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Abstract

Circadian rhythm disorders have been classically associated with disorders of abnormal timing of
the sleep—wake cycle, however circadian dysfunction can play a role in a wide range of pathology,
ranging from the increased risk for cardiometabolic disease and malignancy in shift workers,
prompting the need for a new field focused on the larger concept of circadian medicine. The
relationship between circadian disruption and human health is bidirectional, with changes in
circadian amplitude often preceding the classical symptoms of neurodegenerative disorders. As
our understanding of the importance of circadian dysfunction in disease grows, we need to develop
better clinical techniques for identifying circadian rhythms and also develop circadian based
strategies for disease management. Overall this review highlights the need to bring the concept of
time to all aspects of medicine, emphasizing circadian medicine as a prime example of both
personalized and precision medicine.
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1| INTRODUCTION

Circadian rhythms and sleep are fundamental biological imperatives, and are often
challenged by changes in the environment, unhealthy behaviors, and disease, leading to
misalignment among internal biological clocks and/or with the external physical
environment or social behaviors. In the past decade, fundamental basic science discoveries
have demonstrated that circadian clocks are integrated into the regulation of biological
processes in all tissues. Advances in the scientific knowledge of the molecular and cellular
underpinnings of circadian biology, indicate that circadian disruption plays a central role in
the expression and development of cardiometabolic, cognitive and mood disorders. As an
example, the core clock genes involved in regulating circadian rhythms are present not only
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in the suprachiasmatic nucleus, but also in the liver and pancreas, resulting in the
coordinated circadian regulation of metabolism and catabolism (Dibner & Schibler, 2015).

However, the coordinated timing of these biological processes conflicts with our
increasingly 247 society. Individuals are more frequently working and eating at odds with
their biological clock, leading to a chronic misalignment between biological timing and
behavior. This misalignment appears to increase the risk for chronic disease, with impact
seen in many areas of human health, including hypertension, diabetes, and cancer risk
(Forman, Curhan, & Schernhammer, 2010; McMullan, Schernhammer, Rimm, Hu, &
Forman, 2013; Schernhammer et al., 2001). Interestingly, this relationship appears to be
bidirectional, with some disease processes also associated with altered circadian function as
an early symptom of the disorder. One example of this is the area of neurodegeneration,
where circadian instability can be seen years before other clinical symptoms of cognitive
impairment become apparent (Tranah et al., 2011). Thus, alterations in circadian timing have
broad implications for overall health (Figure I).

Overall the time is ripe to translate these basic scientific findings into clinical interventions
targeting the circadian system in order to improve overall health. This review will discuss
what is currently understood about the role of circadian dysfunction in human disease and
highlight our recent research in this area. We will also discuss new advances in diagnostic
techniques to identify circadian health and dysfunction. Using this knowledge, we can begin
to focus on the role of timing in medical treatment. Ultimately we will demonstrate that the
future of circadian medicine is to become a hallmark of both personalized and precision
medicine (Figure I).

2| CLASSICAL VIEW OF DISORDERS OF CIRCADIAN RHYTHMS

Classically, disorders of circadian rhythms have been limited to their adverse effects on
sleep, and thus the six primary circadian rhythm sleep wake disorders (CRSWDs) are
considered within the domain of sleep medicine. Broadly speaking, CRSWDs result when
there is misalignment between an individual’s internal rhythm and the required timing of
their daily activities. The six major recognized CRSWDs include: delayed sleep wake phase
disorder (DSWPD), advanced sleep wake phase disorder (ASWPD), non-24 hr sleep wake
disorder (N24SWD), irregular sleep wake rhythm disorder (ISWRD), shift-work disorder
and jet lag disorder.

In DSWPD individuals have normal quality and duration of sleep, but their sleep window
occurs several hours later than in the general population (Kripke et al., 2008). While the
etiology remains unclear, there are reports of individuals with DSWPD having a longer
intrinsic period than the general population (Campbell & Murphy, 2007), and there are also
theories that they may have increased sensitivity to the delaying effects of evening light
(Aoki, Ozeki, & Yamada, 2001), or decreased sensitivity to the advancing effects of morning
light. More recently a familial form of DSWPD has been identified, associated with a
mutation in the CRY1 gene (Patke et al., 2017).
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Individuals with ASWPD fall asleep several hours earlier than the general population, but
again if allowed to sleep during their desired time window, sleep quality and duration are
normal for age (American Academy of Sleep Medicine, 2014). There is a strong familial
component to ASWPD, with mutations demonstrated in casein kinase 16 (Xu et al., 2005),
and the casein kinase le (CKle) binding region of hPER2 (Toh et al., 2001) and in CRY2
(Hirano et al., 2016). These mutations result in a more rapid progression through the
transcription/translation feedback loop, leading to an overall shorter intrinsic circadian
period (Shanware et al., 2011).

In N24SWD individuals again have normal duration and quality of sleep, but the sleep
window occurs progressively later every day. This is most commonly seen in blind
individuals, likely reflecting the underlying intrinsic circadian period, as they are no longer
able to receive daily entraining signals from environmental light (American Academy of
Sleep Medicine, 2005). Recent studies have demonstrated a lack of entrainment in 39% and
abnormal entrainment in 24% of individuals with no light perception (Flynn-Evans,
Tabandeh, Skene, & Lockley, 2014). While more rare, this disorder can also occur in sighted
individuals, and is thought to be due to multiple factors, including a prolonged intrinsic
circadian period (Kitamura et al., 2012), decreased responsiveness to environmental
entraining signals, and decreased social cues (Brown, Quan, & Eichling, 2011; Kuzniar,
Kovacevic-Ristanovic, Nierodzik, & Smith, 2012).

