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Abstract

Attention deficit hyperactivity disorder
(ADHD) is a common neurodevelopmental
condition characterised by the core symptoms
of inattention, impulsivity and hyperactivity.
Similar to many other neuropsychiatric
conditions, ADHD is associated with very
high levels of sleep disturbance. However, it
is not clear whether such sleep disturbances
are precursors to, or symptoms of, ADHD.
Neither is it clear through which mechanisms
sleep and ADHD are linked. One possible link
is via modulation of circadian rhythms. In this
chapter we overview the evidence that ADHD
is associated with alterations in circadian pro-
cesses, manifesting as later chronotype and
delayed sleep phase in ADHD, and examine
some mechanisms that may lead to such
changes. We also interrogate how the circa-
dian clock may be a substrate for therapeutic
intervention in ADHD (chronotherapy) and
highlight important new questions to be
addressed to move the field forward.
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7.1 Clinical Vignette

Frank is a cheerful 9-year-old boy, currently
enrolled in primary school, who seems to be
imaginative and humorous. In a consultation
with a psychologist, his parents reported being
concerned about their son’s academic perfor-
mance and certain aspects of his behaviour. As
conveyed by his school teachers, staff and by his
mother, Frank exhibits certain disruptive
behaviours within the classroom/the school
premises and sometimes in social gatherings.
These behaviours are not resultant from any
apparent emotional concerns such as anger, but
are for the most times playfully or accidentally
occurring due to lack of control in Frank over his
own reactions. He also has difficulty sitting still in
the class or paying attention during lessons and
has a tendency to move around and experiences
some difficulties with interpersonal relationships
among his peers. Further, Frank has been facing
some academic concerns in certain subjects,
especially English and Maths. Following careful
psychological assessment, it is apparent that
Frank possesses an average intellectual ability
with a below average academic functioning
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level in the domain of Mathematics, coupled with
clinically significant difficulty in paying selective
attention and lack of age appropriate
behavioural inhibition, that are leading to sub-
stantial levels of concerns in his school perfor-
mance and functioning in social environments.
Frank fulfils the criteria to warrant a diagnosis
of attention deficit hyperactivity disorder
(ADHD).

Although Frank’s primary difficulties were
directly related to inattention and difficulty
controlling his impulses, upon careful evaluation
of his functioning a majority of his disturbances
could be interlinked to his day to day functioning
and especially to his sleep. Detailed clinical
interview revealed that at home Frank would
generally start doing his homework late after
dinner and would consistently refuse to go to
bed at the parentally-designated time; this refusal
had led his parents to design most of the work at
home towards the later part of the night. Frank
generally goes to bed around midnight on school-
days and is woken (with difficulty) at 7 am in the
morning to leave for school. Most days, in the
morning Frank misses his breakfast and forgets
to bring his schoolbooks. At school he generally
gives the reason that he was asking a classmate
for a text/note book during a lesson, when he is
found chatting with others and moving around in
the class. By break time, Frank partially finishes
his lunch to join his friends for free-play. By the
later part of the afternoon, teachers report Frank
seems irritable and sleepy. On a near daily basis
Frank ends up in a physical fight with the student
standing in front or behind him in the school yard
line. This picture demonstrates how clinically
significant inattention and hyperactivity impact
on Frank’s day-to-day functioning and associate
with particular temporal patterns in his psycho-
logical and physiological functioning. Frank’s
presentation is typical for many children with a
diagnosis of ADHD and illustrates how the circa-
dian system has a crucial involvement in forming
daily patterns of behaviour that manifest as the
clinical presentation of ADHD symptoms. This
chapter attempts to elucidate the various
alterations in the physiological, endocrinologi-
cal, behavioural and cognitive functioning

observed in ADHD that represents disruption in
the individual’s circadian systems.

7.2 Neuropsychological
Presentation of Attention
Deficit Hyperactivity Disorder

Attention deficit hyperactivity disorder (ADHD)
is a neurodevelopmental disorder which usually
emerges in childhood and continues through
adulthood in 30–50% of cases (Noggle et al.
2012). ADHD is characterised by the core
psychopathological features of inattention, impul-
sivity and hyperactivity and may be associated
with detrimental consequences for the individual
as well as for the community as a whole
(McGough 2014). ADHD is associated with
impairment across various spheres of functioning,
including academic achievement, age appropriate
interpersonal/social skills, personal health/safety,
parenting and occupational outcome (Noggle
et al. 2012). According to the DSM-V (APA
2013), ADHD is characterised by a persistent
pattern of inattention and/or hyperactivity-
impulsivity that interferes with functioning or
development, for at least 6 months to a degree
that is inconsistent with the developmental level
and that negatively impacts directly on social and
academic/occupational activities (5th ed.;
DSM–5; American Psychiatric Association
2013) (Table 7.1).

