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Abstract

Recent evidence points to the increasingly important role of sleep disturbance in ADHD. Circadian phase delay,
resulting in delayed sleep onset, has been consistently described with causality implied for a large subgroup with Attention
Deficit Hyperactivity Disorder (ADHD). The likelihood of varied and numerous causations in ADHD, the high prevalence
of'sleep disorders and the likely etiological/pathogenetic role of sleep disorders for a large subgroup with ADHD encourages
a personalized medicine approach, particularly by assessing sleep and identifying biomarkers to assist in identifying
subgroups which can enable a more personalized treatment. Psychostimulants are the mainstay of pharmacological treatment
of ADHD, but do not assist sleep problems and can in fact exacerbate them. In a large subgroup with ADHD, psycho-
education and sleep hygiene, CBTi and chronotherapy also have an important role to play in treating ADHD symptoms
associated with sleep disturbance. Neurofeedback (operant conditioning of EEG), may have specific and lasting effects on
sleep, and in turn ADHD symptoms, with the effect shown to be mediated via the normalization of sleep. This review article
summaries and reports on some of the accumulating evidence for the role of sleep in ADHD and outlines various methods
for assessment and intervention.
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1. Introduction

Psychostimulant medication remains the mainstay of treatment for Attention Deficit Hyperactivity
Disorder (ADHD). Nevertheless, the positive effects on ADHD symptoms often diminish over time (Molina et
al., 2009), side effects are common (Wang et al., 2013) and the medications can reduce sleep duration and
increase sleep onset latency in some. Concurrent sleep problems have been shown to attenuate the response to
stimulants, while conversely longer sleep duration is associated with a better response to ADHD medication
(Santisteban et al., 2014; Morash-Conway et al., 2017). Longer duration of sleep is also associated with better
response to antidepressant medications in people suffering from major depressive disorder (Arnedt et al., 2016),
suggesting to a role for sleep in treatment efficacy.

There is a similarity in the symptoms of sleep disorders and those observed during jet lag, shift-work
etc, and the symptoms of ADHD — that is, an inability to maintain focus and attention; impaired learning;
behavioral difficulties manifesting as impulsivity and reactivity with a bias towards habitual or auto-regulatory
behaviors and mental health symptoms such as anxiety and depression (Wolfson A, Carskadon M, 1998) and
self harm (Lui X, 2004)). Children with ADHD are reported to have altered sleep architecture, spending
comparatively more time in stage 1 sleep (Diaz-Roman et al., 2016) and also a reduced amount of sleep spindles
have been reported (Saletin et al., 2017). More daytime sleepiness is also reported in this group (Langberg et
al., 2017). The severity of sleep problems has been shown to correlate with cognitive dysfunction (Sciberras et
al., 2015), while delayed sleep onset and poor sleep efficiency has been associated with impulsivity in particular
(McGowan and Coogan., 2018). Persistence of childhood ADHD into adolescence and adulthood is predicted
by the persistence and severity of sleep problems (Gregory et al., 2017; Cadman et al., 2016). In a recent study,
shorter sleep duration correlated with more internalizing and externalizing behavior problems in children and
adolescents, with shortened sleep duration being causal of such ADHD symptomatology as inattention, daytime
sleepiness and oppositionality (Becker et al., 2018). Conversely, longer sleep duration is correlatively associated
with better school performances and cognitive functioning (Astil et al., 2012). Sleep restriction is associated
with poorer academic performance (Zerbini and Merrow., 2017) and interventions that have enabled increased
sleep duration (e.g. delayed school start times) have reported improvements in mood and academic performance
(Boergers et al., 2014; Owens et al., 2010) . Restricted sleep duration is causally linked to inattention in both
those with ADHD (Becker et al., 2018; Arns and Vollebregt, in press) and without ADHD (Axelsson et al.,
2008; Belenky et al., 2003: van Dongen et al., 2004). Sleep restriction is also linked to mood dysregulation,
self-harm and impulsivity (Bernert and Joiner. 2007; O’Brien, 2009.; McGowan and Coogan., 2018) suggesting
an important role of sleep interventions in the treatment and prevention of self-harm behaviours and mood
disorders. Walker (2017, pages 147-148) suggests that the sleep restriction is associated with both hyper-
activation of the dopaminergic striatum and hypo-activation of the prefrontal areas (resulting in emotional and
hedonic instability) which may be an aspect of the underlying neurophysiological process manifesting in
emotion dysregulation and impulsive behaviour. Disordered breathing in sleep, snoring (e.g., due to enlarged
adenoids) and obstructive sleep apnoea (OSA) are associated with both inattention (Sedky et al., 2014) and
hyperactivity (Silvestri et al., 2009) with the same relationship also shown in a general population sample
(Bonuck et al., 2012). Treatment with tonsillectomy/cpap results in improvement of the ADHD symptoms
(Sedky et al., 2014; Johnstone et al., 2001).

