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ABSTRACT

The circadian system (CS) organizes the temporal
order of all living beings. Its general structure is very
similar among species and consists of receptors of the
temporal information (inputs), a central pacemaker
along with several peripheral clocks that depend on
it (machinery), and a set of overt rhythms driven by
the central clock (outputs). The CS ages like any
other structure of the organism, this process being
characterized by a poorer reception of the tempo-
ral information, a general impairment of the central
pacemaker and a phase advance, fragmentation and
dampening of the overt rhythms. In order to assess
the functioning of the CS, some overt rhythms have
been selected as markers since they mirror the activ-
ity of the central pacemaker. Some of the most used
marker rhythms are those of melatonin and cortisol
secretion, rest-activity and sleep-wake patterns, and
core body and distal skin temperature. Nevertheless,
these rhythms can be masked by external variables
and thus, to simultaneously record several marker
rhythms is recommended. As the CS ages, the ability

of an organism to adjust the internal temporal order

of physiological, biochemical and behavioural circa-
dian rhythms to the environmental cycles is com-
promised and chronodisruption can appear, which
1s related with several diseases. Fortunately, there are
some strategies that one person can follow in order
to enhance the functioning of the CS: to increase
the contrast between day and night (i.e. to exposure
to bright days and dark nights), to have melatonin (if
needed), to do regular exercise, to improve sleep and

meal schedules or to increase social contacts.
INTRODUCTION

From the origins of life, Earth has been rotating
around its own axis and revolving all round the Sun.
Thus, first biological clocks developed as an adapta-
tive benefit for all living creatures since they were
capable to anticipate and prevent a cyclic environ-
mental change. The biological clock is integrated in
the circadian system (CS) and, although it displays an
endogenous activity, it needs to be winded up every-
day to entrain to 24-h environmental changes (the
term circadian comes from the Latin circa, that means

“approximately”, and diem, meaning “day”). The CS,
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as the remaining systems of the organism, ages being

affected each and every of its components [1].
1. The circadian system

The CS is responsible for organising the internal tem-
poral order of every process in an organism, in accor-
dance with the environment, producing the circadian
rhythms. The CS structure consists of: 1) inputs, i.e.
receptors gathering information from the main zeit-
gebers (from the German “time giver”), such as light,
environmental temperature or food availability [2-4];
2) a central pacemaker, which receives, integrates and
transmits the information to the CS outputs [5-7]; 3)
outputs, which transmit the temporal signal from the
central pacemaker to every cell of the organism [8].
In addition to the central pacemaker, there are many
oscillators operating in the brain and in peripheral
organs, such as kidney, liver, intestine or adipose tis-
sue [9].

1.1. Inputs

Although the light-dark cycle is the most impor-
tant environmental cue and the main input of the
CS for most of the organisms, there are non-pho-
tic synchronisers that also send information to the
central pacemaker in order to entrain the CS [10].
Circadian photoreception occurs through a subgroup
of intrinsically photosensitive ganglion cells in the
retina (ipRGCs) and more specifically, through the
melanopsin, a photopigment that belongs to the
opsin family of light-sensitive retinal proteins [11].
Melanopsin shows a maximum sensitivity in vivo to
wavelengths from 440 to 480 nanometres [12]. These
ipRGCs receive also light information from rods and
cones [13], integrate it together and transmit it to
the central pacemaker [14,15]. Environmental cyclic
temperature is also an important zeitgeber to the CS,
which is capable to entrain cellular cultures in vitro,
core body temperature of ectotherm organisms and

mice in vivo [8]. Besides, some overt rhythms also

s

present a synchroniser effect, such as feeding time,
scheduled sleep and activity [16].