In addition, the diagnostic criteria state that the
presence of the above symptoms (as per criteria)
should be demonstrated prior to age 12 years and
that the symptoms should occur in two or more
settings (at home, school or work; with friends or
relatives or during other activities). Lastly,
symptoms should not occur exclusively during
the course of a psychotic disorder and cannot be
better explained by another mental disorder (APA
2013).

7.3 ADHD Aetiology

Attention deficit hyperactivity disorder (ADHD)
has been a subject of investigation since the
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beginning of the twentieth century, when Still
(1902) described an 11-year-old hyperactive boy
who displayed ‘loss of moral control’ and ‘psy-
chical disturbance’. A detailed description of
symptoms including hyperkinetic behaviour and
loss of motor inhibition was included in his lec-
ture. The core symptoms characterising ADHD
(inattention, hyperactivity and impulsivity) have
been presented in research and clinical practice
guidelines (such as ICD-10 and DSM-V) with
relative consistency, with only minor alterations
in recent editions of contemporary guidelines.

However, the search of insight into the aetiology
of ADHD has seen plenty of turns and novel
outlooks over the past number of decades. Mattes
in 1980s argued that the dysfunctions in the fron-
tal lobe regions are related to ADHD, and
Niedermeyer and Naidu (1997) further validated
that disinhibition of motor activity and features of
inattention observed in ADHD resulted from a
‘lazy’ rather than a damaged frontal lobe.
ADHD symptomatology has strongly pointed
towards a lack of executive control. Executive
dysfunction in the ADHD clinical picture is

Table 7.1 In the clinical presentation of ADHD in children and adolescents, the presence of either/both the following
symptoms (6 or more in each category) represents the diagnostic Criteria (APA 2013)

Symptoms Inattention Hyperactivity

A. Often fails to give close attention to details or
makes careless mistakes in schoolwork, at work, or
during other activities (e.g., overlooks or misses
details, work is inaccurate)

Often fidgets with or taps hands or feet or squirms
in seat

B. Often has difficulty sustaining attention in tasks or
play activities (e.g., has difficulty remaining
focused during lectures, conversations, or lengthy
reading)

Often leaves seat in situations when remaining
seated is expected (e.g., leaves his or her place in
the classroom, in the office or other workplace, or
in other situations that require remaining in place)

C. Often does not seem to listen when spoken to
directly (e.g., mind seems elsewhere, even in the
absence of any obvious distraction)

Often runs about or climbs in situations where it is
inappropriate. (Note: In adolescents or adults, may
be limited to feeling restless.)

D. Often does not follow through on instructions and
fails to finish schoolwork, chores, or duties in the
workplace (e.g., starts tasks but quickly loses focus
and is easily side-tracked)

Often unable to play or engage in leisure activities
quietly

E. Often has difficulty organising tasks and activities
(e.g., difficulty managing sequential tasks;
difficulty keeping materials and belongings in
order; messy, disorganised work; has poor time
management; fails to meet deadlines)

Is often ‘on the go’, acting as if ‘driven by a motor’
(e.g., is unable to be or uncomfortable being still
for extended time, as in restaurants, meetings; may
be experienced by others as being restless or
difficult to keep up with)

F. Often avoids, dislikes, or is reluctant to engage in
tasks that require sustained mental effort (e.g.,
schoolwork or homework; for older adolescents and
adults, preparing reports, completing forms,
reviewing lengthy papers)

Often talks excessively

G. Often loses things necessary for tasks or activities
(e.g., school materials, pencils, books, tools,
wallets, keys, paperwork, eyeglasses, and mobile
telephones)

Often blurts out an answer before a question has
been completed (e.g., completes people’s
sentences; cannot wait for turn in conversation)

H. Is often easily distracted by extraneous stimuli (for
older adolescents and adults, may include unrelated
thoughts)

Often has difficulty waiting his or her turn (e.g.,
while waiting in line)

I. Is often forgetful in daily activities (e.g., doing
chores, running errands; for older adolescents and
adults, returning calls, paying bills, keeping
appointments)

Often interrupts or intrudes on others (e.g., butts
into conversations, games, or activities; may start
using other people’s things without asking or
receiving permission; for adolescents and adults,
may intrude into or take over what others are
doing)
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most clearly manifested among other deficits, in
the form of a lack of inhibitory control. Inhibitory
control can be described as processes that affect
information selection at the time of attentional
processing and choosing between conflicting
situations (or actions) that require the individual
to suppress less dominant incongruent informa-
tion (Bob and Konicarova 2018). For example, in
a neuropsychological test (NEPSY-II) of inhibi-
tory control the child must suppress the urge to
consider saying the actual colour of the target
shape, rather than the test trial rule, where they
must say the opposite colour (black for white or
white for black). Further studies have shown that
ADHD features are mainly concerned with two
types of deficits in executive control, the cogni-
tive deficits, related to the attentional concerns
and the affective deficits, related to altered emo-
tional reactions. Here the role of an excitable
limbic system has been postulated (Antonini
et al. 2015; Castellanos et al. 2006; Martinez
et al. 2016; Toplak et al. 2005). Therefore,
ADHD symptoms may be a result of not only
the executive function concerns of the frontal
cortex, but also disrupted functioning and struc-
tural features of the subcortical brain regions such
as those of the limbic system.

