polysomnographic studies show an increased number of stage
ll rights reserved.

entre, Sant’Andrea Hospital,
+39 0633775358; fax: +39

).

l. The sleep phenotypes of atte
012), http://dx.doi.org/10.1016
shifts, an increased apnea-hypopnea index during sleep and a de-
crease in the time taken to fall asleep as measured by the Multiple
Sleep Latency Test. Moreover, although the suggestion that the
number of general sleep movements and periodic limb movements
is higher in children with ADHD than in controls remains contro-
versial, a meta-analysis study designed to investigate sleep and
ADHD confirms this hypothesis [3].

Moreover, it has been reported that children with ADHD
showed daytime hypersomnolence and the excessive diurnal mo-
tor activity might be a strategy to counteract sleepiness. However,
the exact nature of excessive daytime sleepiness has yet to be
determined. Indeed, excessive daytime sleepiness might the conse-
quence of a primary disorder due to a state of hypo-arousal during
sleep or of other sleep disorders, such as those described above.
Numerous neuroimaging and electroencephalographic (EEG) stud-
ies in children with ADHD have demonstrated a low degree of aro-
usability in frontal, central and midline regions [3,4].

Another important factor implicated in the pathogenesis of
sleep instability is the increased rate of EEG-documented interictal
discharges during sleep in children with ADHD compared with
normal controls [5]. Moreover, population studies have shown a
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high prevalence of ADHD in childhood epilepsy, which ranges be-
tween 12% and 17% [6]. Several mechanisms may account for the
high prevalence of EEG discharges and epilepsy in children with
ADHD, such as a common genetic propensity, noradrenergic sys-
tem dysregulation, subclinical epileptiform discharges (or sei-
zures), as well as psychosocial factors that may affect cognition
and sleep, even in the absence of clinical or subclinical seizures [7].

Lastly, the relationship between sleep disordered breathing
(SDB), sleep instability and ADHD has been widely reported. In-
deed, children with SDB are known to be affected by diurnal neu-
robehavioral problems such as ADHD, learning problems,
behavioral disorders and hypersomnolence [8]. Findings from pre-
vious studies suggest that intermittent hypoxia during sleep, respi-
ratory events and sleep fragmentation are the main causative
factors of the diurnal neurobehavioral consequences of obstructive
sleep apnea syndrome (OSAS) [9].

According to data in the literature and to the overall complexity
of the interaction between ADHD and sleep, five sleep phenotypes
may be identified in ADHD: (i) a sleep phenotype characterized
mainly by a hypo-arousal state, resembling narcolepsy, which
may be considered a ‘‘primary’’ form of ADHD (i.e. without the
interference of other sleep disorders); (ii) a phenotype associated
with delayed sleep onset latency and with a higher risk of bipolar
disorder; (iii) a phenotype associated with sleep disordered
breathing (SDB); (iv) another phenotype related to restless legs
syndrome (RLS) and/or periodic limb movements (PLMDs); (v)
lastly, a phenotype related to epilepsy/or EEG interictal discharges.

Each sleep phenotype will be assessed in detail and the implica-
tions of sleep alterations (in terms of increased or decreased level
of arousal during sleep) for the treatment and management of clin-
ical diurnal ADHD will be discussed.
‘‘Primary ADHD’’: the sleep model of the hypo-arousal state
resembling narcolepsy

A dysfunction in arousal mechanisms resembling that observed
in narcolepsy has been hypothesized in the etiology of ADHD, with
motor hyperactivity being considered a reaction to the hypo-arou-
sal condition that is required to counteract somnolence [10]. Chil-
dren with ADHD have been reported to be significantly sleepier
during the day than control children, with shorter sleep latencies
and diurnal hypersomnolence, particularly in children with sleep
limb movement disorders [11].