1.2. Central pacemaker

The mammalian master clock is located in the supra-
chiasmatic nucleus of the hypothalamus (SCN),
which receives the light information from the retina
via the retinohypothalamic tract. The SCN is orga-
nized in two differentiated regions: 1) the ventro-
lateral region, which receives the light information
and 2) the dorsomedial region or the pacemaker itself
[6]. Every neuron in the SCN is an independent
oscillator, which is ensembled and synchronized to
all other neurons to produce a common periodic-
ity [17]. These neurons show endogenous circadian
rhythms in mRINA expression and synthesis of key
clock components that are working even in absence
of rhythmic inputs [18]. The transcription factors
BMAL1 and CLOCK (NPAS in the SCN) constitute
a heterodimer, which favours the expression of the
transcription factors PER and CRY, as well as many
other clock-controlled genes (CCG) [19]. PER and
CRY dimerize and inhibit their own expression, and
also repress CLOCK:BMALT1 [20]. As this molecu-
lar clock has been demonstrated to be ubiquitous
in every studied cell-type [21], a question emerged
regarding the existing molecular differences between
the master and the peripheral clocks. In this sense, it is
proposed that the SCN, which autonomously gener-
ates the circadian oscillations, is the one that synchro-

nizes peripheral clocks [9].
1.3. Outputs

The SCN drives the temporal organization of the
organism by means of neural or humoral mediators.
The SCN connects with several brain areas, regu-
lates the release of a variety of hormones, such as
corticoids, gonadotropin or melatonin, and controls
overt rhythms like the sleep-wake cycle and feed-
ing [8]. In order to study the human circadian clock
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functioning, marker rhythms are used; plasma mela-
tonin has been considered as the gold standard since
its synthesis and release is directly dependent of the
SCN [22]. Melatonin concentration in plasma shows
a peak at night and a minimum during daytime since
it is produced during subjective night in absence
of light [8]. Cortisol secretion is also considered
as a marker rhythm that shows a stable phase with
melatonin secretion and a peak linked to the usual
awakening. Core body temperature (CBT) is another
marker rhythm with high values during daytime and
low values at night, while its nadir coincides with the
peak of melatonin [23]. However, distal skin tempera-
ture (DST) is beginning to be considered as a marker
rhythm since it is more easily measured, presents a
stable phase relationship with melatonin secretion
and core body temperature [24,25] and its pattern is
maintained under constant routine protocols [26] and
after demasking procedures [27].

2. Ageing of the CS

Ageing process affects all the physiological functions
in a way that is in part, genetically determined. The
CS, as the remaining organs and systems, is affected
by the ageing at all levels [8].

2. 1. Inputs

Ageing causes pupillary myosis and crystalline lens
yellowing, which impairs light (especially blue light)
perception [28]. Thus, aged people should be longer
exposed to bright light (intensities higher than 1000
lux) to counteract this age-related impairment. In
addition, aged people show an alteration in thermo-
reception and a decrease in their ability to perceive
warm stimuli [29]. This could result also in altered
exposure to environmental temperature cycles.

2. 2. Central pacemaker
The ageing of the SCN is characterized by a reduc-

tion in the number of neurons, a lower functionality

(measured as electrical activity), an alteration and/

or reduction of synapses, an attenuation of the firing
rate pattern that results in reduced day-night contrast,
and an uncoupling among neurons [8]. In addition
to these alterations, biochemical and morphologi-
cal alterations of the SCN occur, and the molecular

clock rhythmicity experiences a general dampening

(8].
2. 3. Outputs

As the outputs are the last step in the chain of events
taking place in the CS functioning, it is worthy to
note that the age-related changes described for the
outputs could be due to an indirect effect of the inputs
and/or central pacemaker ageing. The main changes
observed in the overt rhythms include phase advance,
fragmentation increase and an amplitude decrease
[30], including melatonin secretion [31], CBT and
sleep-wake cycle [30,32,33]. Activity pattern also
reduces its amplitude [32,34] while DST advances
its phase [96]. In contrast to the general behaviour,
a group of genes (known as late life cyclers) increase

their rthythmicity with ageing [8].
3. Ambulatory circadian monitoring (ACM)