Another line of investigations has focussed on
the role of dysfunctional catecholamine secretion
in ADHD. Animal studies have demonstrated
abnormality of the dopaminergic (DA) and
norepinephrinergic (NE) systems in ADHD.
Rodent studies involving the spontaneous hyper-
tensive rat (SHR) showed reduced level of dopa-
mine in the prenatal SHR mid brain regions and
heightened dopamine transporter activity in the
adult SHR (Leo et al. 2003; Russell 2007;
Watanabe et al. 1997). These studies also empha-
sise on whether ADHD pathophysiology is a
result of a hyperdopaminergic or a hypodopa-
minergic tendency. In 2003, Viggiano and his
colleagues demonstrated low motor activity in
gene-knockout model mice that lacked the DA
transporter, tyrosine hydroxylase. These mice
were observed to be more hyperactive in novel
situations and appeared less active on administra-
tion of stimulants. This study inclines towards the
hyperdopaminergic model of ADHD. The same

authors also studying the Naples high excitability
(NHE) rat (showing signs of hyperactivity and
poor working memory) found increased staining
of the DA transporter in the prefrontal cortex. On
the other hand, the SHR model displayed low
levels of DA in the ventral tegmental, substantia
nigra and the caudate nucleus areas and more
release of DA in the prefrontal cortex and nucleus
accumbens (Adriani et al. 2003). In addition to an
inclination towards hypo DA hypothesis, this
study suggested the possibility of an impaired
DA storage function implicated in ADHD.

Such hypotheses spurred the investigation of
neuronal and brain substrates of ADHD through
neuroimaging and cognitive neuroscience
paradigms. Recent meta-analysis of nearly two
decades of work in the cognitive neuroscience
of ADHD has revealed that ADHD is associated
with executive function domain-specific
alterations in a number of brain networks, includ-
ing impaired deactivation of the default mode
network (Rubia 2018). Another important area
of investigation has been in the genetics of
ADHD; similar to other neurodevelopmental
disorders, ADHD is highly heritable (~75%;
Faraone and Larsson 2018). A recent genome-
wide meta-analysis of ADHD revealed for the
first time 12 loci associated with ADHD that are
statistically significant at the genome-wide level
(Demontis et al. 2019). Although the level of
variance explained by these individual genetic
associations remains very modest, these recent
findings do support the hypothesis that ADHD
symptoms represent extremes of heritable traits
expressed in the general population. Unfortu-
nately, both cognitive neuroscience and genetic
studies of ADHD have yet to be translated into
widespread clinical practice, although there are
some promising areas with an accumulating evi-
dence base (e.g., neurofeedback; Enriquez-
Geppert et al. 2019).

7.4 Sleep in ADHD

Children diagnosed with ADHD often have dis-
turbed lifestyles, with a host of disorganised
behaviours constantly tinting their daily lives.
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Although these behaviours may be goal directed,
they frequently end up being incomplete or filled
with errors, resulting in detrimental implications
for their mental health and occupational
endeavours. Within the facets of their disturbed
lifestyle, individuals with ADHD often report
experiencing sleep related concerns and
disturbances in considerable excess compared to
matched control groups (Owens 2009).
Co-occurrence of sleep concerns and ADHD
reflect their prevalence in a pronounced way,
with 70% of individuals with ADHD having
sleep related concerns (Yoon et al. 2012) as
opposed to 20–30% in the general population
(Quach et al. 2012). Such sleep related concerns
reported include sleep onset problems
manifesting in long sleep latency, sleep phase
delay syndrome, increased periodic limb
movements during sleep, daytime sleepiness and
altered total sleep (Corkum et al. 1998; Cortese
et al. 2006; Konofal et al. 2001, 2010; Mayes
et al. 2009). A number of the above concerns
are expressed as difficulty in initiating and
maintaining sleep (Ball et al. 1997) and the sever-
ity of sleep problems may be associated with the
severity of ADHD symptoms and may be useful
therapeutic targets for ADHD symptom manage-
ment (Sciberras et al. 2019). Further, in the gen-
eral population sleep disturbances may be
associated with inattention and hyperactivity; for
example, Sung et al. (2008) demonstrated that
children with behavioural sleep problems also
experienced more ADHD-like symptoms, lower
quality of life and daily functioning. As such,
dysfunctional behavioural traits associated with
ADHD might be related to impaired sleep func-
tioning, which in turn acts as a maintaining factor
for the condition, fuelling the core characteristic
features of the disorder (Coogan et al. 2016a).
Indeed, some authors have recently questioned
whether ADHD should be considered primarily
as a sleep disorder (Bijlenga et al. 2019). How-
ever, there are a number of central questions that
remain unanswered in relation to the sleep-
ADHD associations, including questions of cau-
sality, directionality and mechanism (Raman and
Coogan 2019).