Individuals with ISWRD have at least three separate sleep periods spread throughout the
day, though if added up, the total duration of sleep in a 24 hr period is normal for age
(American Academy of Sleep Medicine, 2014). ISWRD is most often seen in children with
neurodevelopmental disabilities (Okawa et al., 1991) and elderly institutionalized
individuals (Zee & Vitiello, 2009). The underlying etiology is thought to be due to a
combination of degeneration of the suprachiasmatic nucleus (SCN) and either decreased
sensitivity to or decreased exposure to environmental time cues (Abbott & Zee, 2015).

Shift work disorder is characterized by sleep-wake disturbances lasting at least 3 months,
resulting from being required to work during the desired sleep period (American Academy
of Sleep Medicine, 2014). Individuals with morning-type tendencies, increased daytime
social demands, and who require long-sleep times (>8 hr) are more likely to develop shift
work disorder (Colligan & Rosa, 1990). Symptoms generally resolve with resumption of a
normal work schedule.

Jet lag disorder results when there is a mismatch between the endogenous sleep-wake cycle
and the environmental sleep-wake cycle resulting from a change in time zones. Symptoms
include insomnia and/or daytime sleepiness, impaired daytime function as well as occasional
somatic symptoms such as gastrointestinal distress (American Academy of Sleep Medicine,
2014).

While the above represent the classical view of the primary clinical circadian disorders,
circadian dysfunction is increasingly recognized as playing a role in nearly all aspects of
human health and disease, as will be discussed in the next section.
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3| FUTURE OF CIRCADIAN RHYTHM DISORDERS

There has been increasing recognition that circadian dysfunction plays an important role in a
variety of disease models beyond the traditional sleep—wake disorders. We will highlight
several examples of those here, starting with the health consequences of circadian
disruption, most often seen in shift workers but also encountered in social jet lag. Social jet
lag is a term used to define the difference between the sleep—wake schedule on work and
non-work days. We will then discuss neurodegenerative disorders, where circadian
dysfunction can often serve as an early marker of disease pathology. Specifically we
highlight our work focused on the relationship between circadian dysfunction in
cardiometabolic disease and neurodegeneration, and the potential for circadian based
treatments to alter the development and expression of these conditions.

3.1| Shift work and chronic disease

Shift work is one of the most commaon causes of circadian disruption in our society,
increasing the risk for cardiometabolic disease and cancer. Several case—control studies in
Norway (Tynes, Hannevik, Andersen, Vistnes, & Haldorsen, 1996) and the US (Davis,
Mirick, & Stevens, 2001) demonstrated an increased risk for breast cancer in women who
worked overnight shifts. A retrospective analysis of data from one of the largest population
based studies of the health effects of shift work, the Nurses’ Health Study (NHS), found that
women who worked the night shift for 30 or more years had an increased risk of developing
breast cancer (Schernhammer et al., 2001). These results prompted the International Agency
for the Research on Cancer in 2007 to conclude that shift work that involves circadian
disruption is probably carcinogenic (Group 2A; Straif et al., 2007). Several recent studies
have replicated these findings. In a case—control study in France, women with newly
diagnosed breast cancer were more likely to have worked overnight shifts, with the risk
being highest among women who had worked night shifts for >4 years before their first full-
term pregnancy (Menegaux et al., 2012). A Danish study looking at female military
employees also showed an increased risk of breast cancer among those women who worked
night shifts, with the effect being most pronounced among woman with a strong morning
chronotype preference and high level of exposure to night shift work (Hansen & Lassen,
2012). Similar results have also been shown in a cohort of Norwegian nurses (Lie, Roessink,
& Kjaerheim, 2006) and Chinese women (Pronk et al., 2010). Multiple factors likely
contribute to this increased risk including increased light exposure at night (O’Leary et al.,
2006) and the circadian disruption associated with shift work. Both of these are likely
mediated by decreased melatonin levels, as melatonin levels are suppressed by light, and
melatonin is thought to have tumor suppressant properties.

Shift work also appears to play an important role in the development of cardiometabolic
disease. Circadian disruption through shift work models in rodents have demonstrated an
increase in insulin resistance and obesity (Shi, Ansari, McGuinness, Wasserman, & Johnson,
2013) as well as metabolic dysfunction (Barclay et al., 2012) while subjecting humans to
experimental models of shift work results in increased leptin levels (Nguyen & Wright,
2010). The NHS demonstrated that increased cumulative exposure to shift work results in
increased risk for ischemic stroke (Brown et al., 2009) and diabetes (Pan, Schernhammer,
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Sun, & Hu, 2011). In addition, in this population, low urinary melatonin levels, presumably
serving as a marker of underlying circadian disruption, have been associated with an
increased risk of hypertension (Forman et al., 2010) and diabetes (McMullan et al., 2013).
Similar data was found in a large Swedish cohort, noting an increased risk for obesity, lipid
abnormalities and impaired glucose tolerance among shift workers (Karlsson, Knutsson, &
Lindahl, 2001) and a Danish cohort demonstrating an increased incidence of diabetes among
night shift workers (Hansen, Stayner, Hansen, & Andersen, 2016). In the UK biobank study
of 277,168 workers, shift work was associated with an increased risk for obesity and
disturbed sleep (Wyse et al., 2017). The underlying cause of the correlation between shift
work and cardiometabolic disease is still unclear, though a Finnish study demonstrated these
effects persisted, despite controlling for education, smoking, physical activity, alcohol use
and insomnia (Puttonen, Viitasalo, & Harma, 2012). Recent data obtained during simulated
shiftwork conditions demonstrated a decrease in total energy expenditure, despite similar
total activity and food intake when following a simulated night shift schedule compared to a
daytime schedule (McHill et al., 2014).