2. ADHD and sleep

A clear relationship between ADHD and sleep disturbances has been reported (Diaz-Roman et al.,
2008) and on the group level, an association between ADHD and the delayed onset of sleep has been described
(Coogan and McGowan, 2017) with delayed onset of sleep being shown as an important factor for at least some
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with ADHD (Arns and Kenemans, 2012). Sleep onset insomnia has even been noted in the majority of ADHD
patients before the age of three (Van der Heijden et al., 2005) with the strong suggestion that it is the persistence
of this sleep disruption over time that eventually manifests in the clinical syndrome of ADHD. Disruption of
brain network organisation and functioning involved in sleep and cognitive functioning, may lead to persistence
of the symptoms and behaviours identified with ADHD into adolescence and adulthood (Kurth et al., 2016). A
psycho-educational intervention to address sleep onset insomnia reported a decrease in ADHD symptoms
(Corkum et al., 2016).

One of the causes of a delay in sleep onset is thought to be the absence of strong zeitgebers. Variation
in natural daylight is the strongest zeitgeber of the circadian rhythm [for review, see (Roenneberg & Merrow,
2016). Note that the prevalence of ADHD has been shown to vary with daytime natural light exposure, i.e. with
solar intensity (Arns et al., 2013). Lighting factors such as domestic lighting sources (LED, halogen and
fluorescent lights) and the use of blue light emitting devices shortly before bedtime are associated with
suppression and delay of production/release of melatonin (Wood et al., 2012; Cajochen et al., 2011) resulting
in delayed sleep onset (Custers et al., 2012; Walch et al., 2016), and night-time blue light exposure has an effect
even if eyes are closed (Figueiro et al., 2014). Fixed school/work starting times invariably means that delayed
onset of sleep results in shorter duration of sleep (van don Bulch et al., 2004; Walch et al., 2016).

Children’s sleep duration has declined by an average of 75 minutes over the past 100 years (Matricciani
etal., 2012) and sleep restriction is associated with reduced school performance, impaired executive functioning
and behavioural impulsivity (van Dongen et al., 2003). A recent study (Becker et al, 2018) was able to conclude
that shortened sleep duration had a causal role in sleepiness, inattention and other features of ADHD
symptomatology. Chronic sleep disruption of less than six hours a night is associated with cumulative,
significant cognitive and behavioural deficits, of which the person is unaware (van Dongen et al., 2003).

A recent study demonstrated a pathway where evening blue light exposure delays sleep, thereby
reducing sleep duration, which, in turn, results in increased teacher-rated symptoms of inattention (figure 1)
(Vollebregt et al., Under Review).

Figure 1. A pathway is depicted where LED light exposure is positively associated with amount of sleep onset delay, which in
turn is negatively related to sleep duration, which ultimately leads to worsening of attention.

There are high rates of a range of sleep disorders in the child and adult ADHD patient populations; a
20% prevalence of OSA (Silvestri et al., 2009); a 20% prevalence of restless legs (Konofal et al., 2010; Silvestri
et al., 2009) and a 73-78% prevalence of delayed onset circadian rhythm sleep (van der Heijden et al., 2005,
2007; van Veen et al., 2010; Arns et al., 2014). Both snoring (e.g., due to enlarged adenoids) and OSA are
associated with core features of ADHD - inattention (Sedky et al., 2014) and hyperactivity (Silvestri et al., 2009;
for subclinical disordered breathing sleep, Vollebregt et al., under review)), and specific treatment has been
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shown to result in the improvement of ADHD symptoms (Sedky et al., 2014; Johnstone et al., 2001; Huang et
al., 2007).