7.5 The Circadian System
and ADHD

Both objective and subjective assessment tools
examining the rest and activity cycles among
individuals with ADHD (children, adolescents
and adults) have shown significant variations in
daily rhythms in a number of behavioural, cogni-
tive, endocrine, physiological and molecular
parameters when compared to typically function-
ing individuals (Korman et al. 2019). An impor-
tant behavioural and psychological manifestation
of variations in circadian functioning is
chronotype/diurnal preference (Adan et al.
2012). Chronotype/diurnal preference can be
broadly conceptualised as inter-individual
differences in actual or preferred timing of sleep/
wake behaviours, and psychometric and other
instruments such as Morningness/Eveningness
Questionnaire (Horne and Ostberg 1976), Com-
posite Scale of Morningness (CSM, Smith et al.
1989) and Munich ChronoType Questionnaire
(MCTQ, Roenneberg et al. 2003) can be used
for its assessment. Both children and adults with
ADHD have been found to have a significant
preference for eveningness/later chronotype,
characterised as later bedtime and wake time or
an increased psychological preference for such
later timings of sleep behaviours (Baird et al.
2012; Rybak et al. 2007; Voinescu et al. 2012).
In a systematic review (Coogan and McGowan
2017), nine target studies were found to demon-
strate diurnal preferences among ADHD samples.
In a 2007 study, Rybak and his colleagues
showed an association between eveningness and
ADHD symptoms such as poorer sustained atten-
tion among 29 diagnosed adults. More recently,
Durmus et al. (2017) found significantly greater
eveningness preference among 7–12-year-old
children mostly with ADHD-Combined type,
when compared to the control group. Further in
this study a positive correlation was found
between the eveningness scores and total score
on resistance to sleep time. Gamble et al. (2013)
reported a positive correlation between delay in
rest/activity cycle and the severity of ADHD
symptoms among adults. Rybak et al. (2007)
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also documented a correlation between greater
eveningness with increased inattention and
impulsivity. These findings point towards a direct
relationship between chronotype preferences and
major ADHD characteristics.

Examining rhythms of sleep/wake behaviours
in non-clinical samples aids in delineating which
ADHD symptoms may be associated with later
chronotype/evening preference. For example,
McGowan in 2016 demonstrated among
396 adults that the construct of Social Jetlag (the
mismatch of the time of midsleep on work versus
‘free’ days indicative of tension between circa-
dian and behavioural cycles), rather than
chronotype is a predictor of ADHD symptom of
impulsivity. Similar association has also been
demonstrated through negative correlations
between scores on ‘morningness’ and symptoms
of inattention when using subjective
questionnaires (Caci et al. 2009). Later
chronotype is associated with greater social jetlag
(e.g., Roenneberg et al. 2012), and as such it may
be that social jetlag, and not chronotype per se, is
the factor associated with impulsivity and other
ADHD symptoms. Other studies have linked later
and more variable sleep timing with trait impul-
sivity (McGowan and Coogan 2018), and have
also linked later chronotype with other
behavioural manifestations of impulsivity,
including sensation seeking and response inhibi-
tion (Kang et al. 2015). Ottoni et al. (2012) report
that eveningness is associated with being emo-
tionally volatile and the behavioural traits of
ADHD such as apathetic and disinhibited temper-
amental inclinations. Therefore, there may be
widespread influence of the circadian system on
the individual’s cognitive, affective, behavioural
domains that are pertinent for ADHD
symptomatology.

As illustrated in the clinical vignette case of
Frank, his behavioural symptoms governing lack
of inhibitory control revealed through psycholog-
ical test findings as well as subjective reports are
related perhaps to his altered sleep timings,
which in turn may be the result of inclination
towards later chronotype. Therefore, Frank’s
temperamental reactions with peers or with
others in his social environments and his frequent

tendency to get into unpleasant physical
interactions with peers may in part reflect chro-
nobiological traits.