Due to its location, the direct study of the SCN
results impossible and therefore marker rhythms are
used, as already commented. Marker rhythms must
be driven by the SCN, be easy to measure and show
large amplitude and a specific phase relationship with
the SCN [8]. In spite of the high reliability of the
most used marker rhythms, there are external vari-
ables that can mask their pattern [27]. To diminish
the inherent variability of the different lifestyles, it is
recommendable to record them for several complete

cycles (days).
3. 1. Environmental light and temperature

As the main synchronizer of the CS, environmental

light exposure gives information about how the clock
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is entrained every day. Environmental light monitor-
ing systems are programmable data logger provided
with photosensitive cells placed in the subject wrist,
glasses frame or a necklace (depending on the model)
[35]. Some sensors register light on the visible spec-
trum while others only record specific wavelenghts
(lights of a specific colour). Especially interesting are
those that register blue light exposure as the CS is
particularly sensitive to it (see for example those in
Figure 1A and B) [28]. To measure environmental
temperature exposure, a thermometer in a sealed
chamber placed on a necklace, a belt or a jacket lapel

is commonly used [36].

Monitoring
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Figure 1. Ambulatory Circadian Monitoring. Circadian
monitoring devices are shown in the left part including Kro-
nowise® for ambulatory monitoring (A), Kronobed for inpa-
tients (B) and Pupilabwareo to assess pupil light reflex (C).
Circadian processing by Circadianware© and/or Kronow-
izard (https://kronowizard.um.es) is shown in the middle
part with an example of sleep estimation (D). Chronoen-
hancement devices are shown in the right part including
Kronolight for circadian lighting (E) and Kronohelper app®
for sleep hygiene and behavioural intervention (F).

s

3. 2. Pupil-light reflex

A typical pupillary light response consists of two com-
ponents: When light is turned ON, there is a transient
phase characterized by a short-latency, high-velocity
maximal change in pupil size. Thereafter, the pupil
partly redilates to a state of partial constriction that
represents the sustained phase of the pupil light reflex.
When a light stimulus ends, the pupil starts to recover
its original size after a period (which does not always
occur) in which some degree of contraction persists
after light stimulus [37]. It is known that ipRGCs
are necessary to reach the maximal pupil constric-
tion and to sustain constriction under prolonged light
stimulus in pupil light reflex (see Figure 1C) [38].
Since ipRGCs also transmit light-dark cycle infor-
mation to the central pacemaker, pupil light reflex is
considered a good index to indirectly assess the state
of the CS. Measurement of pupil reflex is faster and
more comfortable for patients than other assays, i.e.

melatonin inhibition [39].
3. 3. Core Body and Skin Temperature

CBT is the consequence of the heat produced, stored
and lost by the body and thus, reflects the heat gain/
loss balance. To measure CBT, rectal probes or tem-
perature pills are used. However, this rhythm requires
several days of recording, making the rectal probes
uncomfortables while temperature pills are not useful
due to their short stay in the organism [40]. In this
sense, DST rhythm arises as an alternative to CBT.
Some of its strengths are robustness, stability across
many different situations, and its stable phase rela-
tionship with the melatonin secretion pattern. DST
rhythm shows an inversed pattern and a 100-min-
ute phase-advance when compared to CBT rhythm
[24,41]. The increase of DST promotes sleep onset
as it activates specific hypothalamic areas involved in
thermoregulation. In fact, some studies suggest that

heat loss from the extremities may drive circadian
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CBT rhythm [40]. Finally, DST rhythm can be eas-
ily and comfortably recorded by using iButtons and
watch-like devices (see Figure 1A and B) [1,24].

3. 4. Melatonin

The pineal gland releases melatonin at night and in absence
of light, what makes it the “chemical darkness” for the
organism [42]. Its pattern is influenced mainly by light,
but also by activity level, caffeine and some drugs (antiin-
flamatories and beta-blockers) [43]. Melatonin levels can be
measured in blood, saliva and urine (in this case, 6-sulfa-
toxymelatonin is assessed) during night-time. Nevertheless,
dim-light melatonin onset (DLMO) method is considered
as the best to determine phase. It assesses the onset of mela-
tonin secretion under dim light conditions based on the rapid
increase of melatonin levels at dusk [25]. Sampling starts in
the early evening until one hour after usual sleep time [25].
Once samples have been collected, melatonin concentration
can be quantified, mainly by RIA or ELISA, although
other methods can also be used [44].

