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1 ASSESSING THE STATE OF THE HUMAN 

CIRCADIAN CLOCK IN AMBULATORY CONDITIONS: 
A REVIEW OF MODELS DRIVEN BY NON-INVASIVE 

MEASUREMENTS 
 

Gil EA. (in press), Assessing the state of the human circadian clock in 
ambulatory conditions: a review of models driven by non-invasive 
measurements. Lecture Notes in Computer Science, State-of-the-Art 
Surveys, Springer. 
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1.1 ABSTRACT 
Human beings possess a circadian clock which influences most, if not all, 

physiological processes. Misalignments between the internal circadian clock and the 

external light:dark cycle can lead to a wide range of physiological or psychological 

disorders. To treat circadian rhythm disruptions, the state of the circadian clock or 

circadian phase, must be assessed. The classic approach involves determining the 

melatonin concentrations in blood or saliva over night at a sleep clinic. This method 

is obtrusive, invasive, time-consuming and expensive. The need for non-invasive 

estimation of circadian phase in ambulatory conditions has become of greater 

interest and several approaches have been proposed. Mathematical models have 

been derived which rely on signals known to be influenced by the circadian system. 

These models differ not only in the signal modalities used, but also in model type 

and amount of data required. This chapter provides a review of mathematical 

approaches used to estimate circadian phase from signals collected non-invasively 

in ambulatory conditions. An overview of circadian rhythms and relevant 

background information is provided, as well as an application area for people with 

sleep complaints. 

1.2 INTRODUCTION 
The first known record of biological rhythms in nature dates back to the fourth 

century B.C. when Androsthenes noticed daily movements in the leaves of the 

tamarind tree during one of the marches of Alexander the Great in the Persian Gulf. 

Androsthenes noted that the tamarind leaves had different positions depending on 

the time of the day [1]. Nearly two thousand years later, in 1729, the French 

astronomer Jean-Jacques d'Ortous de Mairan carried out an experiment to 

investigate similar movements in the mimosa plant [2]. In this case, he noticed that 

the leaves of the mimosa plant were open during the day, yet closed during the 

night. The explanation for this behavior was not known at the time, therefore he 

designed an experiment in which he exposed the plant to constant darkness. He 

found that the movement of the plant persisted even in the absence of light. This 

was the first experimental proof of the presence of internal clocks in plants. 

Nevertheless, de Mairan hypothesized that the persistence of the movements was 

due to other environmental conditions such as temperature or magnetic fields, and 

was reluctant to attribute this behavior to an internal timing mechanism. This 

finding, however, led to the discovery of biological rhythms found in most plants, 

animals, and microorganisms.  

Biological rhythms can have different periods, the most well-known being daily 

rhythms called circadian rhythms. The word circadian comes from circa meaning 

approximately, and diem meaning day. Circadian rhythms, as the name suggests, 
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have a period that is approximately 24 hours. However, rhythms can have periods 

longer or shorter than one day, called infradian or ultradian rhythms respectively. 

The change of seasons is an example of infradian rhythms, while respiration is an 

ultradian rhythm. Within the category of infradian rhythms are the circannual and 

circalunar rhythms.  

1.2.1 Circadian Rhythms in Humans 

 Circadian rhythms in humans are produced by the master circadian clock located in 

the suprachiasmatic nuclei (SCN) in the hypothalamus as shown in Figure 1.1. The 

SCN is a compact group of approximately 10,000 neurons which mostly fire with the 

same period relaying timing signals throughout the body. The circadian clock is 

known to influence key physiological processes such as body temperature, heart 

rate, metabolism, sleep cycles, hormone production, and alertness, among others 

[3–9]. 

 

Figure 1.1 The suprachiasmatic nuclei (SCN) located in the anterior hypothalamus is the master 
circadian clock. It relies on input from the eyes via the optic nerve and is able to relay timing 

information to other slave oscillators in the body. 

In order to determine whether circadian rhythms in humans are indeed 

endogenously generated, isolation studies similar to the one carried out by de 

Mairan on the mimosa plan were carried out in humans. The first to show this was 

the french scientist Siffre by spending 2 months in an underground cave, void of any 

time cues [10]. It was shown that under these conditions, humans showed a free-

running sleep/wake schedule with a period longer than 24 hours. It was later 

confirmed by follow-up studies that humans have an endogenous circadian rhythm 

with an intrinsic period (τ) longer than 24 hours, on average 24.2 hours in low light 

[11]. Actograms are an easy way of visualizing circadian rhythms using activity levels 

to display a person's sleep/wake cycle. Figure 1.2 shows a schematic of the type of 

actogram that would have been recorded in the temporal isolation scenario. 
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Figure 1.2 Schematic of entrainment and free-run of a circadian rhythm. Black represents the main 
sleep interval, gray represents wake time. In natural conditions, subjects were entrained to the 24 

hours light:dark cycle showing consistent sleep timing. In temporal isolation, subjects began drifting 
and became delayed every day. When they were returned to natural lighting conditions, the subjects 

were able to re-entrain to the 24 hour light:dark cycle. The timing of the dark:light cycle plays a major 
role in the entrainment of the circadian clock to the external clock. 

In the absence of time cues, the subject's behavioral patterns began shifting to later 

times. This was due to the fact that intrinsic period was longer than 24 hours, 

meaning that the length of the days, as seen by the person's endogenous clock, was 

longer than the actual solar day. Once the subjects were returned to natural 

conditions with temporal information, they were able to synchronize their cycle to 

the 24 hour light:dark cycle. This indicates that although light is not necessary for 

circadian rhythmicity, it is necessary for entrainment. Entrainment is the process 

that leads to synchronization between physiological or behavioral rhythms with an 

environmental rhythm. The circadian system relies on different environmental cues, 

called zeitgebers, for entrainment. For humans, the most important zeitgeber is the 

light:dark cycle. 

Light as an input for the circadian system must enter through the eyes, since humans 

only have photoreceptors in the retina. In fact, in addition to the classic rods and 

cones, humans possess a third type of photoreceptor cells called intrinsically 

photosensitive retinal ganglion cells (ipRGCs) [12–14]. The existence of these 

neurons was proposed in 1991 by Foster et al. and later identified by Provencio et 

al. in 1998. ipRGCs are mostly used for non-visual functions such as circadian 

rhythms and pupil contraction, although there is evidence that they also participate 

in the visual forming function originating at the rods and cones [15]. They contain 

the photopigment melanopsin which is especially sensitive to blue light. ipRGCs are 

also the reason why some blind people can entrain to the 24 hour light:dark cycle 

even if they are deprived of vision, as they may lack the image forming functionality 

but still possess the non-image forming ones. Even though ipRGCs receive 

information from the rods and cones, they have a different response to light stimuli. 