In line with children’s declining sleep duration, indicators of drowsiness have increased over recent
years; excess theta (4-8Hz) activity or an increased theta to beta ratio (TBR), often described as EEG slowing,
have been reported (Arns et al., 2012). An increased absolute power in the theta band is a consistent reported
EEG finding in ADHD (eg, Bresnahan et al., 1999; Clarke et al., 1998) and this slower EEG rhythm can be
regarded as indicating impaired vigilance regulation and hypo-arousal (Sander et al., 2010). Other EEG
phenotypes, such as frontal alpha, also reflecting impaired vigilance, have also been reported in ADHD (Arns,
2012). Sleep onset insomnia and inattention are linked to the excess theta and frontal alpha and spindling
excessive beta (SEB) is linked to sleep maintenance problems and impulsivity (Arns et al., 2015). The EEG
vigilance model is based on the progressive slowing of the EEG as one drifts towards sleep, with several
phenotypes being described (Hegerl and Hensch, 2014) which can be related to a range of clinical conditions.
It is this labile or unstable pattern that is often apparent in ADHD (Sander et al 2010), indicating significant
drowsiness, and is thought to be the outcome of persistent sleep restriction over time (Beebe et al., 2010).

3. The Visual System and The Circadian System

The circadian rhythm orchestrates the temporal pattern of all biological processes —
neuropsychological, behavioral, gene expression, metabolic, hormonal, immunological etc. Genetic variations
in clock genes are reflected in individual chronotypes. It is important to consider whole of body entrainment of
the circadian rhythm. Entrainment is the process of synchronisation between external/environmental time of
day as signalled by zeitgebers, especially light-dark, and internal time. Optimal entrainment is when external
time and internal time are approximately equal. Internal timing is orchestrated by the SCN entraining the
peripheral cellular and organ clocks, developing a phase relationship between the central and peripheral clocks.
Entrainment is readily disrupted by the weak zeitgebers of our urban lifestyle and further disrupted by the
social/work demands and other non-sleep promoting behaviours etc, and the related required use of alarm clocks
so that internal misalignments and sleep deprivation are common, resulting in social jetlag. Problems with
circadian entrainment at any/all levels of the whole body resulting in suboptimal phase misalignment is
considered to be related to most of our current health problems (Zee P, 2015)

As indicated above, variation in natural daylight is the strongest of a range of zeitgebers of the circadian
rhythm [for review, see (Roenneberg & Merrow, 2016)]. Besides the well-known rods and cones photoreceptor
cells in the retina that are responsible for night and color vision, there are also retinal photoreceptor cells that
are responsible for the non-image forming perception of light intensity. These cells modulate, among others,
the pupillary reflex, the release of melatonin and dopamine, and project via the retinohypothalamic tract to the
suprachiasmatic nuclei (SCN) (Schmidt and Kofuji 2009). With this, the retina has a key role in circadian
rhythmicity with both melatonin and dopamine being produced in small amounts in the retina (relative to pineal
melatonin production), at night and in the day respectively. The retinal and brain regulation of dopamine and
melatonin are related. Melatonin and dopamine function as neuromodulators of retinal physiology (e.g.
dopamine adjusting for daytime vison, melatonin for night-time vision), with melatonin having the dominant
role (Tosini et al., 2012). Retinal melatonin must be suppressed during the day to prevent melatonin intensified
photoreceptor oxidation and damage to the retinal cells thought to contribute to macular degeneration, with
melatonin also playing a role in the regulation of intraocular pressure. At night melatonin also influences retinal
cell replacement and renewal (Tosini et al., 2012).

It is well known that retinal ganglion cells are involved in the pupillary response, respond to blue light
intensity and project to the suprachiasmatic nucleus (SCN), resulting in melatonin release from the pineal gland,
and the sleep promoting GABAergic neurones in the ventrolateral preoptic nucleus and superior colliculus (part
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of the dialectic regulation of the vigilance arousal system), thereby playing a key role in circadian rhythm
entrainment of the many physiological body clocks.

The retinal ganglion cells are interconnected with the retinal dopaminergic amacrine cells (Mendoza
and Challet, 2014; Stone et al., 2013). Retinal dopamine is thought to play a role in ocular development which
in turn may be related to the visual problems reported in ADHD (see below). The DRD4 7R allele is considered
to be a genetic risk marker of ADHD (Nikolaidis and Gray, 2010) and is related to a significantly lower affinity
for dopamine at the post-synaptic membrane (Ding et al., 2002) and a reduced capacity in the cellular processing
in response to illumination (Ashargi et al, 1995). Carriers of this allele are also reported to have greater daytime
sleepiness (Jawinski et al, 2016). The expression of DRD4 receptors, which occur in both the retina and pineal
gland, varies with the circadian cycle (Kim et al., 2010).