Circadian misalignment and cardiometabolic disorders

There is growing evidence that circadian disruption through non-shift workers experiencing
social jet lag can also increase the risk for a variety of medical illnesses. This difference is
generally greatest in individuals who identify themselves as late chronotypes (preferring to
go to bed and wake up later) but are required to work a traditional schedule (Wittmann,
Dinich, Merrow, & Roenneberg, 2006). Recent studies have demonstrated a correlation
between social jetlag, and increased BMI (Roenneberg, Allebrandt, Merrow, & \etter,
2012), suggesting that even in non-shift workers misalignment between desired and actual
sleep times can have potential negative health impacts. Along those lines, diabetic
individuals with later sleep-wake timing, as determine based on the midpoint of habitual
sleep timing have been noted to have poorer glucose control (Reutrakul et al., 2013). Our
group has demonstrated in the Hispanic Community Health Study/Study of Latinos (HCHS/
SOL) Cohort Study that individuals both with and without diabetes had an association
between later sleep-wake timing, and greater insulin resistance (Knutson et al., 2017). We
demonstrated similar results in a large cohort of pregnant women who completed actigraphy
measures. Actigraphy consists of an accelerometer that is usually worn on the non-dominant
wrist, and can provide an objective measurement of activity and rest periods. Based on these
measures, individuals with a later midpoint of sleep had an increased risk for developing
gestational diabetes (Facco et al., 2017). In addition we found a small population of
overweight/obese individuals, sleeping closer to the time of dim light melatonin onset,
suggesting misalignment of sleep-wake and biological timing, was associated with
decreased insulin sensitivity (Baron, Reid, Wolfe, Attarian, & Zee, 2018). Along with later
timing, decreased interdaily stability, a measure of the regularity of daily rhythms, has been
demonstrated to be associated with increased risk for obesity, diabetes, hypertension and
dyslipidemia (Sohail, Yu, Bennett, Buchman, & Lim, 2015).

One factor that may be contributing to these findings is light exposure. Light is one of the
primary entraining signals of the human circadian clock, and there is growing evidence that
both timing and amplitude of light exposure are important. A recent study from our group
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found that being exposed to the majority of the total daily bright light later in the day is
associated with having a higher body mass index (Reid et al., 2014). In addition, we recently
demonstrated in a small study that exposure to blue-enriched light at the time of a meal was
associated with increased insulin resistance (Cheung et al., 2016).

Neurodegenerative disorders

Circadian disruption also appears to play a key role in neurodegenerative disorders, and here
the bidirectional relationship between circadian disruption and disease pathology becomes
clearer.

3.3.1| Parkinson disease—~Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by bradykinesia, rigidity, and tremor. The pathological hallmark is the
accumulation of Lewy bodies, comprised of intraneuronal a.-synuclein inclusions, in the
dopamine-containing nigrostriatal neurons. Sleep and wake disturbances, particularly sleep
fragmentation and hypersomnia are common. It has been postulated that circadian rhythm
disturbances underlie not only these sleep disturbances but also the pathophysiology of PD.

Data from clinical studies have shown alterations in various rhythms in PD, reflecting
overall reduction in circadian amplitude. Studies using wrist actigraphy have shown that
people with PD have decreased overall activity and increased nocturnal activity, leading to
low amplitude of the rest/activity rhythm (van Hilten et al., 1994; Whitehead, Davies,
Playfer, & Turnbull, 2008). Those with more severe disease and hallucinations have even
lower amplitudes and less interdaily stability of the rest/activity rhythms (Whitehead et al.,
2008). Alterations in other rhythms such as blood pressure (Stuebner et al., 2013), core body
temperature (Zhong, Bolitho, Grunstein, Naismith, & Lewis, 2013) and cortisol rhythm
(Hartmann, Veldhuis, Deuschle, Standhardt, & Heuser, 1997) have also been observed.
Cause and effect remain unclear as there is some evidence from animal models that
circadian dysregulation may actually increase the risk for developing motor dysfunction,
with a proposed mechanism of triggering a neuroinflammatory response, with increased
neurodegeneration of the nigro-striatal pathway (Lauretti, Di Meco, Merali, & Pratico,
2017).

Alternatively, circadian dysregulation may be a symptom of underlying neurodegeneration,
however mechanisms underlying these circadian alterations remain unclear. The potential
sites of disruption may include alteration of zeitgebers (time cues), afferents to the SCN
(e.g., retina), the SCN itself, or downstream efferents. With aging, adults have decreased
retinal illumination due to meiosis and decreased transmission of light through the lens
(Turner & Mainster, 2008). Additionally, people with PD may be more likely to stay indoors
due to motor problems, leading to less light exposure during the day (VVan Someren, 2000)
but get an inappropriate increase in light exposure during the night due to sleep disruption
(Rutten et al., 2012).

Dopamine, one of the major neurotransmitters affected in PD may influence the ability to
respond to light. Dopamine enhances melanopsin expression in retinal ganglion cells that
project to the SCN (Sakamoto et al., 2005) and may mediate the ability of light to reset
retinal Per2 rhythms (Ruan, Allen, Yamazaki, & McMahon, 2008). However, whether or not
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a change in dopamine metabolism or dopaminergic treatment in PD alters the circadian
response to light has not been specifically examined. Dopamine metabolism in downstream
brain areas involved in PD may also be disrupted. In striatal neurons, dopamine influences
circadian gene expression, in particular Perl and Per2. Per2, in turn, modulates dopamine
levels through expression of the gene encoding monoamine oxidase-A (Hampp & Albrecht,
2008). In addition, the absorption of levodopa, a dopamine agonist is slower at night, which
also needs to be taken into account in the treatment of PD (Nyholm, Lennernas, Johansson,
Estrada, & Aquilonius, 2010). Therefore, changes in dopamine regulation in PD or treatment
with dopaminergic medications could have effects on the circadian system at multiple levels.