Melanopsin in the ipRGCs responds to light of relatively high intensity, at the level 

at which rods are nearly saturated. Sudden changes in illumination are handled by 

the cones, while changes in steady state illuminance are the responsibility of the 
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ipRGCs. ipRGCs possess poor temporal sensitivity, making them suitable to track 

slow changes, such as the progression of light intensity from sunrise to sunset [15]. 

1.2.2 Circadian Rhythm Disorders 

Circadian rhythms support important physiological functions by providing timing 

information. However, disorders of circadian rhythms can occur which can be 

classified either as misalignments or disruptions. Here we will focus on circadian 

rhythm misalignments. Misalignments between the endogenous circadian cycle and 

the external light-dark cycle can lead to a variety of problems. They can manifest 

themselves as sleeping conditions, psychological/emotional disorders, short term 

ailments, or long term health conditions. The mismatch can be caused by 

pathologies or by behavior which causes disruptions in the timing of the circadian 

clock.  

Sleep complaints are a common effect of circadian rhythm misalignments. Two 

examples of circadian rhythm disorders are delayed sleep phase disorder (DSPD) 

and advanced sleep phase disorder (ASPD) [16]. DSPD is a condition where the 

natural sleep interval is delayed in relation to the desired sleep time. This results in 

difficulty falling asleep and waking up at a socially acceptable time. ASPD is the 

opposite, where the major sleep episode occurs too early making it difficult to stay 

awake in the evenings. In both of these conditions the sleep duration is normal and 

the sleep onset time is relatively constant, however the patients have the inability 

to significantly advance or delay their biological clock to match conventional sleep 

schedules. Figure 1.3 depicts the relationship between normal sleep, DSPD and 

ASPD. Approximately 10% of all insomnia cases are believed to be caused by 

misalignments of the internal clock [16]. A particular type of insomnia which is often 

seen in conjunction with circadian misalignments is sleep onset insomnia (SOI) [16]. 

This condition will be covered more in depth as a potential target area of circadian 

phase estimation in ambulatory conditions in Chapter 7. 

 

Figure 1.3 Depiction of the normal sleep timing versus delayed sleep phase disorder versus advanced 
sleep phase disorder. The black bars represent the sleep intervals. The DSPD situation would present 
an issue when trying to adhere to conventional work schedules, or would result in sleep deprivation 

and lack of alertness. The ASPD situation could interfere with social or familial interactions or 
obligations in the evenings. Note that the extent of these misalignments can be larger or smaller than 

depicted here. 
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Seasonal affective disorder (SAD) is a form of depression that occurs during the 

winter in countries that experience reduced light periods during these months. The 

circadian clock influences the production, especially the timing and amplitude, of 

hormones in our bodies. We also know that light is the main zeitgeber for the 

circadian system which allows us to entrain to the 24 hour light:dark cycle. If we are 

not exposed to enough light during the day, the temporal cues for our circadian 

system may be insufficient resulting in misalignments. This misalignment between 

the circadian clock and 24 hour light:dark cycle is believed to be one of causes of 

SAD [17]. 

A well-known short term complaint caused by circadian rhythm disruptions is jet lag. 

Jet lag occurs when traveling across several timezones over a short enough time 

period that our body is not able to adapt to the new schedule in time, like for 

example after a transatlantic flight from Europe to America. If no effort is made to 

adapt, our circadian system can shift approximately 1 hour per day after such trips. 

Given a trip across 7 timezones means that we need one week to fully adapt. During 

this time period people can experience insomnia, fatigue, irritability, lack of 

alertness, headaches, nausea and more [18]. Eventually our circadian clock is able 

to synchronize itself to the new schedule and these symptoms disappear.  

On the long term, activities such as shift work have been linked to increased risks of 

obesity and cardiovascular disease [19]. Social jetlag has also been linked to these 

conditions [20,21]. Social jetlag is defined as the delay in the timing of sleep, usually 

during the weekends, due to social commitments on work days and no 

commitments on free days, which results in similar effects as those seen from travel 

across timezones. Nevertheless, shifts in sleep onset can also occur as advances in 

timing due to, for example, work schedules and other responsibilities. In addition, 

sleep deprivation has been shown to be a risk factor for obesity and metabolic 

disease [22,23]. These are all scenarios causing disruptions in the circadian system, 

which in turn can have serious long-term effects on people's health. 

1.2.3 Treating Circadian Rhythm Disorders 

In general, misalignments between the internal biological clock and the external 

light:dark cycle can be treated in two ways:  chronotherapeutics or behavior 

modification. The use of chronotherapeutics can create larger shifts in the circadian 

clock than behavior modification, and in a shorter period of time.  

Chronotherapeutics are time-dependent treatments aimed at modifying or 

resetting the biological clock. The two most common methods used to advance or 

delay the circadian clock are melatonin supplements and light therapy. These 

treatments actually have opposite effects on the circadian system if taken at the 

same time of the day. The direction and magnitude by which light therapy affects 
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the circadian clock are illustrated by phase response curves (PRC) as shown in Figure 

1.4.  

 

Figure 1.4 Phase response curve (PRC) for short light pulses during constant darkness at different 
times of the circadian cycle (below) and the corresponding shifts in the circadian clock (above) where 

black lines represent the subjective night. A pulse at (A) has no shifting effect, at (B) and (C) causes 
delays of different magnitudes, at (D) and (E) causes advances of different magnitudes.  Figure from 

Moore-Ede et al. [24] 

The PRC in Figure 1.4 refers to short light pulses in constant dark conditions, which 

can be different in shape and magnitude than in real-life conditions. Nevertheless, 

also in real life conditions, it is possible to cause advances or delays in the circadian 

clock by light therapy at different times. Behavior modification is also capable of 

inducing shifts, yet of smaller magnitude. By seeking or avoiding light at specific 

times, it is possible to gradually adjust the circadian clock.  

An important piece of information that is worth considering is wavelength. ipRGCs, 

the neurons which are important for relaying lighting information to the circadian 

clock, although they respond to input from the rods and cones, are especially 

sensitive to blue light [15]. Therefore, using light of a particular wavelength might 

have larger shifting capabilities than using standard white light. Therefore we see 

that duration, wavelength and intensity are important.  
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However, of utmost importance is the timing of the light therapy, ie. when is the 

light therapy scheduled. This is clear in the PRC of Figure 1.4. The time when the 

light therapy must be administered to yield the desired results does not depend on 

the clock time, but on the internal circadian time. To optimally schedule light 

therapy sessions, we are interested in the relation between the internal clock and 

external time. This is assessed by the circadian phase.  