At both the retinal and central levels, melatonin and dopamine are under circadian influence (Parekh
et al., 2015) with opposing roles in the regulation of the circadian rhythm (Mendoza and Challet, 2014; Mundey
et al., 2005; Tuvone et al., 1978). Dopamine which is predominately synthesised and released in the morning
(Tuvone et al., 2005; Doran et al., 1990) inhibits melatonin release and vice versa (Green and Besharse, 2004).
Impaired retinal dopamine synthesis is associated with circadian rhythm fluctuations (Wirz-Justice, 1984)
suggesting an important role of dopamine in sleep-wake regulation.

Retinal dopamine is produced in the retinal amacrine cells and its synthesis and release are triggered
by blue light activation of D2 receptors which also signals CLOCK and BMAL 1 activation (Yujnovsky et al.,
2006). Melatonin, however, controls the amacrine sensitivity to blue light. In nocturnal mice for instance, light
exposure inhibits behaviour and promotes sleep (Hubbard et al., 2013). Sleep deprivation is linked to HPA-axis
activation and reduced sleep duration and slow wave sleep, and increased awakenings. The morning peak of
the diurnal variation of cortisol is driven by the suprachiasmatic nucleus (SCN) via corticotropin releasing factor
(CRF) signalling which also activates the locus coeruleus (LC) and striatum resulting in increased noradrenaline
and dopamine release. This reflects the diurnal control of the Hypothalamic Pituitary Adrenal Axis (HPA axis)
which is also has a role in the regulation of sleep and wakefulness. Corticotropin releasing factor (CRF) and
cortisol are normally suppressed by melatonin as part of the process of enabling sleep to emerge and melatonin
is also involved in the emergence of slow wave sleep and the related growth hormone surge (Buckley and
Schatzberg, 2005). The hypocretin neuronal system which receives input from other hypothalamic areas, the
environment, the homeostatic state and the limbic system has a key modulating and orchestrating role of these
many signals for arousal and sleep, and widespread projections throughout the brain, to enable situation/task
appropriate vigilance/arousal — apparent in REM and NREM sleep and sleep to wake transitions as well as
appropriate arousal in the awake condition, and thus also providing a systems account of the daytime hypo-
arousal and the night time hyperarousal and disordered sleep that are considered core aspects of ADHD (de
Lecea L and Huerta R, 2014; Eban-Rothschild A et al, 2017; de Lecea Let al, 2012; de Lecea L, 2012).

There is a complex relationship between the dopaminergic amacrine cells, the retinal ganglion cells,
the SCN and the LC, striatum, melatonin and sleep spindles. The LC plays a role in vigilance regulation and
there are connections between the SCN and the LC, with the latter also having a role in the generation of sleep
spindles (Sinha, 2011). Noradrenaline binding to receptors on the pineal gland promotes the synthesis and
release of melatonin by the pineal gland. D4 receptors are expressed in the pineal only when there are increased
levels of noradrenaline and, in relation to light exposure and dopamine binding to these receptors, modifies
noradrenergic signalling, inhibiting synthesis and release of melatonin, contributing to waking up (Gonzalez et
al., 2012).

Genetic influences are also relevant. In addition to the above mentioned DRD4 7R genotype, other
genes have been linked to both ADHD and the circadian rhythm. The CLOCK gene is linked to lengthening of
the sleep/wake cycle as well as ADHD, bipolar and depressive disorders (Xu et al., 2010; Benedetti et al., 2003);
the BMALI1 and PER2 genes are also linked to delayed sleep onset and ADHD, and a decrease in circadian
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rhythmicity in those with ADHD compared to healthy individuals (Baird et al., 2012). CLOCK and BMALI1
genes are also diurnally expressed in dopaminergic areas of the brain (ventral tegmental area and substantia
nigra) with the SCN clock, via various connections, having the entraining role in modulating diurnal variation
in dopamine levels (Mendoza and Challet, 2014). Prenatal and postnatal influences (e.g., long term maternal
psychostimulant use) disrupts the developmental alteration in the SCN’s progressive reduction of responsivity
to dopamine and increased responsivity to blue light and melatonin, disrupting the capacity to adequately set
the diurnal rhythm.