7.6 Delayed Sleep Phase and Sleep
Onset Insomnia in ADHD

Gruber et al. (2000), using both subjective reports
of sleep log and objective findings from
actigraphic recordings from 7- to 11-year-old
children diagnosed with ADHD, demonstrated
that ADHD was associated with more variable
and later sleep onset time compared to controls.
Subsequently, similar findings were reported both
for younger children and older adolescents
(Hvolby et al. 2008; Hysing et al. 2016). Van
der Heijden et al. (2005) reported that the pres-
ence of sleep onset insomnia in children with
ADHD is associated with significantly longer
sleep latencies and delayed dim-light melatonin
onset (DLMO) compared to children with ADHD
but no sleep onset insomnia. Bron et al. (2016)
found that adults with lifetime depression/anxiety
(LDA) in addition to high ADHD symptoms were
found to have the least favourable sleep
characteristics as compared to the individuals in
the depression/anxiety and control group, and that
the LDA and ADHD group were found to have
the highest results for Delayed Sleep Phase Syn-
drome, shortest sleep duration and extremely late
chronotype. Van Veen et al. (2010) found that,
out of 40 ADHD adults, 31 reported the presence
of sleep onset insomnia and were also found to
have a delayed DLMO, indicated a significantly
delayed phase of circadian entrainment. In a large
retrospective cohort of 9338 adolescents, a signif-
icant association was found between delayed
sleep phase disorder (DSPD) and inattentive and
hyperactive symptoms (Sivertsen et al. 2015),
indicating potential for delayed sleep phase to
feed into ADHD symptoms.

The pineal hormone melatonin’s synthesis in
the pinealocytes from the precursor tryptophan
exhibits a clear circadian rhythm, with peak
plasma levels usually between 2 and 3 am, and
the master pacemaker in the suprachiasmatic
nucleus (SCN, located in the anterior ventral
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hypothalamus) has indirect efferent projections to
the pineal gland crucial for synchronising the
circadian rhythm of melatonin to the light-dark
cycle and maintaining its persistence (Arendt
2005a). As such, delays in DLMO observed in
ADHD may be indicative of altered entrainment
of the SCN master clock to environmental
zeitgebers. However, to date there has been no
direct examination of SCN function in ADHD
(for example, in post mortem tissue), and other
work to date has focussed on the use of peripheral
(and accessible) circadian oscillators as proxies
for circadian function in ADHD (e.g., Baird et al.
2012; Coogan et al. 2019).

Psychopharmacological factors might also
influence the presence of longer sleep latency
and other insomnia symptoms sleep in ADHD.
In a study by Boonstra et al. (2007), administra-
tion of methylphenidate (MPH, the frontline
psychostimulant used in the pharmacological
management of ADHD) in adults diagnosed
with ADHD has been linked to anomalies in
sleep parameters, such as concerns with sleep
latency and sleep duration. However, the same
study also documented evidence of lesser noctur-
nal awakenings and hence a more consolidated
sleep because of MPH (Boonstra et al. 2007).
Among the younger ADHD populations, methyl-
phenidate has been linked to a shorter total sleep
time and later sleep onset times in several
investigations (Lee et al. 2012; Sangal et al.
2006; Snitselaar et al. 2013; Tirosh et al. 1993).
Another recent study demonstrated that pharma-
cotherapy of ADHD was associated with
alterations in circadian and sleep function in
adults with ADHD when compared to treatment-
naïve ADHD patients (Coogan et al. 2019). For
example, treatment was associated with longer,
but not more frequent, wake bouts during the
night in medicated patients. As such, it is impor-
tant to delineate the associations of ADHD itself
with sleep and circadian changes from ADHD-
treatment effects.

Returning to the case of Frank, his consistently
later bedtimes (and the resultant short sleep
duration, as he wakes up by 7 am) could be
attributed to the possible presence of a delayed
sleep phase (although no sleep measures were

used in his assessment particularly). This delayed
sleep phase may be directly amplifying Frank’s
manifestation of inattention or hyperactivity.
Alternatively, or additionally, shortened sleep
duration may be important as this has been
associated with hyperactivity and inattention in
a study with a large adolescent cohort (Gau et al.
2007). Therefore, functionally, later bedtimes
could be a crucial influencing factor for Frank’s
ADHD symptoms.

7.7 Genetic and Environmental
Factors That May Link ADHD
and the Circadian System

As mentioned earlier, ADHD is a highly heritable
disorder. Circadian traits are also reported to be
heritable; for example, chronotype appears to be
strongly heritable (Inderkum and Tarokh 2018)
and genome-wide studies have revealed signifi-
cant associations with polymorphisms in clock
genes and other loci (e.g., Jones and Jane 2019).
As such, there is the possibility for shared genetic
risk between ADHD and circadian traits
associated with ADHD. Although at present no
association between ADHD and clock genes has
been reported at the genome-wide level, there are
some interesting reports from candidate gene
studies (notwithstanding the recognised
weaknesses of such approaches; Duncan et al.
2019). PER1 has been associated with ADHD in
children and adolescents (Lasky-Su et al. 2008)
and PER2 polymorphisms has also been
associated with ADHD (Brookes et al. 2006),
although these associations did not reach
genome-wide statistical significance. A single
nucleotide polymorphism in the CLOCK gene
has been associated with adult ADHD symptoms
in three separate studies (Jeong et al. 2014;
Kissling et al. 2008; Xu et al. 2010). In a recent
study, Carpena et al. (2019) explored the associa-
tion between ADHD and CLOCK, using haplo-
type analysis, and demonstrated an association
between CLOCK haplotype and ADHD status,
further implicating CLOCK in the aetiology of
ADHD. There have also been a number of studies
that examined the diurnal rhythms in expression
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of clock genes in different tissues derived from
ADHD patients. Baird et al. (2012) reported that,
in adults, ADHD is associated with blunting of
rhythms in the expression profiles of the clock
genes BMAL1 and PER2. Coogan et al. (2019)
also reported ADHD-related changes in clock
gene expression profiles in ex-vivo cultures of
fibroblasts derived from patients with ADHD
(and with or without ADHD medication). These
data indicate that there may be alterations in the
core molecular circadian cycle associated with
ADHD, and warrants further study.