The interaction between the circadian system and dopamine is particularly relevant because
dopamine plays a role in regulating sleep/wake state. Dopamine in the ventral tegmental area
and substantia nigra interact with the raphe nuclei, the locus coeruleus, the hypothalamus,
the basal forebrain, and the thalamus, all of which are key nuclei in mediating sleep/wake
states (Rye, 2004). The specific effect of dopamine on sleep/wake state depends on the type
of dopamine receptor and the dose of agonist or antagonist. (Monti & Jantos, 2008). Patients
with PD treated with dopamine agonists—which target primarily D2 and D3 dopamine
receptors—often report excessive sleepiness and may even have sleep attacks (Paus et al.,
2003). Therefore, dysfunction in dopamine levels or alteration in dopamine receptor activity
may lead to abnormal sleep/wake rhythms.

Dysfunction within the SCN itself could also contribute to circadian disruption. Decreased
spontaneous firing of SCN neurons, sleep fragmentation, and increased variability in activity
onset has been observed in a mouse model of PD (Kudo, Loh, Truong, Wu, & Colwell,
2011). This decrease in synaptic transmission may lead to an impaired ability of the SCN to
drive peripheral rhythms (Kudo et al., 2011). In addition, in humans, imaging studies have
demonstrated significant volume loss in the hypothalamus compared to healthy controls
(Breen et al., 2016).

Another potential link between PD and circadian rhythms may lie in the relationship
between melatonin and the pathophysiology of PD. Reduced amplitude and a phase advance
of melatonin rhythms has been observed in people with PD (Bordet et al., 2003; Fertl, Auff,
Doppelbauer, & Waldhauser, 1993) with the lowest amplitude found in those with the
greatest degree of daytime sleepiness (Videnovic et al., 2014). In addition to chronobiotic
effects, melatonin may protect mitochondria from damage through its action as a free radical
scavenger and by upregulating other antioxidant enzymes (Cardinali, Pagano, Scacchi
Bernasconi, Reynoso, & Scacchi, 2013). Additionally, melatonin appears to inhibit a-
synuclein expression in dopaminergic neurons (Sae-Ung, Ueda, Govitrapong, & Phansuwan-
Pujito, 2012) and inhibits formation of toxic a-synuclein aggregates (Ono et al., 2012).
Mitochondrial dysfunction may cause reduced SCN activity due to impaired ability to
generate the energy required for peak daytime firing of the SCN neurons (Martin et al.,
2006; Wang & Huang, 2006).

Given these relationships between circadian dysfunction and PD, chronotherapeutics to
improve circadian amplitude might be beneficial in the treatment of PD, but data are sparse.
Melatonin (3-5 mg) at bedtime has been shown to improve subjective sleep quality
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(Medeiros et al., 2007), subjective sleep quantity and daytime sleepiness (Dowling et al.,
2005; Medeiros et al., 2007). With high doses of melatonin (50 mg) only a small objective
improvement in sleep duration was seen (Dowling et al., 2005). Only a few studies have
examined the effect of light therapy in PD. A large open-label retrospective study of bright
light therapy 1 hr before bedtime showed improvement in insomnia symptoms and motor
symptoms in those adherent to treatment (Willis, Moore, & Armstrong, 2012). One small
prospective study of bright light therapy before bedtime for 2-5 weeks showed a decrease in
sleep onset and an increase in sleep efficiency, as well as improvement in motor symptoms
and mood. In a controlled prospective study of bright light therapy in PD, light therapy of
7,500 lux for 30 min in the morning resulted in improvement in subjective motor symptoms
and mood but not objective motor symptoms (Paus et al., 2007). Finally, a randomized trial
comparing twice daily bright light therapy to dim red light demonstrated a significant
improvement in daytime sleepiness, self-reported sleep quality, and increased daily activity
(Videnovic et al., 2017). The beneficial effect of light could be related to restoration of
dopamine and melatonin balance (Willis et al., 2012). To date, studies of melatonin and
bright light therapy have focused on their effects on sleep but not on disease progression or
circadian markers.

Given the bidirectional relationship between dopamine metabolism and circadian function,
we need a better understanding of how the timing and dose of dopaminergic therapy affects
circadian rhythms, not just sleep (Wailke, Herzog, Witt, Deuschl, & Volkmann, 2011).
Further studies are needed to examine how circadian dysfunction relates to the
pathophysiology of PD. Understanding whether circadian dysfunction promotes or perhaps
even induces the pathological processes in PD or vice versa may open new avenues for the
prevention and treatment of PD. Studies examining the effect of chronotherapeutics on PD
should include not just sleep but also other circadian measures.

3.3.2| Alzheimer disease—Alzheimer’s disease (AD) is a progressive
neurodegenerative disorder characterized by progressive cognitive deterioration, usually
starting with impaired memory recall (Jack & Holtzman, 2013). The pathological hallmarks
include B-amyloid plaques and hyperphosphorylated tau protein neurofibrillary tangles. AD
is associated with increasing age and is the most common form of dementia in adults.