Cyclic alternating pattern (CAP) analysis during NREM, which is
the EEG marker of unstable sleep, has been described as one of the
most systematic and expressive constructs devised to describe
arousals, their composition and their timing during sleep [12].
NREM sleep is characterized by an oscillating pattern that exhibits
different levels of arousal. This physiological oscillating pattern,
coded as CAP, is considered important for sleep building and main-
tenance [13]. CAP is composed of an EEG transient pattern (phase A
of the cycle) separated by intervals of background activity (phase B
of the cycle). The three main EEG patterns differ according to the
prevalence of EEG synchrony (subtype A1), prevalence of EEG
desynchrony (subtype A3), or a combination of both (subtype A2)
[14]. In disorders characterized by hypo-arousability (narcolepsy,
ADHD and Prader Willy syndrome), there is a global decrease in
NREM instability, represented by a reduction in the CAP rate and
A indexes [15]. In particular, a cohort of children with ADHD with-
out sleep disorders displayed a lower CAP rate and a lower number
of CAP sequences than normal controls, as well as a decreased A1
index, mainly during light sleep (sleep stages 1 and 2) [15]. Similar
CAP parameters were found in both adults and children with nar-
colepsy [16,17]. These findings point to the existence of a hypo-
arousal state in children with ADHD. The excessive stability of
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NREM sleep observed in ADHD children, who were selected on
the basis of the absence of other sleep disorders and were conse-
quently considered to be affected by ‘‘primary ADHD’’, may have
strong implications on cognitive functions, on executive dysfunc-
tions and on learning disability co-morbidity. However, these sleep
microstructure alterations detected by CAP analysis were not re-
cently confirmed in another cohort of children with ADHD without
sleep disorders [18].

The core symptoms of ADHD can be effectively treated by
means of various medications, including methylphenidate (MPH),
amphetamine and pemoline, as well as the new extended-release
a2 adrenergic agonists, which have also been used in narcolepsy
to reduce and to contrast diurnal sleepiness. Although no studies
have been conducted on the effects of stimulants on NREM sleep
stability/instability, as analyzed by CAP, we believe that treatment
with stimulants are indicated in this sleep phenotype of ADHD,
which resembles the narcolepsy sleep model, as well as in those
children with ADHD in whom sleep problems are not reported or
have objectively been ruled out, or who only display diurnal hyper-
somnolence. Most of these drugs are known to affect sleep because
of their pharmacological action on dopaminergic and/or noradren-
ergic release in the central nervous system. Previous studies have
found an increased incidence of insomnia and sleep disturbances
in ADHD children treated with central nervous system stimulants
[19]. By contrast, recent prospective, double-blind, placebo-con-
trolled trials showed that MPH does not cause significant sleep
problems in children or adolescents with ADHD studied by objec-
tive polysomnographic or actigraphic recordings [19], though do
not data exist on the effects of MPH(+) on sleep instability, as mea-
sured by arousal and CAP analysis.
Sleep onset delay insomnia in ADHD and co-morbidity with
bipolar disorder: a model of increased arousability during sleep
in children with ADHD

The most common sleep problem in children with ADHD is
insomnia, which consists in delayed sleep onset, sleep or bedtime
resistance, prolonged tiredness upon waking and daytime sleepi-
ness [20]. Van der Heijden et al. described two cohorts of children
with ADHD who manifested sleep-onset insomnia (an ADHD-SOI
phenotype) [21,22]. When compared with ADHD children without
sleep onset insomnia, ADHD-SOI children exhibited delayed sleep-
wake cycles, delayed dim-light melatonin onsets and significantly
lengthened sleep latencies, though no difference emerged in total
sleep time [21,22]. The ADHD-SOI phenotype may account for as
many as 30% of children diagnosed with ADHD [23].

A marker of the earliest forms of pediatric bipolar disorder (BD)
is co-morbidity with disruptive behavior disorders, particularly
ADHD [24,25]. A higher rate of BD has been observed in a relatively
large sample of Italian children with ADHD (29/173, 16.7%), if com-
pared with normal controls (1/100, 1%). Moreover, when compared
with ADHD children without BD, ADHD children with BD displayed
a higher rate of combined sub-type ADHD (21/29, 72.4%), a higher
ADHD Rating Scale score (total score and hyperactivity subscale),
as well as higher rates of major depression, oppositional defiant
disorder and conduct disorder [26].