As light is the most important environmental
zeitgeber that determines circadian phase, it is
possible that geographical variations in the timing
and levels of exposure to sunlight might influence
ADHD prevalence. Arns et al. (2013) tested this
hypothesis when they analysed the record of solar
intensity from ten countries, reporting
associations between higher solar intensities and
lower ADHD prevalence. The proposed mecha-
nism that may underpin this association is that
bright morning light would phase advance the
circadian clock and decrease the association
between delayed phase and ADHD symptoms.
In 2015, Huber and his co-workers stated that
higher altitude geographical regions have lower
prevalence of ADHD, based their rationale on the
association of higher altitude with hypobaric hyp-
oxia and hence increased levels of dopamine.
Based on the hypodopaminergic model of
ADHD, such an increase in the dopamine would
mitigate against ADHD. However, Arns et al.
(2015) found that the association of altitude with
ADHD prevalence is actually related to the solar
intensity levels rather than the altitude level,
which must have been the confounding factor
detected previously. The influence of natural sun-
light, mediated through the biological clock, on
ADHD symptoms may offer therapeutic
opportunities through increasing exposure to
daylight.

7.8 Neuroendocrine
and Autonomic Features
of ADHD: Circadian Aspects

Turner-Cobb (2005) showed that the hypothala-
mus pituitary adrenal (HPA) axis plays an impor-
tant role in regulating neurobehavioural domains
such as attention, emotion, learning, memory and
movement. Under a stressful condition, the
neurons of the hypothalamus release the cortico-
tropic hormone which in turn leads to the secre-
tion of the adrenocorticotropic hormone and the
subsequent secretion and release of cortisol from
the adrenal cortex. In a study by Musser in 2011 it
was found that there were no significant sympa-
thetic variations found in ADHD children when
they were shown emotional stimuli as opposed to
typically functioning individuals, supporting the
hypothesis of autonomic dysregulation in
individuals with ADHD. This under-reactivity of
the HPA was also found to correlate with the
neurocognitive performance of the ADHD indi-
vidual and was further demonstrated empirically
by measuring low levels of cortisol for ADHD
patients as compared to the control group in a
study by Ma and colleagues in 2011. Abnormal
diurnal cortisol rhythms have been linked with
hyperactivity manifested in childhood features
of ADHD (Blomqvist et al. 2007; Kaneko et al.
1993) and this finding is crucial as the HPA axis
is under strong circadian control (Nicolaides et al.
2014). Further, the diurnal profile of cortisol
expressed relative to habitual wake time appears
to be phase-delayed in adults with ADHD com-
pared to controls (Baird et al. 2012), whilst chil-
dren with ADHD show morning hypo-arousal of
the HPA axis as assessed via salivary cortisol
levels (Imeraj et al. 2012). Dysfunction in arousal
mechanisms can be viewed as the causal factor
for ADHD, with motor hyperactivity being con-
sidered a reaction to the hypo-arousal condition
that is required to counteract somnolence
(Lecendreux et al. 2000). Hence, hypo-reactivity
of the HPA axis in stressful condition has been
linked to the symptoms of hyperactivity and
impulsivity in ADHD (Blomqvist et al. 2007;
Hong et al. 2003; Moss et al. 1995; Virkkunen
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1985). This behavioural hyperactivity and impul-
siveness is expressed in the form of a significant
lack of behavioural inhibition characterising their
psychosocial reactions. Hong et al. (2003)
postulated therefore that an abnormal HPA-axis
response to stress should be considered as an
attributional factor for the dysfunctional
behavioural inhibition observed in ADHD. A
corollary of this hypothesis is that given the
HPA operates under strong circadian influence,
that dysfunction of HPA function in ADHD may
be associated with altered rhythms in HPA
processes.