Alterations in the circadian system, particularly in the sleep/wake rhythm, have long been
recognized in AD. In healthy older adults, reduction in amplitude and later acrophase of the
rest/activity rhythm predicts later risk of developing dementia (Tranah et al., 2011). In
people with AD, there is increased sleep fragmentation with increased activity at night
(Bonanni et al., 2005; Jacobs, Ancoli-Israel, Parker, & Kripke, 1989), accompanied by
increased napping and decreased activity during the day (Bonanni et al., 2005; Witting,
Kwa, Eikelenboom, Mirmiran, & Swaab, 1990). Taken together, the amplitude of the rest/
activity rhythm dampens and eventually becomes arrhythmic, with equal amounts of sleep
occurring during the day and night (Tractenberg, Singer, & Kaye, 2006), a pattern typical of
ISWRD (American Academy of Sleep Medicine, 2014). The degree of reduction in rest/
activity amplitude correlates with the severity of AD (Witting et al., 1990). Furthermore,
decreased inter-daily stability of the rest/activity cycle correlates with the severity of
cognitive impairment, functional and social impairment, apathy and depression (Carvalho-
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Bos, Riemersma-van der Lek, Waterhouse, Reilly, & Van Someren, 2007; Kuhlmei, Walther,
Becker, Muller, & Nikolaus, 2013). As with PD, cause and effect remain unclear. While
much of the data focuses on circadian dysregulation as a symptom of AD, there is some
evidence from fly models that circadian disruption through nocturnal light exposure results
in increased tau deposition and neurodegeneration (Kim et al., 2018), so circadian
dysregulation may serve to speed the progression of disease in vulnerable individuals.

Sundowning, another symptom frequently seen in AD, is a period of agitation and disruptive
behavior, typically occurring in the later afternoon and early evening, suggesting a circadian
rhythm disturbance underlying this phenomenon. Those individuals with sundowning have
less light exposure (Ancoli-1srael, Martin, et al., 2003), a later acrophase and lower
amplitude of the core body temperature rhythm when compared to AD patients without
sundowning (Volicer, Harper, Manning, Goldstein, & Satlin, 2001). However, there is some
data from nursing home residents suggesting that this agitation actually occurs throughout
the day, and the apparent peak in evening symptoms reflects the greater impact on the
evening staff rather than a greater magnitude of symptoms (Bliwise, Carroll, Lee, Nekich, &
Dement, 1993).

There are several postulated mechanisms for the circadian disruption observed in AD,
including alterations in zeitgeber input to the SCN, changes to the SCN itself, and
desynchrony of peripheral rhythms. In support of reduced input to the SCN in AD, several
studies using wrist actigraphy including a luxometer to measure light exposure have
demonstrated that people with AD have decreased total light exposure when compared to
controls (Ancoli-lIsrael et al., 1997; Figueiro, Hamner, Higgins, Hornick, & Rea, 2012; van
Someren et al., 1996). People with AD may also have degeneration and amyloid deposition
in retinal ganglion cells providing photic input to the SCN (Katz, Rimmer, Iragui, &
Katzman, 1989; La Morgia et al., 2016), as well as decreased cholinergic input to the SCN
from the nucleus basalis of Meynert (NBM) a site of neurodegeneration in AD (Madeira,
Pereira, Silva, Cadete-Leite, & Paula-Barbosa, 2004). Finally, people with AD may have
decreased social and physical activity, both of which are additional zeitbegers and may in
turn lead to less light exposure. Some interventional studies with structured physical or
social activity do appear to improve nighttime sleep, reduce daytime sleepiness, and advance
the rest/activity rhythm acrophase (Deschenes & McCurry, 2009).

Pathology at the level of the SCN may also lead to circadian changes in AD. Pathological
studies have shown evidence of B-amyloid plaques and neurofibrillary tangles with atrophy
and cell loss in the SCN (Hofman & Swaab, 2006; Stopa et al., 1999; Swaab, Fliers, &
Partiman, 1985; Zhou, Hofman, & Swaab, 1995). These changes are associated with
decreased activity and core body temperature rhythm amplitude and activity fragmentation
(Harper et al., 2008). In addition, there is a negative correlation between the number of VIP
expressing neurons in the SCN and the amplitude of rest-activity patterns in patients with
AD (Wang et al., 2015).

Downstream of the SCN, melatonin secretion is also affected. Melatonin secretion can
decrease with healthy aging (lguchi, Kato, & Ibayashi, 1982; Skene & Swaab, 2003), but in
AD the amplitude of serum melatonin is further reduced, with an irregular peak (Liu, Zhou,
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van Heerikhuize, Hofman, & Swaab, 1999; Mishima et al., 1999; Skene et al., 1990).
Cerebrospinal fluid melatonin levels are also reduced in AD. This finding can be seen even
in early pathological stages of the disease (Liu et al., 1999; Zhou, Liu, Kamphorst, Hofman,
& Swaab, 2003) and correlates with the severity of neuropathology (Zhou et al., 2003).
Although the mechanism of decline in melatonin in AD is not known, low melatonin may
play a role in the pathophysiology of AD. In animal models of AD, melatonin inhibits p-
amyloid aggregation and toxicity (Feng et al., 2004; Jang et al., 2005; Olcese et al., 2009;
Poeggeler et al., 2001) and also inhibits tau hyperphosphorylation (Wang, Ling, Cao, Zhu, &
Wang, 2004). Furthermore, melatonin is a potent antioxidant which may reduce oxidative
stress, inflammation, and cell death (Dragicevic et al., 2011; Olcese et al., 2009). In mouse
models of AD, melatonin administration reduces deterioration of learning and memory and
inhibits amyloid deposition in the frontal cortex and hippocampus (Feng et al., 2004; Olcese
et al., 2009).

Another potential mechanism of cognitive dysfunction in AD may be circadian desynchrony
of rhythms in brain networks (Kyriacou & Hastings, 2010). The hippocampus is a key area
for memory formation and is a major site of neurodegeneration in AD. Long term
potentiation—a form of synaptic plasticity that contributes to associative learning—exhibits
circadian variation in the rat hippocampus, with an increase during the inactive state and a
decrease during the active state (Harris & Teyler, 1983; Stranahan, 2012). Furthermore, the
hippocampus sends projections to the SCN, and hippocampal plasticity appears to be
sensitive to constant light, circadian gene manipulation, and melatonin (Gorfine & Zisapel,
2007; Moga & Moore, 1997; Stranahan, 2012). The hippocampus and other brain regions
have semi-autonomous clocks (Kyriacou & Hastings, 2010), and circadian oscillations in
different brain regions differ in rhythms and amplitude and their dependence on the SCN
(Guilding & Piggins, 2007). Perhaps circadian desynchrony between different brain regions
could contribute to the cognitive impairment seen in AD.