3. 5. Cortisol

Cortisol is secreted by the adrenal gland and presents
a marked and robust pattern. Cortisol secretion peaks
at the beginning of the activity phase to prepare
awakening by rising blood pressure, cardiac output
and glucose concentration in blood. Cortisol pattern
could be affected by light, hyperprotein intake, stress,
and sleep-wake cycle among others [45]. The cortisol
levels can be measured from blood or saliva. Cortisol
assessment begins at awakening and continues until
9-15 hours later with different sampling frequency,
which allows to quantify the usual decrease of this
hormone secretion until dusk or early night. Mea-
surement methods are similar (applying the appropri-

ate modifications) to those used for melatonin.

3. 6. Activity

The motor activity pattern acts both as a synchro-
nizer for the CS [16] and as an output [46]. The rest-
activity pattern is the most usual ambulatory long
recording method to assess sleep-wake cycle, due to
the obvious similarities between both patterns. Actig-
raphy requires an accelerometer or actimeter placed
on the wrist of the non-dominant hand, arm or on
the hip (see Figure 1A and B). In fact, some smart-
phone apps convert the smartphone into an actimeter
using their own accelerometer, although its reliabil-
ity could be argued. Most actimeters register counts,
some add information about actimeter movement
between counts, a few report time in movement
between measurements and only very few give infor-
mation about the current position of the actimeter.
However, actigraphy has a major concern with com-
mercial devices since they usually preprocess informa-
tion making raw data access impossible. In addition,
activity pattern is subjected to the influence of daily
situations that alter the record such as car’s vibration,
bed partner movements or the voluntary withdrawal
of the sensor. However, despite these disadvantages,
its low cost and comfort have made it the method of

choice to assess sleep and circadian disorders [47].
3. 7. Sleep detection and variable integration

One of the most apparent circadian rhythms is the
sleep-wake rhythm, which almost parallels the rest-
activity rhythm [48]. The gold standard technique
for sleep studies is polysomnography, which includes
electroencephalography, electrooculography, elec-
trocardiography, electromyography and respiratory
variables monitoring (with a finger pulse oximeter,
cannula, thermistor, abdominal and thoracic strain
gauges), that must be performed in synchronized way
with an audiovisual recording [40]. This technique
allows the description of the sleep’s architecture with
three or four 90-120 minutes cycles. Each cycle is
divided into rapid eye movement sleep (REM) and
non-REM sleep (subdivided into light and slow
wave sleep) [49,50]. Nevertheless, the high cost of
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the equipment, the need for trained specialists and
the limitations patients are subjected to during the
measurement, make alternative procedures a necessity.
As a partial solution to these methodological issues,
the use of other ambulatory devices, such as actim-
eters, has been proposed [47]. Actigraphy has proven
to be very sensitive to sleep but, since it is based on
the detection of periods of immobility, its capacity
to correctly evaluate all sleep phases or awakenings is
reduced [51]. In this sense, incorporation of DST to
sleep detection by actigraphy allows more accurate
predictions (see Figure 1D) [52].