1.2.4 Measuring Circadian Phase 

The state of the circadian clock cannot be assessed directly due to its location deep 

in the brain. Therefore, we must rely on secondary signals which are closely coupled 

to the timing information of the circadian clock. Unfortunately, all signals which 

could be used are subject to masking effects from various sources. Masking effects 

are changes in observed physiological or behavioral processes induced by an 

external signal or stimulus. They differ from entraining zeitgebers in that the internal 

timing mechanism is not modified, but instead just the measurable output is altered. 

Naturally, some signals are more prone to masking effects than others, which results 

in a small number of signals that could be used in a practical setting.  

One of the classic signals used to estimate circadian phase has been core body 

temperature (CBT). CBT follows a circadian cycle reaching a minimum in the early 

morning, on average around 04h30. The timing of this minimum is affected by age, 

where older subjects exhibit earlier CBT minimums [25]. To measure CBT, there are 

usually two options:  rectal thermometers or ingestible thermometer pills. Rectal 

thermometers have the obvious drawbacks of discomfort, practicality and 

invasiveness. The pills are more useful regarding comfort and practicality, however 

they fall short in regards to accuracy. They can be very sensitive to the temperature 

of consumed food or drinks, and the temperature varies depending on their location 

within the digestive tract. Regardless of which method is used to measure CBT, the 

signal is prone to masking effects from physical activity, meals, light exposure, 

posture and sleep onset, among others. As a result, studies involving core body 

temperature require special protocols such as the constant routine (CR) protocol. 

Constant routines aim at reducing or eliminating periodic behavioral changes while 

also maintaining constant environmental conditions [26]. This includes constant 

lighting conditions, constant room temperature and humidity, constant posture, 

controlled activity levels, controlled sleep schedules (can be sleep deprivation) and 

controlled meals [26]. Constant routines must also be of enough duration to allow 

the effects of prior conditions to dissipate, and in the case of CBT, the recordings 

must be carried out for the duration of the CR. Nevertheless, CBT does have some 

advantages such as the fact that measurements can be made continuously, can be 

collected without disturbing the subject at each measuring point, and there is no 

delay in accessing the data immediately after or even during the protocol. Circadian 
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phase from a CBT recording is defined as the nadir of the temperature trace. It is 

often necessary to apply a cosinor or harmonic fitting to better determine the nadir, 

as the signal can sometimes plateau, making the timing of nadir unclear. Figure 1.5 

shows a typical 24 hour core body temperature recording in a constant routine 

protocol averaged over 7 subjects. 

 

Figure 1.5 Core body temperature (CBT) measured via a rectal thermometer over 30.5 hours. The thick 
center line shows the mean, while the thinner lines are plus or minus one SE. Adapted from Kräuchi et 

al.[27]]. 

The other most popular measure of circadian phase relates to the timing of the 

production of melatonin. Melatonin is a hormone that is only produced in the dark, 

often referred to as the "hormone of darkness". Melatonin is produced by the pineal 

gland and it is thought to tell the body that it is night. To measure melatonin, one 

must collect blood or saliva samples throughout the night at 30 or 60 minute 

intervals, or urine samples over a 24 hour period. Blood or saliva is sometimes 

preferred due to the shorter collection intervals. In some cases, the evening 

melatonin sampling suffices and this makes the collection more practical. This 

measure of circadian phase also has its drawbacks such as the need for a simplified 

constant routine protocol, invasiveness, impracticality in measuring schedule, 

discrete and coarse sampling and the need for laboratory analysis making it time 

consuming and expensive. However, it is believed that melatonin is more resistant 

to masking effects from behavioral changes, as well environmental conditions. The 

main source of masking of the melatonin rhythm is light exposure, as light can 

completely suppress the production of melatonin in our bodies [28]. The simplified 

constant routine protocol used when collecting saliva/blood samples involves 

reduced physical activity, controlled meals and most importantly low lighting 

conditions. Another advantage, as hinted to before, is that the collection period can 

be much shorter than for CBT, limiting it only to the evening time. Circadian phase 

from melatonin production is obtained using the dim light melatonin onset (DLMO) 
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[28]. The mean DLMO time has been reported to be at 20:50 with a standard deviation of 72 

minutes [29]. DLMO can be calculated using one of various thresholds that have been 

proposed. One definition of DLMO is the time at which the melatonin concentration 

reaches a threshold of 3 or of 4 pg/ml in saliva. Another possible threshold is defined 

as 25% of the maximum melatonin concentration reached in a full melatonin profile. 

The threshold can also be calculated as the mean plus two standard deviations of 

the first three measurements before the rise of melatonin production [28,30]. Figure 

1.6 shows a schematic of an expected melatonin profile over one night.  

 

Figure 1.6 Schematic of typical melatonin profile over one night. Melatonin production starts in the 
evening and usually reaches a plateau during the night before decreasing by morning. Melatonin, 

specifically DLMO, is the most commonly used biomarker for circadian phase. 

In some cases, sleep statistics can be used as an indicator of circadian phase. The 

midsleep, defined as the midpoint in a person's main sleep interval, gives some 

indication of the state of the person's circadian system. Arguably, however, this 

measure is mostly useful for healthy people who are well entrained to the day/night 

cycle. Sleep schedules can be very variable, exhibiting daily changes much larger 

than can be expected from the endogenous circadian clock. An obvious example is 

the difference in sleep timing between weekdays and weekends. Although bedtime 

can vary by several hours from one night to the next, our circadian system is not 

able to adapt as quickly to changes of this magnitude. This is associated to social 

jetlag [20,21]. Therefore, it has been recommended to use midsleep measured on 

free-days as a definition of chronotype [31,32]. Chronotype, commonly divided into 

early, intermediate, and late types, can be a rough indicator of circadian phase. In 

addition, it has been shown that in some cases the timing of midsleep exhibits a 

significant correlation to a person's DLMO [33–35]. 
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1.3 NON-INVASIVE CIRCADIAN SIGNALS 

1.3.1 Heart Rate Variability 

A physiological signal that can easily and non-invasively be measured continuously, 

and which varies systematically with circadian phase is heart rate variability.  Heart 

rate variability (HRV) begins with the extraction of RR intervals. From the RR 

intervals, it is possible to calculate features both in the time and in the frequency 

domain. The various features are affected by the circadian system in different ways 

and to different extents. In general, sleep has an effect on HRV, however the 

circadian component of the signal is present both in the absence and in the presence 

of sleep. Several studies have been carried out to assess the circadian rhythmicity 

of RR intervals and the other HRV features.  