Recent and exciting data suggests that sleep is directly linked to p-amyloid accumulation.
Data from a transgenic mouse model of AD demonstrates that -amyloid has a diurnal
rhythm, increasing during wakefulness and decreasing during sleep, with further increases
following sleep deprivation (Kang et al., 2009). During sleep, toxic products such as p-
amyloid are cleared from the brain (Xie et al., 2013). However, whether or not the
accumulation and clearance of B-amyloid is influenced by the circadian system directly or
indirectly by circadian control of the sleep/wake cycle remains unclear.

Several studies have examined the effect of administering exogenous melatonin in the
elderly and individuals with dementia. Melatonin administration appears to improve
sundowning (Fainstein, Bonetto, Brusco, & Cardinali, 1997) and agitation (Cohen-
Mansfield, Garfinkel, & Lipson, 2000), decrease nocturnal activity (Asayama et al., 2003;
Mishima et al., 1999), and increase the daily amplitude of the rest/activity rhythm (Jean-
Louis, von Gizycki, & Zizi, 1998). One study showed an increase in nocturnal sleep time
(Asayama et al., 2003) though others did not. However, many of these studies have been
small, uncontrolled and used different doses of melatonin (typically 3-6 mg). Furthermore,
only two of these studies specifically examined people with AD as opposed to also including
individuals with other types of dementia (Asayama et al., 2003; Mishima et al., 1999). A
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larger study of 157 people with AD did not confirm objective benefit by actigraphy, though
there was a trend for increase in total sleep time and caregiver ratings of the participants’
sleep quality demonstrated overall improvement (Singer et al., 2003).

Bright light therapy in individuals with AD has been evaluated in several small studies.
Although there is no standardized intensity or duration of therapy among the reports, in
general morning bright light therapy (usually =2,500 lux) improves consolidation of the rest/
activity rhythm, increases nighttime sleep and daytime wakefulness, and improves evening
agitation (Hanford & Figueiro, 2013). Most studies of evening light exposure show
improvement in consolidation of the rest/activity rhythm (Hanford & Figueiro, 2013), and
even 30 lux of blue light improves sleep efficiency (Figueiro & Rea, 2005). Continuous daily
light exposure increases total sleep time, improves inter-daily stability of the rest/activity
rhythm, improves mood, and slightly attenuates cognitive deterioration when given long
term (Hanford & Figueiro, 2013; Riemersma-van der Lek et al., 2008). A 24 hr light/dark
scheme has been proposed to improve the sleep/wake rhythm, decrease agitation, and reduce
falls at night (Figueiro, 2008). This plan consists of high amount of light exposure during the
day and low amount at night, good visual conditions when awake, and nightlights to reduce
falls when awake at night.

4| ASSESSMENT OF CIRCADIAN RHYTHM DYSFUNCTION

With the growing understanding of the role of circadian dysfunction across disease states, it
is also important to have appropriate diagnostic tools to quantify circadian function/
dysfunction and to guide treatment timing. There are many techniques currently used to
establish circadian timing, however as circadian science advances, additional strategies have
the potential to be useful both for improved diagnosis, and better tailoring treatment
strategies.

Current diagnosis of circadian rhythm disorders focuses on measurement of daily activity
patterns using actigraphy, with consideration for inclusion of an additional circadian phase
marker such as melatonin or cortisol. Actigraphy has been validated as a means of
measuring sleep and wake (Ancoli-Israel, Cole, et al., 2003) and recently was demonstrated
to be approximately 80% accurate in distinguishing sleep and wake when compared to
polysomnography (PSG; Marino et al., 2013). Melatonin or cortisol can be measured in the
plasma however this is often impractical in the outpatient setting, as samples need to be
collected every 30-60 min through an indwelling venous catheter. As an alternative,
melatonin can also be collected in the saliva, and has been validated as a comparable
measure to plasma (Voultsios, Kennaway, & Dawson, 1997). More recently it has been
demonstrated that home salivary sampling can accurately determine a patient’s dim-light
melatonin onset (DLMO; Burgess, Wyatt, Park, & Fogg, 2015). The timing of DLMO can
be used both as a marker of circadian phase, but can also be used to assess response to
treatment, discussed in the next section (Pandi-Perumal et al., 2007).

While the above measures are the current standards for testing in circadian disorders, there
are several new techniques being developed that may be potentially useful. First, in addition
to being secreted in the plasma and the saliva, the primary metabolite of melatonin 6-
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sulfatoxymelatonin (aMT6s) secreted in the urine and can also be measured as a marker of
circadian timing. Urine samples can be collected at scheduled intervals over a 24-48 hr
period and provide an estimate of timing and amplitude of daily melatonin production
(Benloucif et al., 2008). In some populations, obtaining urine samples may be simpler and
more cost effective than frequent sampling of plasma or saliva.

Core body temperature is another marker of circadian timing however the standard method
of collection, using an indwelling rectal thermometer is sometimes impractical or
undesirable. Newer techniques are being developed, using a wrist mounted thermometer to
measure the daily fluctuations in temperature. Core body temperature normally falls as an
individual is falling asleep, reaching a nadir, and then rises ~2 hr prior to waking. Skin
temperature, on the other hand, begins to increase prior to bedtime, reflecting the dissipation
of core heat, and drops just after awakening (Sarabia, Rol, Mendiola, & Madrid, 2008).
Validation studies have shown good correlation between the evening temperature increase
measured at the wrist and DLMO suggesting that this may be another, less invasive means of
measuring circadian timing (Bonmati-Carrion et al., 2013).