Preliminary evidence from severe mood dysregulation related
disorders, such as ADHD and pediatric BD, indicates that morning
light therapy has a positive effect on depressive symptoms, circa-
dian rhythms, inattention and irritability [27]. Staton [28] recently
suggested that the core endophenotypic characteristic of pediatric
bipolar sleep is a phase-delayed circadian sleep-wake cycle, rather
than a reduced need for sleep per se, i.e. pediatric bipolar sleep
insomnia is similar to that of ADHD-SOI children. Children and
adolescents with part-day manic cycles and chronic mixed
ntion deficit hyperactivity disorder: The role of arousal during sleep and
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conditions typically manifest delayed sleep onset, though not a de-
creased need for sleep, while those with days-long manic cycles or
chronic mania typically manifest a decreased need for sleep, which
is due to the interaction between the sleep-onset phase delay and
bedtime and early morning manic psychomotor acceleration.
Childhood co-occurrence of SOI and ADHD symptoms should
prompt clinical exclusion of bipolar disorder, e.g. variants of pedi-
atric bipolar types IIA, IIB and IIIA [28].

There is no clear evidence that stimulants or selective serotonin
reuptake inhibitor accelerate or exacerbate the development of BD
in children with ADHD, though physicians should act with caution
when using these agents in youths who are at risk of developing
BD, such as those with ADHD and mood dysregulation, a history
of prior antidepressant-induced mania, a history of psychosis, a
family history of BD or a history of SOI. Melatonin improves the
sleep-wake rhythm and endogenous melatonin rhythm in delayed
sleep phase disorder [28]. Several studies have evaluated the effi-
cacy and safety of melatonin for the treatment of insomnia in pedi-
atric patients with ADHD, with melatonin doses ranging between 3
and 6 mg being administered within a few hours of a scheduled
bedtime [29,30]. In conclusion, we suggest that circadian rhythmic
disorders in children with ADHD-SOI should be treated with mel-
atonin and/or light therapy so as to avoid the use of stimulants,
particularly in those at risk of developing bipolar disorder; the
administration of second-generation antipsychotic drugs, such as
aripripazole or risperidone, be preferred in the latter group of pa-
tients [31,32].

We hypothesize that the sleep fragmentation and reduced total
sleep time in ADHD-SOI result in sleep deprivation and diurnal
neurobehavioral problems. We may argue that they express an in-
creased level of arousal during the day, at bedtime and at night, as
occurs in insomnia during adulthood, though no data are available
relative to arousal during sleep in children with ADHD-SOI [33,34].
Ostructive sleep apnea syndrome phenotype: a model of
increased arousability during sleep in children with ADHD

Numerous studies designed to investigate the association
between ADHD and sleep disordered breathing have shown that
children with ADHD may have a relatively mild form of OSAS, with
an apnea-hypopnea index (AHI) that is, despite being moderate
(between 1 and 5 events per hour of sleep), suggestive of pediatric
obstructive sleep apnea [2].