CLOCK genes have a role in the modulation of response to dopamine (Roybal et al., 2007). Any
change in dopaminergic processes, including those related to psychostimulant use, have the potential to alter
aspects of this complex system, including SCN functioning, and CLOCK gene expression both in the SCN and
the striatum. Methamphetamine strongly activates dopaminergic and noradrenergic systems in the brain (Chio
V, Schenk J, 2012), although there may be a dose dependent variable impact on the circadian rhythm (Honma
K, Honma S, 2009). Psychostimulants also alter the expression of CLOCK genes in the ventral striatum and the
SCN, potentially contributing to a disruption of circadian control by the SCN (Antle et al., 2012; Baird et al.,
2013). Of note is that the striatum is heavily populated with melatonin receptors (Uz et al., 2005). In Parkinson’s
Disease, a dopamine related degenerative neuropathology, circadian rhythm disruptions with increased SOL,
excessive daytime sleepiness and restless legs are prominent (Videnovic and Golombek, 2013; Palma et al.,
2013), further supporting the idea that rhythmic diurnal dopamine-melatonin synchronization is important in
the ‘proper’ regulation of the circadian sleep-wake cycle.

Other ocular issues reported in ADHD include glare sensitivity (Kooij and Bijlenga, 2014) with more
frequent and longer use of sunglasses; refractive errors such as myopia, astigmatism and impaired depth
perception (Gronlund et al., 2007; Granet et al., 2005; Mezer et al., 2012; Kim et al., 2014; Banaschewski et
al., 2006). Both dopamine and melatonin have a role in optimising diurnal variations in visual acuity (Tosini et
al., 2012) and retinal dopamine deficiency is associated with impaired visual acuity (Jackson et al., 2012). Of
particular note, visual acuity has been reported to be improved on stimulant medication (Martin et al., 2008).
Disruption in the complex circadian control of retinal melatonin and dopamine has also been implicated in a
range of ocular abnormalities such as increased intraocular pressure, susceptibility to photoreceptor
degeneration from light damage as in macular degeneration as well as the degree of refractive errors in myopia
(Ruan et al., 20006).

Circadian dysregulation of dopamine is linked to a range of impulsive behaviors and actions and
vulnerabilities as diverse as sexual activity, substance abuse (Parekh et al., 2015) and drug overdose (Baltazar
et al., 2014; Raymond et al., 1992). So, there are a range of peptides, melatonin, corticotrophin releasing factor,
noradrenaline and dopamine that have a complex relationship and widespread effects that need to be adequately
synchronized for optimal functioning. There is a close relationship between circadian rhythm disruptions and
substance abuse and dependence. Alcohol dependence disrupts circadian gene expression (Huang et al., 2010)
and circadian genes regulate behavioral responses to drugs of abuse, which directly act on the dopaminergic
reward systems also regulated by the circadian system. This suggests an additional mechanism of alcohol’s
sleep disrupting effects, such as its effects on REM sleep via its metabolite aldehyde.

The reports of melanopsin retinal ganglion and retinal amacrine dysfunction highlights the complexity
of the interacting, recursive processes involved and encourages a more complex, whole body account of
circadian entrainment and the pathophysiological processes accounting for the circadian sleep dysregulation,
dopamine dysregulation and ADHD symptoms, particularly within the largest subgroup of ADHD.
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4. Personalised Assessments and Individualised Treatments

Symptoms and diagnostic labels are imprecise indicators of causal processes and the corresponding
treatments. Hence treatment guidelines based on diagnosis and symptoms lack precision, resulting in a ‘stab in
the dark/trial and error’ approach to treatment. Typically, such an approach also features a profusion of
comorbidities, each requiring different treatments and not necessarily beneficial when combined.

Considering the likelihood that ADHD is the result of heterogeneous pathophysiology and is thus likely
to comprise several subtypes, this encourages a personalized assessment approach in order to define the most
appropriate treatment.

Given that a large proportion of ADHD involves a sleep disorder, sleep assessments are essential.
Sleep can be assessed clinically, using a range of questionnaires, actigraphy assessment and EEG/quantitative
EEG (QEEG). Where indicated, an overnight sleep study can also be performed. These methods enable
identification of possible sleep problems that might be playing a role in the aetiology/pathophysiology of ADHD
and its specific impact on each individual. The markers identified in these assessments can enable greater
precision in treatment planning with the likelihood of achieving a better outcome. This process of identifying
neuromarkers and biomarkers is a feature of the ‘personalized’ or ‘precision medicine’ approach (Olbrich et al.,
2015). Such assessments are then used to guide a range of chrono-medical interventions including
neurofeedback, psychoeducation about sleep hygiene, CBT for insomnia, advice about caffeine and
chronotherapy, cpap and other methods to address obstructive sleep apnoea, melatonin supplementation,
medication for restless legs to name just a few.