One of the limitations of many current sampling strategies is the fact that samples are only
predictive when compared to data obtained during the hours or days preceding and following
a particular sample. For example, a single melatonin sample is unlikely to be able to
accurately predict circadian timing, as it is necessary to determine the precise time point that
it starts to rise, which requires sampling over a 4-5 hr time window, at a minimum. As a
result, the goal is to find a biomarker that can be predictive of circadian time, using just a
single or limited number of samples. Current studies have demonstrated that it is possible to
create either a molecular (Ueda et al., 2004) or metabolic (Minami et al., 2009) timetable, by
looking at the rhythmic expression of several genes or metabolites over time. After
constructing a standard profile with a select set of genes or metabolites, one can compare the
observed profile in a sample with the standard timetable to determine predicted time. Studies
are ongoing to validate this approach in human studies (Kasukawa et al., 2012) and to
develop a practical means of conducting this testing in the clinical setting (Wittenbrink et al.,
2018).

Finally, another component of circadian rhythms that is potentially important to measure
intrinsic period of an individual, or tau, as this may contribute to the underlying
pathophysiology of many circadian disorders. Tau is often shorter in individuals with
ASWPD, while it is longer in individuals with DSWPD or N24SWD. Determining an
individual’s tau can provide insight both into the underlying pathophysiology of the
disorder, as well as help guide treatment. Historically, the best way to measure the intrinsic
period of an individual was to use a forced desynchrony protocol, in which individuals are
either placed in a 20 or 28 h day to separate the sleep-wake rhythm from the circadian
rhythm. However these protocols are both labor intensive and costly, making them
impractical in the outpatient clinical setting. One potential solution to this problem comes
from recent studies that have been able to obtain isolated cell cultures from individual
patients, and using reporter clock genes, measure the individual’s circadian period in a dish.
Fibroblasts can be isolated and cultured from a small skin punch biopsy, infected with a
lentivirus containing a Bmall-luciferase reporter construct, and monitored over time (Brown
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et al., 2008). Using this technique, it has been demonstrated that morning types have a
shorter biologic period than evening-types (Brown et al., 2008). This period measurement
has also been shown to correlate with the period obtained from daily melatonin sampling in
blind individuals (Pagani et al., 2010). As other peripheral tissues also contain clock genes,
this also could be applied to other samples, such as monocytes from a blood sample, which
have also been demonstrated to exhibit rhythmicity (Druzd & Scheiermann, 2013) or from
hair follicle (Watanabe et al., 2012). Clinically one could imagine taking a small skin, blood
or hair sample from a patient, and easily being able to characterize their individual circadian
phenotype.

As we will review in the next section, having an accurate and easily obtained measure of
circadian timing can be very important for determining the appropriate timing for circadian
based interventions.

5| CHRONOTHERAPY

An understanding of circadian biology is important for personalized and precision medicine.
One of the best studied of these areas is the use of specific timing of medication
administration for the treatment of cancer, often referred to as chronotherapy. Even when
administered continuously, chemotherapeutic agents exhibit a circadian pattern in everything
from the metabolism of the drug and the toxicity of the agent on healthy tissues to the
responsiveness of the target enzyme to the chemotherapeutic agent. By taking all of these
factors into account, it is possible to time the administration of the medication to occur
during a period where the efficacy will be highest, while the risk for toxicity to healthy
tissues will be lowest (Innominato, Levi, & Bjarnason, 2010). The individual timing for each
chemotherapeutic agent is different; however, knowledge of these properties has resulted in
increased attention to the timing of drug administration in clinical trials, with improved
patient outcomes.

There is some evidence in other areas of medicine beyond oncology that the timing of
medication administration can have significant impact on the efficacy of treatment. A recent
analysis of RNA expression profiles in mice demonstrated that 43% of protein coding genes
were rhythmic, and the majority of commonly prescribed medications target one of these
rhythmic genes, suggesting that time of dosing of medications may be important in the
optimal treatment of many health conditions (Zhang, Lahens, Ballance, Hughes, &
Hogenesch, 2014). For example, blood pressure is known to have a circadian pattern,
typically exhibiting a nocturnal dip in the middle of the night. For that reason, many of the
studies looking at the role of chronotherapy in medical treatment have looked at the timing
of anti-hypertensives. A recent meta-analysis summarizes the results of these studies, which
generally have found that bedtime administration of medications improves outcomes,
presumably by restoring the physiological dip in blood pressure that is usually seen (Kaur,
Phillips, Wong, & Saini, 2013). This same treatment strategy has been examined in patients
with chronic kidney disease thought to be secondary to hypertension, and in these
individuals nocturnal administration of antihypertensives has proven to be more beneficial
(Hermida et al., 2013). Similarly, it has been found that in women with pre-eclampsia,
administration of aspirin at bedtime but not on awakening improved outcomes (Ayala,
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Ucieda, & Hermida, 2013). While there are few human trials to date, a recent review also
highlighted the potential role for chronotherapy in the treatment of epilepsy (Ramgopal,
Thome-Souza, & Loddenkemper, 2013). Finally, there is also research currently underway
into the formulation of timed release capsule to be used as chronotherapy for individuals
with nocturnal asthma (Ranjan et al., 2013).

Other circadian based treatment options are also available, beyond the timing of medication
administration. As an example, light is one of the primary regulators of the circadian clock.
Light in the evening, prior to the core body temperature minimum, causes phase delays,
while light in the morning, after the core body temperature minimum, causes phase advances
(Khalsa, Jewett, Cajochen, & Czeisler, 2003). While light can be used to adjust timing for
the primary CRSWD, light can also be used as an adjunctive treatment for many other
medical disorders. For example, there is evidence that scheduled bright light exposure can
improve subjective outcomes during chemotherapy. It has been demonstrated that women
with breast cancer show significant circadian disruption, even prior to the onset of
chemotherapy (Liu et al., 2013). Early morning bright light therapy has been shown to
protect against this disruption, which may also serve to protect against cancer-related fatigue
(Ancoli-lIsrael et al., 2012; Neikrug et al., 2012). These findings have been replicated in
patients with other types of cancer besides breast cancer (Johnson et al., 2018; Wu et al.,
2018).