Numerous other studies have investigated the association
between diurnal neurobehavioral problems, such as ADHD, learn-
ing problems, behavioral disorders and hypersomnolence, and
sleep-disordered breathing (SDB) [35]. Findings from these studies
suggest that intermittent hypoxia during sleep, respiratory events
and sleep fragmentation are the main causes of the diurnal neuro-
cognitive consequences of obstructive sleep apnea syndrome
(OSAS) [9,36]. One study conducted on a large cohort of children
demonstrated that the degree of hypoxemia correlates with defi-
cits in executive function [9], whereas the degree of sleep fragmen-
tation, as expressed by the number of arousals during sleep in
response to respiratory events, appears to account for changes in
attention and memory deficits [37–39]. The neurocognitive pheno-
type of pediatric OSAS may reflect a dysfunction in the prefrontal
cortex (PFC), which controls executive functions and contains the
brain areas that mature last, and might thus be susceptible to
OSA-mediated injury [40]. The same PFC regions generate slow
oscillations during NREM sleep, which are the main components
of the A1 subtypes of CAP and map over the frontal and prefrontal
regions of the scalp [41]. The few data available on CAP in pediatric
SDB are somewhat contradictory [42–46]. In one study, children
with SDB had a lower CAP rate, particularly during slow-wave
Please cite this article in press as: Miano S et al. The sleep phenotypes of atte
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sleep, with no clear increase in the number of arousals if compared
with normal controls [44]. By contrast, Lopes and Guilleminault
[43] found an increased CAP rate in children who snored as well
as in sleepwalking children with SBD [42]. Moreover, a positive
correlation between the increased CAP rate and behavioral com-
plaints was found in children who habitually snored [43,46]. We
have also reported a higher CAP rate during slow-wave sleep and
an increased A2 index in children with OSAS compared with nor-
mal controls [45], as well as a positive correlation between total
ADHD Rating Scale scores and hyperactivity scores with the A2 in-
dex, while the hyperactivity rating score correlated negatively with
night-time oxygen saturation [46]. These results support the
hypothesis that arousal (expressed by the A2 components of the
CAP) is a defensive mechanism that may preserve cognitive func-
tion by counteracting the intermittent hypoxia due to respiratory
events, at the expense of sleep maintenance and NREM sleep insta-
bility assessment, and at the expense of diurnal ADHD [46].
Increased arousal enhances sympathetic activity during sleep.
The increase in the level of arousal during sleep in children with
OSAS is indirectly confirmed by the fact that sympathetic activity
increases during sleep, as demonstrated by the analysis of heart
rate variability (HRV), and decreases after adenotonsillectomy
[47]. We have recently demonstrated that children with OSAS have
increased basal sympathetic activity during wakefulness as well as
a negative reaction, which varies according to the severity of OSAS,
to several physiological stimuli [48].

All these findings suggest that the arousal level in the sleep
phenotype of ADHD associated with OSAS is increased during both
daytime and sleep. We suggest that OSAS be treated before day-
time stimulant administration is started since stimulants increase
sympathetic activity, and we do not know whether this sleep phe-
notype of ADHD has any long-term effects on the cardiovascular
system. We also suggest that other kinds of stimulants with cholin-
ergic effects, such as Ginkgo biloba extract (EGb 761), should be
used if severe neurobehavioral symptoms persist after the treat-
ment and resolution of SDB. This phytotherapic compound has
recently been reported to protect against intermittent hypoxia-
induced memory deficits and hippocampal DNA damage in rats
[49], to improve working memory in normal, healthy middle-aged
men [50], and to reduce dyslexia in children [51]. Moreover, a re-
cent double-blinded randomized controlled trial in children dem-
onstrated that Ginkgo biloba improves ADHD symptoms, though
to a lesser extent than methylphenidate [52].
Restless legs syndrome (RLS) and periodic limb movements
during sleep: a model of increased arousability in children with
ADHD

Periodic leg movements in sleep (PLMS) are episodes of
repetitive and stereotypic leg movements that occur during sleep.
Children with periodic limbs movements and/or restless legs
syndrome may display daytime symptoms of hyperactivity, impul-
sivity, inattentiveness and decreased school performance. Physi-
cians should consider PLMS in the differential diagnosis of a child
with ADHD symptoms [53].

Although it is not possible to pool data from movement mea-
surements in sleep (general movements and periodic limb move-
ments in sleep) owing to differences in the indexes used to
quantify movements in sleep, a descriptive analysis of the data in
the literature does indicate that general sleep movements and
periodic limb movements may occur significantly more often in
children with ADHD than in controls [3]. The possible role of brain
iron availability in this ‘‘ADHD secondary form’’ has recently been
highlighted [54]. Indeed, since brain iron is expected to impact on
the neuronal functions and myelination of white matter, which
ntion deficit hyperactivity disorder: The role of arousal during sleep and
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underpin ADHD symptoms, it has been suggested that, besides an
assessment of peripheral iron markers, an estimation of brain iron
levels may shed light on a possible role of iron deficiency in the
pathophysiology of this ‘‘subtype’’ of ADHD [54].

A recent study in a sample of children with ADHD studied by
means of video-polysomnography reported a relatively high fre-
quency (11.9%) of leg discomfort at night associated with RLS,
which is characterized by an overwhelming urge to move the legs,
often accompanied by uncomfortable and unpleasant sensations.
Moreover, the International RLS Rating Scale score, PLMS and PLMS
during wake indexes correlated positively with the hyperactivity
and opposition scores in the same sample of children [55].