A study by Boudreau et al. separated the effects of sleep and of the circadian clock 

on the HRV signal by using ultradian sleep-wake cycles which spread out the 

influence of sleep over a period of 24 hours by allowing patients to alternatingly 

sleep for one hour and remain awake for one hour, therefore avoiding sleep 

deprivation that could be present in other protocols [36]. This study assessed not 

only RR intervals but also various HRV features in the temporal and spectral domain. 

It was found that all HRV features exhibited circadian rhythmicity both during the 

sleep periods and the wake periods, therefore showing a robust circadian rhythm in 

HRV. Figure 1.7 shows the variation in HRV features during these ultradian cycles. 

 

Figure 1.7 During an ultradian sleep-wake cycle protocol, HRV features show circadian variation both 
during wake (white circles) and nap opportunities (black circles). The y-axis shows the % deviation 
from the mean, while the x-axis shows the clock time over two circadian cycles (data are double-

plotted to emphasize rhythmicity). Circadian variation is seen in HRV features independent of sleep 
or wake state. Adapted from Boudreau et al. [36] 
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In addition, Vandewalle et al. showed the presence of a circadian rhythm in HRV 

features and assessed the effects of melatonin administration on the various 

temporal and spectral features. It was found that the endogenous circadian clock 

influences the autonomic control of heart rate, and hence HRV [37]. Participants 

were given prescribed 16:8 rest:wake (dark:light) schedules for nine consecutive 

days, followed by a 29 hour constant routine where the assessment of the 

endogenous circadian rhythm was performed. Melatonin or placebo was 

administered at 16:00 to achieve the largest shift possible without disturbing sleep, 

and the phase shifts were assessed in the various temporal and spectral HRV 

features. The subjects who took melatonin exhibited significantly advanced HRV 

rhythms compared to the placebo group. Figure 1.8 shows the phase shifts in both 

groups for each of the heart rate and HRV features.  

 

Figure 1.8 Average phase shifts of the heart rate and HRV rhythms after melatonin or placebo 
administration. The solid lines show the shift in each of the features, while the dashed lines show the 
shift in plasma melatonin. The endogenous circadian clock influences the autonomic control of heart 

rate. Figure from Vandewalle et al. [37] 

Although there are many more examples, these two studies have shown that there 

is a circadian rhythm in heart rate and heart rate variability features both in 

presence and in the absence of sleep, and that this rhythm is controlled by the 

endogenous circadian pacemaker. Even though the circadian rhythmicity of HRV 
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persists in the absence of sleep, sleep does have an effect on HRV features. 

However, different HRV features are affected in different ways. Carrington et al. 

carried out an experiment where patients went to bed at their habitual times or at 

a different circadian time (3 hours delayed). They found that the nocturnal decrease 

in heart rate depended on both sleep onset time and circadian phase, with the 

circadian component being prominent. They also found that the increased 

parasympathetic activation, as measured by the high frequency (HF) component of 

the HRV and the LF/HF ratio, appeared to be primarily due to sleep, while the 

sympathetic activation was primarily circadian [38].  

Heart rate variability is a measure of cardiovascular regulation by the autonomic 

nervous system [39–43]. The autonomic nervous system is divided into the 

sympathetic and parasympathetic nervous systems, the balance of which changes 

throughout the day. This change is expressed in HRV as a modulation in the length 

of RR intervals, as well as in the spectral power of frequencies associated with 

sympathetic or parasympathetic activation. The LF component is believed to reflect 

both sympathetic and parasympathetic activation. On the other hand, the HF 

component is a good indicator of parasympathetic activity. Nevertheless, changes 

in HRV can also be caused by external factors such as physical exercise, sleep and 

stress. However as illustrated earlier, a circadian modulation of HRV features is seen 

when the effects of these exogenous factors are removed via sleep deprivation, 

forced desynchrony or ultradian cycles [36,44,45].  

Physiologically, it is possible to track the circadian modulation of RR intervals to the 

master circadian clock in the SCN. The SCN connects to the paraventricular nucleus 

(PVN) of the hypothalamus via separate pre-sympathetic and pre-parasympathetic 

neurons [46]. The PVN is the region of the hypothalamus responsible for hormones 

and autonomic control. Continuing down this path, the PVN connects to both the 

dorsal motor vagal nucleus which is involved in the parasympathetic activity of the 

heart, and to the preganglionic sympathetic neurons in the intermediolateral cell 

column. Together, they regulate cardiac activity [46]. Therefore, backtracking to the 

initial idea of circadian modulation of heart rate, these pathways allow for the 

light/dark cycle dependency of the SCN's regulatory signal to affect the autonomic 

function of the heart. 

1.3.2 Skin Temperature 

When measuring skin temperature, measurements are often taken at various body 

locations which can be divided into proximal and distal regions. Proximal skin 

temperature is usually measured at the infra-clavicular area, mid-thighs, and 

abdomen. Distal skin temperature includes the hands or wrists and feet. Skin 

temperature is known to follow a circadian rhythm with the maximum occurring 
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during the night [25,47]. The thermoregulation that occurs in this circadian cycle can 

be explained by the vascular regulation of blood flow. Distal skin regions serve as 

the main site for vasomotor heat loss [48]. Through the use of arteriovenous 

anastomoses (AVAs), blood flow is adjusted through the skin. Proximal skin regions, 

however, have blood vessels which mainly serve nutritive functions. Due to the 

nature of these capillaries, this blood flow is slow and follows the time course of 

core body temperature [48]. The larger changes in distal skin temperature can be 

seen in Figure 1.9. 

 

Figure 1.9  Progression of skin temperature (distal, proximal, and distal-proximal gradient), 
sleepiness, melatonin concentration, core body temperature, and heart rate in a baseline 7.5 hour 

constant routine and 7.5 hours of sleep. Mean values of 18 subjects are shown in sampling bins of 30 
minutes. Adapted from Kräuchi et al. [48]. 

There is a thermoregulatory cascade that occurs before sleep which begins with the 

production of melatonin. Melatonin secretion induces a rise in blood flow in distal 

skin regions and results in heat dissipation, ie. increase in distal skin temperature. 