The possible dysfunction of the HPA axis has
been linked to the major defining characteristics
found in ADHD which are cognitive, affective
and behavioural in nature. Lack of behavioural
inhibition has been linked to the problematic
behaviours observed in ADHD (Lackschewitz
et al. 2008), and such impairing behaviours
should be considered in line with the abnormal
HPA-axis response to stress (Hong et al. 2003).
Low levels of cortisol has been associated with
lack of age appropriate cognitive performance
(Hong et al. 2003), maladaptive behaviours as
well as variations in levels of anxiety among
ADHD children (Hastings et al. 2009); these
findings have also been replicated in adults with
ADHD (Lackschewitz et al. 2008). Certain stud-
ies have shed light upon specific relationship
between the ADHD subtype and under-reactivity
of HPA axis in response to stress. Both hyperac-
tivity/impulsive subtype and the inattentive sub-
type have been linked to dysfunctional HPA
activation (Hong et al. 2003; Moss et al. 1995;
Randazzo et al. 2008; Virkkunen 1985). However
these findings are not completely consistent; for
example, Van West et al. (2009) did not find a
relation between low cortisol responsivity and
psychosocial stress. These discrepancies however
could be attributed to the study sample, design,
comorbidity or treatment effects.

7.9 Chronotherapy for ADHD

If circadian rhythms are indeed altered in ADHD,
and these alterations are linked to specific features

of the condition, then interventions to
re-synchronise the circadian cycles might then
be particularly effective in alleviating these
symptoms. A number of studies have examined
the effect of melatonin treatment on ADHD
symptoms and sleep related outcomes. The nature
of the current evidence base for the utility of
melatonin in ADHD management include
randomised, placebo controlled and double-
blind trials to longitudinal investigations on
samples of ADHD or typically developing
individuals (Coogan and McGowan 2017). Sys-
tematic administration of melatonin has been
associated with significant decrease in sleep
onset latency and increase in sleep duration
among the participants. For example, in a recent
study by Masi et al. (2019), ADHD children and
adolescents treated with methylphenidate were
administered melatonin for a period of 1–12
months, and both younger children and
adolescents reported improvements in sleep
concerns. Other studies over the past decade
have been more specific with regard to sleep
outcomes as a result of melatonin use. Tjon Pian
Gi et al. (2003) reported a rapid decrease in sleep
onset latency upon prior to bedtime administra-
tion of melatonin among children with ADHD
and insomnia. Another earlier study even reported
a decrease of sleep onset latency from 60 to
30 min as a result of melatonin treatment for
4 weeks (Smits et al. 2001). Different studies
have also argued regarding the best possible
design and co-treatment that might lead to best
sleep related outcome among the patients. Weiss
et al. (2006) demonstrated that maximum reduc-
tion in insomnia symptoms took place when mel-
atonin administration was coupled with sleep
hygiene training. Similarly a decrease in sleep
latency resulted from the co-administration of
melatonin with methylphenidate, accompanied
by an increase in the height and weight of the
participating children (Mostafavi et al. 2012).
Further, another study following a similar design
of co-administering melatonin and methylpheni-
date showed decrease in sleep onset latency, but
did not result in improvements of core ADHD
symptoms (Mohammadi et al. 2012). Therefore,
the above studies point towards the positive
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effects of melatonin in improving sleep onset
among ADHD; however, the treatment has not
shown direct effect on the symptoms of inatten-
tion or hyperactivity/impulsivity.

With regard to delayed sleep phase, melatonin
administration has shown some positive effects.
A meta-analysis (Van Geijlswijk et al. 2010)
reported that exogenous intake of melatonin
leads to the advancement of the endogenous mel-
atonin onset in both children and adolescents. In
2006, Szeinburg showed that a 6 months intake of
melatonin resulted in shorter sleep latency and
longer sleep duration among a group of children
and adolescents diagnosed with delayed sleep
phase syndrome. Melatonin treatment has shown
advancement of DLMO, indicating melatonin’s
utility in correcting delayed circadian phase
(Van der Heijden et al. 2007). One question of
importance regarding melatonin in these studies
is whether melatonin is deployed primarily as a
somnolent or as a chronobiotic; the doses and
timing of optimal treatments will differ accord-
ingly, and as such this clear distinction should
be made at the conception of studies (Arendt
2005b).

Behavioural chronotherapeutic interventions
for treatment of circadian and/or sleep related
concerns in ADHD populations over the last
decade have shown some promise. Mullane and
Corkum (2006) investigated the effect of
behavioural intervention for sleep in three
unmedicated children over a 5-week treatment
period and found that the children’s sleep
improved and were maintained over a 3-month
follow-up period. Corkum et al. (2009) validated
the above findings on a larger randomised control
trial (RCT), where the ADHD children were
found to have significantly improved sleep as
compared to typically functioning control group.
The intervention included facets such as
psychoeducation about basic sleep physiology
and the different types of sleep problems/
disorders, sleep hygiene and bedtime routines,
implementing a faded bedtime strategy and
reward program (Mullane and Corkum 2006).
Over the following period other well-designed
RCTs also supported the effectiveness of
behavioural interventions for the improvement

of sleep concerns in ADHD sample of
participants (Hiskock et al. 2015; Keshavarzi
et al. 2014). Hiskock et al. (2015) found signifi-
cantly improved ADHD symptoms (through par-
ent and teacher ADHD rating scale), sleep
problems (parent reported severity through
children’s sleep habits questionnaire and
actigraphy), behaviour and daily functioning
(measured through strengths and difficulties ques-
tionnaire) and working memory (working mem-
ory test battery for children) because of the
behavioural sleep intervention-controlled trial.
Similar results were also highlighted by Peppers
et al. (2016) where sleep hygiene program led to
better sleep quality and improved ADHD
symptoms.