In adults, research indicates that PLMS affect the quality of sleep
and are associated with a shift to a relatively greater sympathetic
influence over cardiovascular variables. A recent study found vagal
inhibition associated with episodes of PLMS in children, thus indi-
rectly confirming the same pattern in children [56]. Another stud-
ied reported that PLMS in children are independently associated
with higher blood pressure indexes, particularly at night [57]. As
all these data point to an increase in sympathetic activity during
sleep, we may hypothesize that children with RSL and/or PLMS
have an increased level of arousal during sleep.

For the same reasons as those provided in the case of children
with the ADHD and OSAS sleep phenotype, we suggest that stimu-
lant treatment should be avoided in children with ADHD symp-
toms and a diagnosis of RSL and/or PLMS, and that the main
sleep disorders should be treated by means of iron supplements,
dopaminergic stimulation, anticonvulsants, opiates and benzodi-
azepines [58].
Ictal and interictal epileptiform discharges (IEDs) during sleep
in children with ADHD: varying level of arousal depending on
whether the origin of the epileptiform discharges is focal or
generalized

Many studies have demonstrated a relationship between IEDs
during sleep (particularly centro-temporal and rolandic spikes)
and neuropsychological dysfunction in children with language dis-
orders, autism and ADHD [5]. The prevalence of interictal or ictal
and IEDs was explored in a clinical sample of forty-two ADHD chil-
dren who were referred to a sleep clinic for suspected sleep
disorders and underwent a full-night video-PSG. The video-PSG re-
vealed that a high percentage (53.1%) of ADHD children had IEDS of
various types (28.2% had centro-temporal spikes, 12.5% frontal
spikes, 9.3% temporal-occipital spikes and 2.3% generalized S-W).
Nocturnal seizures were recorded in three patients: two with atyp-
ical interictal rolandic spikes and one with left frontal slow abnor-
malities [5]. These results were confirmed in a recent review in
which one in four non-epileptic children who were examined on
account of an attention deficit disorder had epileptiform dis-
charges (more than half focal) displayed by sleep EEG recording
and sleep-deprivation EEG recording. The majority of the EEG
abnormalities (97.5%) occurred in the sleep and sleep-deprived
recordings, with only 7% occurring in the prior wake recording;
the highest prevalence of epileptiform discharges was observed
in prolonged sleep recordings [59]. Furthermore, a neuropsycho-
logical assessment in children affected by benign epilepsy with
centro-temporal or rolandic spikes (BECRS) and IEDs during sleep
revealed disorders in visuospatial short-term memory, attention
span, cognitive flexibility, verbal fluency, phonological awareness,
visuoperceptual skills and academic performance, with a signifi-
cant improvement following the remission of IEDs [60–63]. Mem-
ory strategy and complex motor planning impairments have been
observed in children with frontal lobe epilepsy, with a greater
severity being reported in children in whom epilepsy onset occurs
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at an early age. Children with frontal lobe epilepsy manifest more
problems than those with temporal lobe epilepsy in planning, im-
pulse control, verbal fluency, motor coordination and executive
functions, though the former have better memory performances.
A wide range of untreated cognitive, linguistic and behavioral-
emotional co-morbidities have also been reported in childhood ab-
sence epilepsy [7]. Furthermore, other population studies have
shown that ADHD and childhood epilepsy are often associated,
with data ranging from 12% to 17% [6], and that epilepsy appears
to be more severe in children who also have ADHD [64]. The inter-
action between EEG synchronizing events during sleep and EEG
discharges may explain the relationship between cognitive deficit
and epilepsy in children. The influence of epileptiform discharges
on EEG sleep phasic events may underlie the cognitive impairment
in epilepsy, even in the absence of associated seizures [7].

The influence of cyclic arousability and EEG synchrony on gen-
eralized interictal discharges has been studied by means of CAP
analysis in primary generalized epilepsy and in lesional epilepsies
with a frontotemporal focus. CAP analysis revealed increased
NREM sleep instability, with a clear activation of interictal dis-
charges, particularly in phase A, and a marked inhibition in phase
B [65]. By contrast, a reduced total CAP rate, particularly in sleep
stage N2, and reduced slow EEG slow oscillations and arousals in
stages N1 and N2 have been reported in children with benign epi-
lepsy characterized by rolandic spikes (BERS) [66]. Similar findings
have been observed in a group of children with OSAS and IEDs
(most of which occurred in the same regions as BERS) compared
with children with OSAS without IEDs [67].