This increase in distal blood flow is accompanied by a decrease in heart rate and a 

decline in heat production, which causes a decrease in core body temperature. Sleep 
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propensity is related to the decrease in core body temperature and to the increase 

of the distal to proximal gradient (DPG) of skin temperature [48,49]. DPG is 

calculated as the difference between distal and proximal skin temperatures, given 

different weights for each skin temperature location. Figure 1.9 shows how distal 

and proximal skin temperature evolve around sleep onset, as well as DPG, CBT, heart 

rate, alertness and melatonin. 

An evaluation of wrist temperature as an index of the circadian system was carried 

out by Sarabia et al. [50]. Wrist temperature has been considered as a marker for 

circadian phase based on evidence that there exists a link between sleepiness and 

an increase in peripheral skin temperature [27,47,51]. This relationship seems to be 

closer than that to core body temperature. In addition, distal skin temperature 

seems to also exhibit a significant correlation to core body temperature, yet is phase 

advanced to CBT. This may suggest that peripheral heat loss may drive the circadian 

core body temperature rhythm [27,47,51]. In addition, an evaluation of the masking 

effects on wrist temperature in ambulatory conditions versus a constant routine 

protocol showed that wrist temperature shows a strong endogenous component 

with parameters that are robust enough to be used in real-life scenarios [52].  

1.4 CIRCADIAN PHASE ESTIMATION MODELS 
Estimating circadian phase from core body temperature or melatonin presents 

numerous issues in terms of practicality, invasiveness and cost. Therefore, several 

modeling approaches have been developed over the years aimed at tackling these 

limitations by providing non-invasive, cost effective and practical mathematical 

tools to assess the state of the circadian clock in humans. All these approaches rely 

on physiological or behavioral signals which can be measured unobtrusively, and 

together with different modeling structures, are able to estimate circadian phase. 

The models that will be discussed here differ in the input signals that are used, the 

amount of data that is required, the accuracy of the estimates, and the implemented 

modeling technique.  

1.4.1 Van der Pol Oscillator using Light and Activity 

Kronauer et al. proposed a mathematical model of the human circadian pacemaker 

based on light exposure [5,6,53], which was further developed by St. Hilaire et al. to 

include a non-photic component [54]. The models are based on a van der Pol 

oscillator which is a mathematically simple, non-linear, self-sustained oscillator. 

The model is comprised of two dynamic systems, one for the light stimulus input 

pathway and one for the circadian clock itself. The first dynamic system, the light 

model, represents the biological process by which light stimulates the SCN. It is 

assumed that light sensors in the retina are either in an active or used state. 
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Elements in the active state can be excited by light stimuli and subsequently activate 

the SCN. Elements in the used state, on the other hand, must be converted back to 

an active state in order to be able to activate the SCN. Equations 1-3 below describe 

this process. Light intensity excites active elements assuming a forward rate 

constant described by 

𝛼 = 𝛼0 (
𝐼

𝐼0
)

𝑝

     (1) 

where the constants αo= 0.05, I = 9500, and p = 0.5. α is used to convert new 

elements into a drive �̂� defined by 

�̂� = 𝐺(1 − 𝑛)𝛼     (2) 

where G is a scaling factor and n is the fraction of used elements in the system. Used 

elements are converted back to an active state at a rate β given the following 

equation, 

�̇� = 60[𝛼(1 − 𝑛) − 𝛽𝑛]    (3) 

The second dynamic system, the pacemaker model, is further divided into a 

circadian pacemaker and a circadian sensitivity modulator. The circadian pacemaker 

is described by 

�̇� =
𝜋

12
[𝑥𝑐 + 𝜇 (

1

3
𝑥 +

4

3
𝑥3 +

256

105
𝑥7) + 𝐵]   (4) 

𝑥�̇� =
𝜋

12
{𝑞𝐵𝑥𝑐 − 𝑥 [(

24

0.99729𝜏𝑥
)

2

+ 𝑘𝐵]}    (5) 

where the magnitude of the coefficients in Equation 4 results in a limit cycle with an 

amplitude of 1, qBxc represents the tendency of the circadian pacemaker to divert 

away from the singularity point in response to a light stimulus near the time of the 

CBT minimum, and kB modulates the impact of light on the intrinsic period (τx) 

length such that light exposure shortens the period of the pacemaker. The drive �̂� 

is processed by the circadian sensitivity modulator defined by 

𝐵 = �̂�(1 − 0.4𝑥)(1 − 0.4𝑥𝑐)   (6) 

where x and xc are state variables. The circadian sensitivity modulator is necessary 

to account for the varying sensitivity of the circadian clock to light throughout the 

day [55].  

In the model presented by St. Hilaire et al., the forward rate constant chemical 

reaction equation was modified to account for subsequent findings regarding light 

intensity responses. The new form is shown in Equation 7. 
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1 

𝛼 = 𝛼0 (
𝐼

𝐼0
)

𝑝 𝐼

𝐼−100
   (7) 

In addition, the new model accounted for the effects of a person's sleep/wake cycle. 

This is referred to as the non-photic stimulus [54]. This stimulus, 𝑁�̂� is defined as 

𝑁�̂� = 𝜌(
1

3
− 𝜎)     (8) 

where σ is a binary coefficient, with 1 signaling sleep and 0 signaling wake, and ρ is 

a rate constant. The 1/3 refers to conventional sleep/wake schedules where a third 

of the day accounts for sleep, and two-thirds for wake.  

This non-photic stimulus also requires a specific circadian sensitivity modulator 

defined by 

𝑁𝑠 = 𝑁�̂�(1 − 𝑡𝑎𝑛ℎ10𝑥).    (9) 

Finally, the non-photic element Ns is incorporated into the original light model to 

yield the following equation, 

�̇� =
𝜋

12
[𝑥𝑐 + 𝜇 (

1

3
𝑥 +

4

3
𝑥3 +

256

105
𝑥7) + 𝐵 + 𝑁𝑠]   

 (10) 

including both the circadian sensitivity modulation and the sensitivity to sleep 

initiation. 

The model presented above has been trained to estimate the time of the core body 

temperature minimum. In practice, the application of this model can be quite 

sensitive to initial conditions. Depending on how the model is initialized, the 

accuracy of the circadian phase estimates gradually improves over a period of a few 

days until it reaches a stable level of performance. After this time, the model can be 

used to track the evolution of circadian phase. Given the fact that the model is a 

mathematical representation of the circadian pacemaker and that the main input is 

light exposure, it can also be used to model the effects of light therapy on the 

circadian clock.  