The use of morning bright light therapy among
ADHD children has been shown to result in cor-
rection of delayed sleep phase and also
improvements in ADHD ratings (Gruber et al.
2007). Similar findings (alleviation of core
ADHD symptoms and improvements in affective
symptoms) have also been demonstrated in case
of adults that demonstrated that shifts towards
earlier circadian preference were associated with
improvement in the overall subjective and objec-
tive ADHD symptom ratings (Rybak et al. 2006).
Other preliminary pilot findings further support
the principle that light therapy as a
chronotherapeutic may be useful in the manage-
ment of ADHD symptoms: Fargason et al. (2017)
report that morning bright light, coupled with the
minimisation of evening bright light, advanced
DLMO and was associated with decreased
ADHD scores. Given the promise of light therapy
in other areas of psychiatry and psychology
(Cunningham et al. 2019), further study of this
strategy in ADHD is warranted.

Agomelatine is a licenced antidepressant in the
European Union and Australia, which is an ago-
nist of MT1 and MT2 melatonin receptor and an
antagonist of 5-HT2c and 5-HT2B serotonin
receptors that at least partially functions as a
chronobiotic (Guardiola-Lemaitre et al. 2014).
Preliminary evidence has suggested that
agomelatine treatments lead to decreased
ADHD-related symptoms (Niederhofer 2012).
Salardini et al. (2016) reported in a study with a
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small group of ADHD children and adolescents
that outcomes related to ADHD symptoms were
not significantly better for the agomelatine-treated
group than those treated with methylphenidate;
however, the former reported less concerns
associated with insomnia as a treatment outcome.
Although these findings reveal some promise,
concerns around hepatotoxicity with agomelatine
and the lack of licensing in major jurisdictions are
likely to curtail interest in further exploring its use
in ADHD, and future studies may rather focus on
other melatoninergic agonists (Comai et al.
2019).

In the clinical vignette case of Frank, his
habitually late bedtime could be reinforcing a
delayed circadian and sleep phase through
increased exposure to evening light, which will
delay the circadian clock (Raman and Coogan
2019). As such, there is potential for a ‘vicious
cycle’ to develop, though which late bedtime
reinforces late bedtime. Equally however, there
may be an opportunity here to break this cycle
through increasing morning light exposure (cou-
pled with decreased evening light exposure),
phase advancing the clock and helping establish
more socially-congruent sleep/wake behavioural
cycles. The utility of such approaches may vary
strongly between individuals, as recent evidence
indicates very high levels of inter-individual
variability in responses to light (Phillips et al.
2019).

7.10 Future Directions

The current literature leaves a number of impor-
tant questions still unanswered in relation to
ADHD and altered circadian rhythms. Chief
amongst these is whether circadian changes are
symptoms of ADHD, or precursors to ADHD, or
risk factors for ADHD, or a mix of these? There
are some suggestions from recent longitudinal
studies that suggest sleep disturbances preface
and predict ADHD diagnosis in young children
(Soehner et al. 2019; Tso et al. 2019). Indeed,
there have been recent suggestions that ADHD
might be reasonably reconceptualised as a sleep
disorder, with ADHD features emerging (in part)

as a neurocognitive result of chronic sleep
disturbances and circadian changes (Bijlenga
et al. 2019).

Certainly, it would appear that cognitive and
behavioural strategies to improve sleep and/or
circadian function in ADHD might be expected
to yield benefit. Inspiration for those of us work-
ing in the field of ADHD comes from findings in
major depression that indicated that Cognitive
Behavioural Therapy for insomnia (CBTi) results
in significant and durable antidepressant effects
(e.g., Kalmbach et al. 2019). Indeed, large trials
of internet-delivered interventions indicate that
CBTi results in improvements in psychopathol-
ogy and quality of life (Espie et al. 2019). Thus,
trials of CBTi in ADHD appear to be strongly
warranted. Chronotherapy incorporating bright
light therapy may also be a useful treatment
modality and has shown much promise in other
diagnoses (Cunningham et al. 2019). Further, cir-
cadian principles may be deployed in the pharma-
cotherapy of ADHD: either through the use of
melatonin or melatoninergic agonists as
chronobiotics, or through the use of circadian
medicine to identify time-of-day for optimal
effectiveness of psychostimulants used routinely
in the treatment of ADHD (Ruben et al. 2019).

Incorporating perspectives from chronobiol-
ogy into ADHD research and practice may lead
to advances in our understanding of ADHD, and
improvements in the lives of patients like Frank,
as well as their families and carers.
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