We may assume that children with ADHD and interictal or ictal
IEDS display increased or decreased levels of arousal, depending on
the type of discharges during sleep and of epilepsy, and that their
sleep arousability patterns are altered.

Although stimulants remain the mainstay of pharmacotherapy
for ADHD, such drugs may reduce the seizure threshold in children
with co-morbid epilepsy, especially in cases in which the epilepsy
is not well controlled. Although this risk is still a matter of debate
[68,69], we believe that antiepileptic drugs should be the first-line
treatment in this sleep phenotype of ADHD, and that those with a
positive effect on vigilance and cognitive performance, such as
lamotrigine, should be preferred. Although the results of a study
designed to investigate the effects of psychostimulants (methyl-
phenidate and dexamphetamine) in children with ADHD without
epilepsy by means of standard EEG during wakefulness demon-
strated the resolution of the electroencephalographic abnormali-
ties (theta activity over frontal regions), the effects of stimulant
treatment on interictal IEDS in children with ADHD remains
unknown.

There are as yet few data regarding the effects of antiepileptic
drugs on attention deficit and hyperactivity disorder symptoms
in children who also have IEDS. A recent preliminary open-label
study, conducted on a small sample of seven children with a com-
plex co-morbidity involving ADHD, RLS and focal interictal epilep-
tic discharges, reported that Levetiracetam had a positive effect on
the children’s sleep pattern and reduced their RLS symptoms [70].
Discussion

According to the sleep phenotypes of ADHD described above,
treatment with stimulants appears to be indicated exclusively in
the primary form of ADHD, i.e. the form not associated with either
major sleep disorders or epileptiform discharges during sleep and/
or epilepsy (ruled out by the clinical history and polysomnographic
investigation), which are instead likely to be largely related to ge-
netic conditions. In non-primary forms of ADHD, treatment should
focus on the underlying sleep disorders (sleep onset insomnia,
ntion deficit hyperactivity disorder: The role of arousal during sleep and
/j.mehy.2012.04.020

http://dx.doi.org/10.1016/j.mehy.2012.04.020


Fig. 1. Interactions between different levels of arousal during sleep and sleep phenotypes of ADHD. CAP: cyclic alternating pattern; ADHD: attention deficit hyperactivity
disorders; SOI: sleep onset insomnia; BD: bipolar disorder; RLS: restless legs syndrome, PLMS: periodic limb movements; PFC: prefrontal cortex; BERS: benign epilepsy with
rolandic spikes.
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restless legs syndrome and/or periodic limb movements during
sleep, obstructive sleep apnea syndrome) as well as on co-morbid-
ities (i.e. epilepsy or bipolar disorders).

Moreover, we hypothesize different alterations of the arousal
system during sleep related to each sleep phenotype. These altera-
tions consist of an increased level of arousal in the majority of
cases and a decreased level in the sleep phenotypes related to focal
benign epilepsy, to focal IEDs and to the ‘‘primary’’ form of ADHD.
One question that has yet to be answered is why the contrasting
levels of arousal during sleep (which are also expressed by in-
creased or decreased CAP rates during NREM sleep induce the
same diurnal consequences as ADHD. We attempt to explain this
apparent discrepancy below.

