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a  b  s  t  r  a  c  t

Disruptions  in  the  sleep–wake  cycle  and  the  circadian  system  have  been  found  in  a  wide range  of psychi-
atric  disorders  and  are  generally  correlated  with  clinical  severity  and  diminished  quality  of life.  Emerging
evidence  suggests  similar  disturbances  may  be  found  in  attention-deficit/hyperactivity  disorder  (ADHD).
Here we  review  the  available  literature  on across  the  day  fluctuations  in  ADHD-related  processes  in
terms  of;  (i)  time  of day  effects  on  behavior  and  activity;  (ii)  morningness–eveningness  chronotypology;
(iii)  sleep/wake  rhythms;  and  (iv)  rhythmicity  in neuroendocrine  and  neurophysiological  responsive-
ness.  On  this basis,  we  propose  a neurobiological  framework  to  guide  future  study,  which  sees  circadian
effects  in  ADHD,  along  with  other  aspects  of  ADHD  arousal-related  deficits  (e.g.,  cognitive  energetic
deficits),  as  being  the  result  of dysregulated  locus  coeruleus  function.  Based  on  this  perspective  specific
recommendations  for future  research  are  presented.

© 2012  Elsevier  Ltd.  All  rights  reserved.
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1. Introduction

There is mounting evidence to support the notion that circadian
rhythms are altered in a wide range of psychiatric diseases, espe-
cially affective disorders (see for reviews: Boivin, 2000; Germain
and Kupfer, 2008; McClung, 2007; Wirz-Justice, 2006). For exam-
ple, impaired sleep and daytime fatigue are included in the
diagnostic criteria for depressive disorders (American Psychiatric
Association, APA, 2000) where diurnal variations in symptoms (e.g.,
mood and psychomotor activity) have frequently been reported.
These fluctuations are reflected in physiological measures such
that, compared to a control population, depressive patients show
alterations in circadian rhythms of melatonin and (Pacchierotti
et al., 2001) cortisol levels (Deuschle et al., 1997); body temperature
(Daimon et al., 1992); and heart rate (Stampfer, 1998). Moreover,
some interventions that change the timing of the biological clock
in the brain (e.g., sleep deprivation, light therapy) have efficacy as
treatments for these conditions (Wehr et al., 1979). For instance,
Agomelatine, a new antidepressive agent with phase advancing
characteristics has become available (Fornaro et al., 2010; San and
Arranz, 2008) and appears to be effective in at least a subgroup of
patients (Duke, 2008). Diurnal variations in symptoms and altered
profiles of circadian markers are also found in seasonal depressive
disorder (Lewy et al., 2006), bipolar disorder (Harvey, 2008), and
schizophrenia (Rao et al., 1994).

In attention-deficit/hyperactivity disorder (ADHD) it is well-
established that behavioral symptoms and performance fluctuate
both spontaneously over time and in response to changing envi-
ronmental contexts (Antrop et al., 2005a; Luman et al., 2005;
Power, 1992; Sonuga-Barke et al., 1996; Toplak and Tannock,
2005; Wiersema et al., 2006b; Zentall and Zentall, 1976). In clinical
practice, sleep–wake problems are frequently reported by individ-
uals with ADHD or their parents, even though these problems are
not currently included in the diagnostic criteria. As disruptions of
circadian rhythms and sleep–wake cycles are generally expected
to have a significant impact on symptom severity (Fallone et al.,
2001), daytime functioning (Bearpark and Michie, 1987), and
health outcomes (Gangwisch, 2009; Scheer et al., 2009), in recent
years, researchers have become increasingly interested in the
possibility that such effects are implicated in ADHD pathophys-
iology. Gathering knowledge on diurnal variations in ADHD is
important as these results may  improve educational guidelines

(such as optimal timing of academic lessons) and diagnostic and
therapeutic assessments. For example, knowledge of time of day
effects could lead to the adjustment of dosing and timing of ADHD
medication to optimally observe and treat problematic behavior
at a particular time of day. Furthermore, if findings on disrupted
circadian rhythms are confirmed in ADHD, they may point to the
value of circadian-based therapies in ADHD such as melatonin
treatment and light therapy. To the best of our knowledge, there
is no review that assesses findings on circadian effects in ADHD.

To date, the underlying mechanisms of circadian rhythm alter-
ations in psychiatric disorders in general, or in some of these
conditions specifically, are still unknown. The suprachiasmatic
nucleus (SCN) in the ventral hypothalamus (Weaver, 1998) is
thought to drive these 24-h fluctuations in both physiological (e.g.,
body temperature, heart rate, hormone secretion) and psycholog-
ical (cognitive performance, personality and behavior) functions
(Carrier and Monk, 2000; Haus, 2007; Hofstra and de Weerd, 2008;
Tankova et al., 1994; Young, 2006). This biological clock has an
endogenous nature – rhythms persist even in the absence of exter-
nal, environmental information. However, exogenous cues, also
called zeitgebers (e.g., light, but also sleep deprivation and social
cues), tune this clock to a specific rhythm. The SCN is responsible
for the functional time synchronization of all peripheral oscillators
found in cells, tissues, and organs. Communication to peripheral
structures takes place through both neural and endocrine factors,
and enhances synchronized functioning of different human sys-
tems, including the central nervous system, the autonomic nervous
system, and the endocrine tissues (Haus, 2007). The sleep–wake
cycle is also regulated by the SCN. However, this circadian pro-
cess (process C) interacts with a homeostatic process (process S)
to maintain wakefulness (which we further refer to as arousal; a
physiological and psychological state of being awake, aware, and
alert) during the day and to consolidate sleep at night. Whereas
the process C is particularly important in the timing of sleep and
arousal states, the process S regulates the duration and structure
of sleep (Borbély, 1982). When considering the available evidence,
disruptions in circadian rhythms and sleep–wake cycles have usu-
ally been related to changes in the timing of the biological clock
(though alternative hypotheses have been provided; e.g., social
zeitgeber theory, process S deficiency; Boivin, 2000; Grandin et al.,
2006). Alterations in biological clock timing have been seen as
a consequence of changes in neurotransmitter activity related to
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