1.4.2 Linear Regression using Skin Temperature, Motion and Blue Light 

Kolodyazhniy et al. proposed a circadian phase estimation model based on linear 

regression in 2011 [33], and later presented an improved version in 2012 which 

included a neural network [34]. The general form of the multiple linear regression 

model is described by: 
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�̂�(𝑡) = 𝛼1,0𝑥1(𝑡) + 𝛼1,1𝑥1(𝑡 − ∆𝑡) + ⋯+ 𝛼1,𝑑1
𝑥1(𝑡 − 𝑑1∆𝑡)

+ 𝛼2,0𝑥2(𝑡) + 𝛼2,1𝑥2(𝑡 − ∆𝑡) + ⋯+ 𝛼2,𝑑2
2(𝑡 − 𝑑2∆𝑡)

+ ⋯

+ 𝛼𝑛,0𝑥𝑛(𝑡) + 𝛼𝑛,1𝑥𝑛(𝑡 − ∆𝑡) + ⋯+ 𝛼𝑛,𝑑𝑛
𝑥𝑛(𝑡 − 𝑑𝑛∆𝑡) + 𝛽 

(11) 

Where y^( t) is the predicted value at time t, t is the time in hours, xi...xn are the 

predictor variables, d1,...,dn are the lags as multiples of the sampling rate (0.5 hours), 

α1,0,...,αn,dn are the model coefficients and β is a bias term.  

Ambulatory recordings of skin temperature (11 body locations), core body 

temperature, electrocardiogram, respiration, body movement and posture, leg 

movements, light exposure in 5 spectral bands, and ambient temperature were 

recorded for 1 week. 16 subjects successfully completed the protocol. To train these 

models, salivary melatonin was used to calculate the reference circadian phase. 

Salivary melatonin was collected during a 32 hour constant routine at the end of the 

ambulatory week. As opposed to using the DLMO as a marker for circadian phase, 

the authors used the time corresponding to the center of gravity (COG) of the area 

under a 24 hour curve of melatonin secretion fitted by a bimodal skewed baseline 

cosine function (BSBCF). The BSBCF incorporates a skewness component which 

allows differences in steepness of the rising and falling of the melatonin profile, as 

well as a parameter to modify the flatness and broadness of the peaks [4]. Using 

cross-validation, variables were selected which yielded the most accurate phase 

predictions. The first model made use of eight variables:  6 skin temperature 

locations (feet, hands, shoulders, thorax, upper legs, and lower legs), motion and 

blue light irradiance. This resulted in the following model structure:   
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1 
�̂�(𝑡) = 𝛼ℎ𝑎𝑛𝑑𝑠,0𝑇ℎ𝑎𝑛𝑑𝑠(𝑡) + 𝛼ℎ𝑎𝑛𝑑𝑠,1𝑇ℎ𝑎𝑛𝑑𝑠(𝑡 − 0.5) + ⋯

+ 𝛼ℎ𝑎𝑛𝑑𝑠,10𝑇ℎ𝑎𝑛𝑑𝑠(𝑡 − 5) + 𝛼𝑓𝑒𝑒𝑡,0𝑇𝑓𝑒𝑒𝑡(𝑡)

+ 𝛼𝑓𝑒𝑒𝑡,1𝑇𝑓𝑒𝑒𝑡(𝑡 − 0.5)

+ …+ 𝛼𝑓𝑒𝑒𝑡,10𝑇𝑓𝑒𝑒𝑡(𝑡 − 5)

+ 𝛼𝑡ℎ𝑜𝑟𝑎𝑥,0𝑇𝑡ℎ𝑜𝑟𝑎𝑥(𝑡)

+ 𝛼𝑡ℎ𝑜𝑟𝑎𝑥,1𝑇𝑡ℎ𝑜𝑟𝑎𝑥(𝑡 − 0.5) + ⋯

+ 𝛼𝑡ℎ𝑜𝑟𝑎𝑥,10𝑇𝑡ℎ𝑜𝑟𝑎𝑥(𝑡 − 5)

+ 𝛼𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠,0𝑇𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠(𝑡)

+ 𝛼𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠,1𝑇𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠(𝑡 − 0.5) + ⋯

+ 𝛼𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠,10𝑇𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟𝑠(𝑡 − 5)

+ 𝛼𝑢𝑝𝑝𝑒𝑟𝑙𝑒𝑔𝑠,0𝑇𝑢𝑝𝑒𝑟𝑙𝑒𝑔𝑠(𝑡)

+ 𝛼𝑢𝑝𝑝𝑒𝑟𝑙𝑒𝑔𝑠,1𝑇𝑢𝑝𝑝𝑒𝑟𝑙𝑒𝑔𝑠(𝑡 − 0.5) + ⋯

+ 𝛼𝑢𝑝𝑝𝑒𝑟𝑙𝑒𝑔𝑠,10𝑇𝑢𝑝𝑝𝑒𝑟𝑙𝑒𝑔𝑠(𝑡 − 5)

+ 𝛼𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠,0𝑇𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠(𝑡)

+ 𝛼𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠,1𝑇𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠(𝑡 − 0.5)

+ …+ 𝛼𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠,10𝑇𝑙𝑜𝑤𝑒𝑟𝑙𝑒𝑔𝑠(𝑡 − 5)

+ 𝛼𝑚𝑜𝑡𝑖𝑜𝑛,0𝑀(𝑡) + 𝛼𝑚𝑜𝑡𝑖𝑜𝑛,1𝑀(𝑡 − 0.5) + ⋯

+ 𝛼𝑚𝑜𝑡𝑖𝑜𝑛,48𝑀(𝑡 − 24) + 𝛼𝑙𝑖𝑔ℎ𝑡,0𝐿(𝑡)

+ 𝛼𝑙𝑖𝑔ℎ𝑡,1𝐿(𝑡 − 0.5) + ⋯+ 𝛼𝑙𝑖𝑔ℎ𝑡,48𝐿(𝑡 − 24)

+ 𝛽 

(12) 

where Thands, Tfeet, Tthorax, Tshoulders, Tupper legs, Tlower legs correspond to the skin 

temperature locations, M is the integrated variable for motion and L is blue light 

irradiance [33]. The model consisted of 165 parameters, including the 164 

αcoefficients and the bias term β. Using cross-validation for the 16 subjects, the 

accuracy of the final models was 12 ± 41 minutes (mean ± standard deviation). Due 

to the nature of the cross-validation approach, this resulted in 16 subject-dependent 

linear multiple regression models.  