Some research indicates that there is a delay in cortical matura-
tion in patients with ADHD. Indeed, Shaw et al. [71] demonstrated
that children with ADHD reach the cortical thickness peak in the
pre-frontal regions up to 2.5 years later than controls. Findings
from imaging studies of ADHD point to volumetric differences in
the prefrontal cortex (PFC), cerebellum and, possibly, the striatum
[72], with the hallmark symptoms of ADHD reflecting a PFC dys-
function. Catecholamines generally exert a powerful effect on the
local circuits of the PFC. The possible involvement of alterations
in these circuits in the pathogenesis of ADHD is supported by re-
cent research indicating that genetic changes in catecholamine
pathways are associated with ADHD symptoms, and that the most
effective treatments for ADHD act by enhancing the actions of cat-
echolamines [73]. Numerous arousal systems, including the
ascending monoamine systems (dopamine and norepinefrine),
acetylcholine neurons from the basal forebrain and the more re-
cently discovered orexins, project to the cortical mantle [74]. Both
dopamine (DA) and norephinefrine (NE) exhibit an inverted U
influence on PFC cognitive functions, with either too little or too
much of these drugs impairing PFC function. Moderate NE levels
improve PFC function by acting on postsynaptic a2A receptors,
whereas high NE levels, such as those released during stress, im-
pair working memory by acting on the a1 and b1 receptors [73].
As occurs in a2A receptor stimulation, moderate levels of D1
receptor stimulation are essential for PFC function, whereas high
DA release levels (e.g. stress-induced) impair working memory.
The PFC appears to thrive under conditions of moderate catechol-
amine release, in which NE a2A-receptor stimulation increases
‘‘signals,’’ and optimal DA D1-receptor stimulation decreases
‘‘noise.’’ By contrast, PFC working-memory functions are impaired
by high catecholamine release levels, which engage the a1 and b
receptors, and excessive D1-receptor stimulation [73]. Thus, cate-
cholamines may act as a chemical switch, turning the PFC on dur-
Please cite this article in press as: Miano S et al. The sleep phenotypes of atte
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ing normal waking, and turning it off during stress. By contrast,
high catecholamine levels may turn on more primitive brain struc-
tures, such as the amygdale, to achieve more automatic behavior
control when exposed to danger. Drugs such as amphetamine,
methylphenidate and atomoxetine enhance the release and/or in-
hibit the reuptake of both DA and NE, both of which are likely to
be involved in the therapeutic effects of stimulants in patients with
ADHD. However, excessive doses of stimulant medication may pro-
duce cognitive inflexibility through excessive a1-, b1- and D1-
receptor stimulation [73]. This may be particularly problematic
in children exposed to stressors such as families experiencing di-
vorce, illness and death, or to social stressors at school. If the
stressors are not identified, ADHD may be suspected and children
may be treated inappropriately with stimulant medications that
exacerbate their condition [73].

We suggest that major sleep disorders be considered as yet
other forms of chronic stress, which increase tonic sympathetic
activity, both during sleep and wakefulness. The link between pre-
frontal cortical activity, sleep and arousal has been explained in a
recent review [75]. Moreover, functional MRI studies have recently
demonstrated that NREM sleep cannot merely be defined as a state
of global and regional brain activity decrease; rather, it appears to
be an active state during which phasic increases in brain activity
are synchronized with NREM sleep slow wave oscillations [76].
In particular, slow wave activation has been reported in both med-
ial and inferior regions of the prefrontal cortex, which confirms
previous findings from topographical scalp EEG studies [77,78],
as well as arousal activation is reported in the brainstem nuclei lo-
cated in the ponto-mesencephalic tegmentum, an area usually
associated with arousal and awakening processes [79]. This area
encompasses a major noradrenergic nucleus of the brainstem,
the locus coeruleus (LC), whose neuronal activity has recently been
shown to fire synchronously with cortical slow oscillation in rats
[80]. In contrast to the classical view of brainstem nuclei promot-
ing vigilance and wakefulness, these data suggest that several pon-
tine structures, including the LC, might be active during NREM
slow wave sleep, modulating cortical activity even during the
deepest stages of sleep [75]. Slow wave oscillations during slow
wave sleep are represented by the phasic events of cyclic alternat-
ing pattern (A subtypes), particularly by the A1 subtype, which
mainly consist of slow waves and are mapped over frontal regions,
particularly in the deepening sleep phases [41]. In conclusion, we
believe that the sleep phenotypes related to ADHD express differ-
ent levels of arousal, and consequently of CAP rate (low or high
sleep arousability, low or high sleep NREM instability), but induce
the same diurnal neurobehavioral effects. Both the increase and
ntion deficit hyperactivity disorder: The role of arousal during sleep and
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decrease in arousal reflect a reduced homeostatic process when
neurobehavioral problems are expressed. Fig. 1 summarizes our
hypothesis.
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