Within the intensive care unit (ICU) environment a focus on increasing daytime light
exposure may also be a beneficial consideration. A recent observational study demonstrated
that the 24 hr light exposure pattern of patients in the ICU exhibited an overall low
amplitude, with light intensity never exceeding 150 lux (Fan, Abbott, Reid, Zee, & Maas,
2017). Future studies are needed to determine whether increasing bright light exposure
during the day may improve patient outcomes.

Melatonin can also be used to help reset the circadian clock. When given approximately 5 hr
before DLMO, exogenous melatonin has been demonstrated to advance the circadian clock,
while melatonin in the early morning can delay the circadian clock (Nagtegaal, Kerkhof,
Smits, Swart, & Van Der Meer, 1998).

In addition to light and melatonin, there are many other time cues that can also reset the
circadian clock that could potentially be used in the treatment of CRSWDs. In rodent
studies, it has long been appreciated that signals including dark pulses, sleep deprivation or
forced activity during the inactive period, referred to as “non-photic cues”, can serve as
resetting signals for the circadian clock directly (Challet, Turek, Laute, & Van Reeth, 2001;
Reebs & Mrosovsky, 1989) or by modulating the effects of light (Yannielli & Harrington,
2004). Furthermore, these signals are thought to be transmitted by serotonergic signals from
the MR (Bobrzynska, Godfrey, & Mrosovsky, 1996). More recently, it has been
demonstrated in rodents that perinatal exposure to fluoxetine, a selective serotonin reuptake
inhibitor (SSRI), resulted in a shorter free-running period and larger light induced phase
advances (Kiryanova, Smith, Dyck, & Antle, 2013). Given the large number of individuals
currently taking SSRISs, this work could potentially have large implications for the circadian
health of the population as a whole.
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While research examining the role of non-photic cues in human circadian resetting is
limited, there are a handful of experiments to date. Physical exercise in the evening, around
the habitual sleep time, has been shown to produce significant phase delays (Barger, Wright,
Hughes, & Czeisler, 2004; Dijk & Czeisler, 1994). Exercise in the morning, on the other
hand has been shown to accelerate phase advances (Miyazaki, Hashimoto, Masubuchi,
Honma, & Honma, 2001). This suggests there may be some benefit to focusing on these
non-photic cues as potential treatment strategies, either as adjunctive therapy for individuals
who are not receiving full benefits from a combination of light and melatonin, or as an
alternative strategy for individuals who are unable to tolerate light and/or melatonin.

The timing and pattern of food intake can also serve as an important zeitgeber. There are
circadian rhythms to metabolic processes, such as glucose metabolism, and animal studies
have demonstrated that restricting feeding opportunities during the active period results in a
decrease in cholesterol, increase in insulin sensitivity (Hatori et al., 2012), improvement in
sleep quality (Alvarenga, Andersen, Papale, Antunes, & Tufik, 2005), and a decrease in age
related decline in cardiac function (Gill, Le, Melkani, & Panda, 2015). Human studies are
more limited, but a small observational study in humans demonstrated that restricting
feeding to a 10-12 hr window resulted in a decrease in body weight and an improvement in
sleep quality (Gill & Panda, 2015). A more recent study demonstrated that restricting
feeding to an 8 hr window during the daytime, for 12 weeks, was associated with a
significant decrease in body weight and systolic blood pressure when compared to controls
(Gabel et al., 2018). In addition, time restricted feeding has recently been demonstrated to
improve locomotor activity and sleep in a mouse model of the neurodegenerative disorder
Huntington’s disease (Wang et al., 2018). Studies are ongoing to determine whether time
restricted feeding may be beneficial to improving circadian amplitude and cardiometabolic
health in humans.

6| CONCLUSIONS

As has been illustrated in this review, circadian rhythms are an important component of
nearly all aspects of physiology, extending far beyond simple regulation of the timing of the
sleep-wake cycle. This is a rapidly growing field, with many potential areas for new
research. On one end of the spectrum, knowledge of circadian rhythms can be utilized to
augment and improve the efficacy of medical treatments. At the other end of the spectrum,
circadian disruption appears to play an important role in many medical disorders, either as
an early symptom as is seen in neurodegenerative disorders, or possibly even as a causative
factor, as is seen in the multiple comorbid disorders seen in shift workers and individuals
with social jet leg. All of this argues for the importance of a focus on circadian health as an
essential component of both disease treatment and prevention. With that in mind, we
propose the development of a new field of medicine to focus precisely on these complex
issues: circadian medicine.

Abbreviations:

AD Alzheimer(‘s disease
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ASWPD advanced sleep wake phase disorder
CRSWDs circadian rhythm sleep wake disorders
DLMO dim-light melatonin onset
DSWPD delayed sleep wake phase disorder
ISWRD irregular sleep wake rhythm disorder
N24SWD non-24 hr sleep wake disorder
NHS Nurses’ Health Study
PD Parkinson’s disease
PSG polysomnography
SCN suprachiasmatic nucleus
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1. Circadian and sleep-wake function are essential for cell function, neural
connectivity and plasticity

2. Circadian and sleep disruption contribute to cardio-metabolic and brain
disorders common with aging

3. Synchronizing central and peripheral clocks can serve as targets for disease
prevention and modification.

FIGURE 1.
The link between circadian disruption and human health is bidirectional
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