In 2012, in an attempt to develop a more parsimonious approach, a second model 

was published in which motion was no longer used as an input, leaving only the 6 

skin temperature locations and blue light irradiance [34]. This resulted in a multiple 

regression model with 115 variables, instead of 165. In this improved model, an 

artificial neural network (ANN) was employed which contained 5 neurons in the 

hidden layer and one neuron in the output layer, resulting in 586 adjustable weights. 

Data from additional subjects were collected, yielding 25 full recordings. This model 

structure was again trained and tested using cross validation, resulting in 25 

different models. The average accuracy for all models was -3 ± 23 minutes (mean ± 

standard deviation). 
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One limitation of this approach is the complexity of the resulting models. Although 

the principle behind multiple linear regression is clear, the large number of inputs 

and coefficients make the implementation of such a model a challenge. The addition 

of the ANN increases the complexity. Another aspect that may be seen as a 

limitation is the need for 1 week of data to arrive at an estimate of circadian phase. 

An issue that arises when thinking of a practical implementation of such an 

approach, is the fact that the results presented are based on cross-validation, and 

therefore on one model for each subject. In a practical setting, it would be necessary 

to have one model trained on all subjects which could then be evaluated on a second 

independent dataset. This would result in one prediction model which could be 

implemented, would not require further training, and could be used on any new 

data.  

1.4.3 Heuristics from Wrist Temperature 

Other circadian phase estimation approaches that also rely on the use of skin 

temperature were presented by Ortiz-Tudela et al. and Bonmati-Carrion et al. in 

2010 and 2014 respectively. Both approaches focused on one skin temperature 

sensor located at the wrist. In the first approach, Ortiz-Tudela et al. proposed a new 

feature derived from wrist temperature, activity, and posture. They named this 

feature TAP [56], and is defined as 

𝑇𝐴𝑃 =
(1−𝑇)+𝐴+𝑃

3
    (13) 

where T is the normalized wrist temperature, A is the normalized activity, and P is 

normalized posture. Since wrist temperature reaches a maximum during the night, 

T was inverted so that the maximum of all signals occurred at the same time of the 

day. Wrist temperature was measured using an iButton inside a double-sided cotton 

sport wrist band. Activity was expressed as the change in position in degrees and 

was calculated as the sum of the first derivative of the change in angle from one 30 

second epoch to the next. Posture was calculated in degrees as the difference 

between the horizontal axis and the X-axis component of the accelerometer, 

meaning 0° was horizontal and 90° vertical. All signals were normalized based on the 

95th and 5th percentiles of each signal and each participant.  

Bonmati-Carrion et al. evaluated the use of TAP to predict DLMO and also proposed 

another feature from wrist temperature called the wrist temperature increase onset 

(WTiO) [35]. The WTiO is defined as the time corresponding to the 35% increase 

from wrist temperature during L2 time (16:00 - 06:00) and the M5 (5 hour 

consecutive period with highest temperature) added to the individual temperature 

value for L2, as shown below. 

𝑊𝑇𝑖𝑂 = 𝑊𝑇𝐿2 + 0.35(𝑊𝑇𝑀5 − 𝑊𝑇𝐿2)  (14) 
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1 
where WTL2  is the wrist temperature during L2 and WTM5 is the wrist temperature 

in the 5 consecutive hours with highest readings.  

Salivary evening melatonin was measured to obtain the DLMO as the reference 

circadian phase. Using 13 subjects to evaluate the two wrist temperature features 

versus DLMO, the TAP was able to predict circadian phase with an error of 45 ± 33 

minutes (mean ± standard deviation) and the WTiO yielded an error of 46 ± 27 

minutes (mean ± standard deviation). 

1.5 DISCUSSION 
Circadian phase estimation is a key step in prescribing treatment options for a 

variety of circadian rhythm disorders. Minimizing the burden on patients suffering 

from such disorders is important, not only for the sake of the person, but also to get 

an accurate assessment of the person’s condition. This can be done using the 

aforementioned circadian phase estimation models based on non-invasive signal 

modalities. An interesting patient population for such approaches is sleep onset 

insomnia patients. Sleep onset insomnia (SOI) is clinically defined as a sleep latency 

of at least 30 minutes [16]. It differs from other insomnia diagnoses in that the 

patients often have a normal sleep efficiency once sleep onset occurs. SOI can have 

various causes, ranging from psychological to physiological conditions, and it can be 

a temporal condition or a long-term ailment. For example, stress or anxiety may 

cause patients to lay in bed for long periods of time unable to fall asleep. On the 

other hand, misalignments of the circadian clock and the solar clock, as in delayed 

sleep phase disorder (DSPD), can also be the cause of the SOI. As explained in Section 

1.2, DSPD is a condition where the person's circadian rhythm is delayed in relation 

to the solar clock. As a result, the main sleep interval occurs at significantly later 

times, which may interfere with social or professional obligations. The prevalence 

of sleep onset insomnia caused by a misalignment of the circadian clock is estimated 

to be 10% of all insomnia cases [16].  

For those SOI patients who suffer from a circadian rhythm disorder, it would make 

sense to treat the circadian misalignment with light or melatonin therapy. Based on 

the respective phase response curves, one could schedule the appropriate timing of 

these chronotherapeutics. However in order to do this correctly, one must first 

determine the state of the circadian clock of the person in relation to the solar clock. 

In other words, we need to determine the person's circadian phase. The current 

procedure in most cases would require that the patient visits a sleep clinic for at 

least one night. During this visit, the patient would be connected to a 

polysomnograph in order to assess sleep onset and sleep structure. Furthermore, 

saliva or blood samples would be collected beginning at least 4 hours prior to the 

habitual sleep time. During this time, the patient would remain in dim light 
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conditions, in a semi-recumbent position, usually wearing special glasses which 

block blue light. Samples would be collected hourly or every 30 minutes and stored 

at -40°C. It is common that only evening melatonin is measured, which means that 

saliva samples are taken starting 4 hours prior to sleep onset and ending 1 hour after 

sleep onset. However, since these patients might have very delayed or abnormal 

rhythms, it is often recommended to measure melatonin levels over the entire 

night. When using saliva samples, this requires waking the patient up during the 

night at regular intervals. Blood samples can be drawn with an intravenous catheter 

without waking the patient. The next morning, the patient is allowed to return to 

his/her regular routine. The frozen samples must then be sent to a laboratory for 

analysis. The laboratory determines the concentration of melatonin in each sample. 