Ambulatory multivariable recordings are currently
used to counteract the inaccuracy associated with
the use of a single variable (due to masking or arte-
facts) [51,52]. The ambulatory circadian monitoring
(ACM) combines endogenous variables, such as skin
temperature, with other more dependent of will-
ingness like motor activity and body position; and
exogenous, such as light exposure and environmen-
tal temperature, providing information about lifestyle
and the bidirectional crosstalk between internal time
and external synchronizers. ACM has been validated
for sleep-wake detection (it shows higher sensitiv-
ity and specificity than actigraphy alone) by com-
parison with polysomnography [52] and it can be
used instead of dim light melatonin onset (DLMO)
to predict the internal phase [25]. Its usefulness has
been proven in very different populations, such as
shift workers [53], babies [1], hypertensive subjects
and patients with metabolic syndrome [54,55], aged
[1], mild cognitive impairment subjects [56], cancer
patients [57] or more recently in people with sleep-

disordered breathing [40].
3. 8. Blood pressure and heart rate

Blood pressure and heart rate show a similar circadian
pattern with high values during daytime and lower
ones at night-time, and they are tightly related to the
rest-activity rhythm and the sympathetic-parasym-

s

pathetic balance. Decline of blood pressure at night
defines four different patterns according to the per-
centage of nocturnal dip: 1) dipper: when physiologi-
cal dip involves a nocturnal decline between 10%
and 20%; 2) extreme dipper: a night decline higher
than 20%; 3) non-dipper: with a nocturnal decline
between 0% and 10% and 4) riser: a night increase of
blood pressure [54]. The most effective and accurate
method for continuous blood pressure registering is
ambulatory blood pressure monitoring. This is a non-
invasive technique in which blood pressure is auto-
matically measured every 15 to 20 minutes during
the daytime and every 30 to 40 minutes at night [58].
Its use prevents blood pressure measurements from
most of masking eftects. However, patients often find
the device uncomfortable and it may even alter their
sleep-wake cycle. For that reason, it is recommended
to monitoring at least 48h since patients have the
chance to get used to the device, avoiding false diag-

nosis.
3. 9. Clock genes

The central pacemaker neurons and peripheral oscil-
lator cells show autonomous rhythmicity at gene
expression level. The implication of clock and CCG
genes in numerous physiological processes and their
possible desynchronization in some pathologies high-
light the importance to measure and characterise
their activity. The most used techniques are based
in the polymerase chain reaction (PCR). Since it is
impossible to evaluate clock genes expression from
the SCN in vivo, peripheral tissues are normally used,
mainly leukocytes and cells from the oral mucosa.
For leukocytes, blood samples with a concrete sample
rate are needed; then, leukocytes are isolated from the
rest of blood cells [59]. Regarding oral mucosa sam-
ples, the usual technique involves a biopsy with local
anaesthesia or by means of an oral mucosa scrape
[60], thus expression in hair follicle cells seems to be a

futures practical solution [61].
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4. Chronoenhancement

Developed societies are characterized by a 24/7 life-
style. Thus, members of these societies are exposed
to contradictory synchronizing cues that lead to the
appearance of chronodisruption (CD) as a new health
concern [62]. This concern generates the necessity
of preventive or therapeutical measures to counter-
act it (see Figure 1 E and F). The main strategy to
prevent CD consists in empowering circadian inputs
and increasing day-night contrast. Because of that, the
number of possible strategies is as large as the number

of CS inputs:

* Light/dark cycle: as main zeitgeber, bright light is
able to produce an increase of amplitude and stability
when applied at appropriate timing (see Figure 1 E)
[35]. In addition to light, darkness is also necessary to

entrainment since its absence contributes to CD [36].

* Melatonin: it has similar effects than darkness when
administrated at the proper time in order to avoid

contradictory information to the CS [63]

* Regular exercise: at the right moment, it can also
synchronize the human CS while improving physical

health [2].

* Meal schedule: especially important as synchronizer
for most peripheral clocks, it increases synchroniza-
tion between physiological and behavioural rhythms

in animal models [3].

» Environmental temperature: it is able to entrain animal
models [64], but its influence in humans is restricted to
enhance temperature rhythm in a warm-cold day-night cycle
[65,66].

o Sleep habits: in spite of its weak synchronizing power,
sleep is able to determine light exposure and drift some
marker thythms by a fixed schedule [67].

* Social interaction: although not considered a zeitgeber [4],

to keep social interactions could also be helpful for the CS.
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