5. Neurofeedback and sleep

Psycho-education, sleep hygiene, CBTi and chronotherapy play an important role in ADHD treatment.
However, melatonin (which also increases sleep spindle density during sleep (Dijk et al 1995) and reduces sleep
onset latency (Van der Heijden et al 2007)), and chronotherapy have only medium effect sizes and need to be
continued in order to achieve any benefit (Rybak et al., 2006; Hoebert et al., 2009). The largest subgroup of
sleep disorders in ADHD features a delayed sleep onset and other markers of failure to adequately establish
circadian rhythm sleep. Neurofeedback, the operant training of EEG activity, has been shown to have a specific
effect on sleep and ADHD symptoms (Arns et al., 2014). Arns et al (2009) have reported that at the group level,
both Frequency Band and Slow Cortical Potential (SCP) neurofeedback for ADHD achieve a large effect size
for inattention and impulsivity and medium effect sizes for hyperactivity. A more recent meta-analysis (van
Doren et al., 2018) indicates that the effects of standard neurofeedback protocols (SMR, Theta-beta and SCP)
are maintained at 3-12 month follow up, suggesting persistent effects of this intervention. This latter study noted
further improvement in the follow up period after neurofeedback treatment was finished, supporting the notion
that cognitive impairments continue to improve following a sustained period of adequate sleep. The effects of
SMR neurofeedback in ADHD have been demonstrated to be mediated by the normalisation of sleep prior to
the improvement of ADHD symptoms (Arns et al., 2014). A QEEG informed approach would use
neurofeedback to target, as indicated, theta, alpha and/or SEB (Arns et al., 2012).

Effective neurofeedback requires strict adherence to the principles of learning and conditioning — so
variables such as latency and specificity of reinforcement, shaping and generalisation are essential for learning
to take place. In training sleep spindles in sensory motor rhythm (SMR) neurofeedback, training both amplitude
and duration is necessary. SMR neurofeedback increases sleep spindle density during sleep, is associated with
reduced sleep onset latency (Hoedlmoser et al., 2008), and increased total sleep time (Cortoos et al., 2010),
similar to the effects of melatonin. It is considered that both SCP and SMR neurofeedback train the sleep spindle
networks (Arns and Kenemans, 2012), although this finding needs to be replicated in well designed and well
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powered clinical trials. The density of sleep spindles shows a circadian rhythmicity similar to that of melatonin
(De Gennaro and Ferrare, 2003; Dijk et al., 1997).

6. Conclusion

The converging evidence on ADHD suggests there is most often a delayed phase circadian sleep
disorder and, at least for some in this group, there may be a combination of genetic variants determining
dysfunction in melanopsin photosensitive retinal ganglion cellular functioning and also genetically-related
dysfunction in the amacrine and dopaminergic system. These systems alter the dynamics of the interaction with
the light-dark cycle and the adequate entrainment of sleep-wake and arousal regulation physiological processes.
The role of neurofeedback is clearly becoming more important for this subgroup with ADHD as understanding
and specification of this method and supporting evidence of its efficacy continue to emerge.

Given that there is not just one, but several ADHD related sleep disorders playing a pathophysiological
role in ADHD symptomatology, there is a need for comprehensive and personalized assessment of sleep in all
patients with ADHD. Such a personalized assessment approach allows for a better characterization of the
ADHD subgroup, enabling a more individualized treatment with the expectation of achieving better outcome
from a more specific treatment.

An appreciation of the complexity of the neurobiology of sleep, wakefulness and arousal also
encourages attention to the role of lifestyle/sleep behaviors and habit factors and the likelihood of
dysfunction/dysregulation of a wide range of arousal regulation-related systems, such as the hypocretin system,
the retinal ganglion- and amacrine dopaminergic cells, resulting in a systemic disruption of sleep-wake and
arousal regulation. This should also encourage a fresh and nuanced look at the model of understanding ADHD,
at current methods of treatment and a revision of the dominant approach of psychostimulant medication being
the only treatment.

A future article will provide an overview of the model of vigilance/arousal regulation involving
hypocretins and the relevance of dysfunction in this complex system manifesting in a range of psychiatric
disorders including ADHD. Placing sleep and wakefulness and arousal into the complex system of vigilance
regulation will potentially provide more of the jigsaw pieces that enable a more adequate apprehension and
comprehension of the many variables and their relationships involved in consolidation of sleep and enabling
appropriate wakefulness and arousal and foster further personalization of understanding and intervening in
ADHD and psychiatric disorders as a systems/network dysregulation problem, rather than consideration of just
one neurotransmitter system.
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