Once the melatonin concentration of all samples has been determined, it is possible 

to determine a melatonin profile for that patient. Using one of the various 

definitions for dim light melatonin onset (DLMO) [30], the circadian phase of the 

person can be determined. Given this information, it is now possible to assess 

whether there is a delay in circadian phase and if so, the appropriate timing of the 

light or melatonin therapy can be defined.  

It is clear that the procedure outlined above is obtrusive, invasive and time-

consuming. The goal of using mathematical models which rely on non-invasive signal 

modalities that can be recorded in ambulatory conditions is to remove all these 

limitations.  

The alternative approach using a mathematical model would require an initial visit 

from the patient. During this visit, the patient would be given the devices required 

by the model of choice. Using the van der Pol model from Kronauer et al. would 

require a light and activity sensor [53], usually in the form of a wrist-worn actigraph 

which measures both signals. The linear regression model from Kolodyazhniy et al. 

would require a blue light sensor and six iButtons fixed to the patient at the hands, 

feet, thorax, shoulders, upper legs, and lower legs [34]. For the wrist temperature 

model from Bonmati-Carrion et al., the patient would require one iButton sensor in 

a wristband [35]. In all cases, the patient can then go home and is allowed to live 

his/her regular routine without major behavioral modifications. Depending on 

which model is used, the patient can return after 24 hours or after a week of 

monitoring.   After the required period of time, the data would be processed and 

inputted into the model, ideally in an automated way. The model would then be 

able to estimate the circadian phase of the person. A more advanced alternative 

would be to create integrated devices which are able to collect, synchronize and 

process the data, as well as calculate the circadian phase. Knowing the circadian 

phase of the SOI patient, it would be possible to determine whether the root of the 
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problem is a delayed circadian phase and the appropriate light/melatonin therapy 

could be prescribed.  

In general, the burden on the patient would be greatly reduced. It would not require 

spending the night at a clinic, would require only two visits to the doctor, no invasive 

measurements, no interference with the person's daily life and the results could be 

obtained the day the patient returns to the clinic.  

Although all models are aimed at estimating circadian phase in ambulatory 

conditions using non-invasively collected signals, there are obvious differences in 

the complexity of the approaches. If the goal is to obtain the most accurate phase 

estimate possible, then the skin temperature model from Kolodyazhniy et al. 

provides the highest accuracy, at the expense of complexity. The model makes use 

of several sensors, including 6 skin temperature sensors and a light sensor. In 

addition, the model structure is quite complex combining a linear regression model 

and a neural network [34]. Furthermore, the approach presented is based on 1 week 

of data, which could pose limitations for the patients being diagnosed. On the other 

hand, if the level of accuracy can be compromised in exchange for simplicity, then 

the approach proposed by Bonmati-Carrion et al. makes use of only one sensor, as 

well as a simple heuristic based on wrist temperature [35]. This approach provides 

a simple alternative to circadian phase estimation which could be used continuously 

for daily monitoring. 

Depending on the treatment prescribed to the patient, the choice of model would 

also be different. In case light therapy is prescribed to help shift the patient’s 

circadian clock, it might be useful to monitor the intervention as well as the 

treatment’s effects. In such case, the van der Pol model would be the most 

informative, as it is able to model the effects of light therapy on the circadian 

pacemaker. This is the only model which aims at explaining the mechanism by which 

the circadian system is affected by light exposure throughout the day, as well as the 

effects of therapeutic interventions based on light [53,54].  

1.6 CONCLUSION 
Various modeling approaches were presented which can be used in ambulatory 

conditions relying only on non-invasive signal modalities. The actual signal 

modalities, the number of signals and the length of the recordings vary between 

models. Each model has advantages and disadvantages, whether it be the accuracy 

or the simplicity of the approach. Depending on the availability of sensors, accuracy 

requirements, implementation limitations or time constraints, different phase 

estimation approaches are available. Table 1.1 shows a summary of the non-invasive 
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circadian phase estimation models for which accuracy measures have been 

published by the authors. 

Table 1.1 Summary of reported results for 4 circadian phase estimation models using non-
invasive data in ambulatory conditions. Models are sorted by accuracy (standard 
deviation of the error). 

Input Signals Model Reference Error  
(minutes ± SD) 

Author 

 Skin temperature (6) 
 Blue light exposure 

Multivariate 
linear regression 
+ neural network 
 

COG of melatonin 
levels over night 

-3 ± 23 Kolodyazhniy 
et al. 2012 

 Wrist temperature WTiO equation DLMO 46 ± 27 Bonmati-
Carrion et al. 
2014 
 

 Wrist temperature 
 Activity 
 Posture 

 

TAP equation DLMO 45 ± 33 Ortiz-Tudela 
et al. 2010 

 Skin temperature 
 Activity 
 Blue light exposure 

Multivariate 
linear regression 

COG of melatonin 
levels over night 

12 ± 41 Kolodyazhniy 
et al. 2011 

 

Skin temperature has become a popular sensor modality for ambulatory circadian 

phase estimation. As proposed by Bonmati-Carrion et al., skin temperature 

measured at one distal location could suffice to achieve accurate predictions. The 

use of skin temperature as a possible biomarker for circadian phase has been 

explored by various groups, including the groups in Murcia [35] and in Basel [34]. 

The non-invasiveness and portability of this sensor modality makes it a very 

attractive candidate, supported, as well, by extensive research into the circadian 

rhythmicity of skin temperature and the possible masking effects. The models which 

have been proposed based on skin temperature have also proven to be accurate, 

although the complexity of the approaches varies. Nevertheless, more exhaustive 

tests must be carried out with more subjects, in different subject populations and 

under different conditions to assess the generalizability of the skin temperature 

models and to determine the limits within which the models perform accurately.  

Overall, the accuracy of the models presented here is very similar, with a range of 

23 to 41 minutes. The gold standard, DLMO, inherently has some error in its 

measurement, whether it be from the timing of the samples, the accuracy of the 

assay, or the accuracy of the method used to calculate the DLMO. This error limits 

how accurate the phase estimation models can be. It is a matter of debate how 

accurate the phase estimate must be to achieve effective scheduling of 

chronotherapeutics and for diagnosis of circadian disorders. However, given that 
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the accuracy of the various approaches hovers around the same value, the accuracy 

that can be achieved using these type of models might be reaching its limit due to 

the inherent error of the DLMO measurement, since this is generally used as the 

reference value when training models. Therefore, the focus could begin to shift 

towards improving the parsimony of the models, developing more elaborate models 

and/or the use of new signal modalities and sensors.  
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