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3 ADDENDUM: CIRCADIAN PHASE ESTIMATION OF 

HEALTHY SUBJECTS USING HEART RATE-, LIGHT- 

AND LOCOMOTOR ACTIVITY-DERIVED FEATURES 
 

Gil EA, Aubert XL, Beersma DGM. (2013), Circadian phase estimation 
of healthy subjects using heart rate, light and locomotor activity 
derived features. Meeting of the European Biological Rhythms Society, 
Ludwig Maximillians University Munich, Munich, Germany. 

  



62 
 

3.1 ABSTRACT 
We recently published a statistically trained model that can be used to estimate 
circadian phase in ambulatory conditions based on two signal modalities (ECG and 
light) recorded over a period of 24 hours [1]. The model tested on healthy 
participants (N=16) is capable of estimating circadian phase with an accuracy of 
2±39 minutes (mean ± standard deviation) based on the inter-beat intervals (RR 
intervals) extracted from an ECG and light exposure from a wrist-worn device. 
Improvements to the accuracy of the model have been explored through different 
pre-processing of input signals and other HRV features. By processing the activity 
counts to emphasize the sleep/wake cycle, and using this modified signal together 
with the inter-beat intervals, the accuracy of the circadian phase estimates have 
been improved to 4±34 minutes (R=0.771, p<0.01).  

3.2 INTRODUCTION 
Estimating the phase of the human circadian rhythm in ambulatory conditions faces 
challenges related to obtrusiveness, masking effects, and reliability. Traditional 
methods of determining the circadian phase of a person rely on the collection of 
hormone levels from blood, saliva or urine samples or on invasive measurements of 
core body temperature under constant routine. Other approaches make use of the 
sleep-wake cycle based on actigraphy or other physiological signals like skin 
temperature measured at several body locations over several days. The nature of 
ambulatory measurements inevitably leads to the presence of masking effects; 
therefore addressing these artifacts also plays a crucial role in the analysis of 
circadian signals. In addition, the signal quality can also be compromised when 
recording in the real-world due to a number of environmental and behavioral 
factors that are not easily controlled or accounted for.  

In a recent publication, we presented a statistically trained model that can be used 
to estimate human circadian phase in ambulatory conditions based on two signal 
modalities recorded over a period of 24 hours [1]. Using an autoregressive model of 
low order, the inter-beat intervals extracted from an electrocardiogram (ECG) and 
the light exposure from a wrist-worn device have been used to estimate circadian 
phase with an accuracy of 2±39 minutes (mean ± standard deviation). Circadian 
phase, in this case, has been defined as the dim-light melatonin onset (DLMO) time, 
with reference values obtained through evening saliva collections. The inter-beat 
intervals, or RR intervals, are defined as the time between consecutive normal R 
peaks in a standard ECG recording. The data have been collected without any 
behavioral constraints from healthy male and female participants.  

To further improve the accuracy of the phase estimates, other input signal features 
have been considered. A modified pre-processing of the activity trace to emphasize 
the rest/wake cycle has resulted in improvements of the circadian phase estimates. 
In addition, HRV features in the temporal and spectral domain have been tested as 
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input signals to the aforementioned model. These HRV features have been used as 
either complementary or replacement inputs of the RR intervals. The results of 
these tests are still being analyzed with the aim of identifying the most meaningful 
HRV information that can results in improved circadian phase estimates. 

3.3 MATERIALS AND METHODS 
An ARMAX model was statistically trained to estimate circadian phase (dim light 
melatonin onset, DLMO) using RR intervals and light exposure Figure 3.1shows 
sample input and output signals. 

 

 

Figure 3.1 ARMAX phase prediction model. Inputs:  24 hours segments of RR intervals and light 
exposure. Output:  DLMO-coded cosine, y(t)=cos(2πft-ϑDLMO) 

In the process of arriving at the aforementioned model, activity counts were also 
explored as a possible input signal. Activity counts were used together with RR 
intervals, but also together with RR intervals and light exposure measurements. 
However, the accuracy of those models was lower than when using only RR intervals 
and light. Improvements are achieved through pre-processing of activity counts to 
emphasize rest/wake cycle. The difference in the activity traces is shown in Figure 
3.2. 
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a)                                                                  b)   

 

 

 

3.4 RESULTS 
The original model [1] yielded the results in Figure 3.3 using RR intervals and light 
exposure.  

 

Figure 3.3 Measured DLMO vs. predicted DLMO from ARMAX model (N=16) using RR intervals and 
light exposure, 2±39 minutes (R = 0.712, p < 0.01) 

By changing the pre-processing of the activity signal, the results in Figure 3.4 were 
obtained. The difference prior and after the emphasis on the rest/wake cycle can be 
seen in the standard deviation of the error and the Pearson’s correlation.  

Figure 3.2 a) Original activity trace, b) Activity pre-processing emphasizing the rest/wake cycle. The 
activity-based models in [1] were trained using activity patterns as shown in (a). 
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a)                                                                                       b)         

3.5 DISCUSSION 
Locomotor activity may add to the accuracy of the prediction of circadian phase. By 
relying on more parameters the method may become more robust, although the 
quantitative differences in accuracy are small.  

HRV features in the temporal and spectral domain are being tested as input signals 
to the aforementioned model. These HRV features have been used as either 
complementary or replacement inputs of the RR intervals. The results of these tests 
are still being analyzed with the aim of identifying the most meaningful HRV 
information that can result in improved circadian phase estimates.    
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Figure 3.4 a)  Results using the original activity trace and RR intervals, -27±40 minutes (R=0.654, 
p=0.01).  b)  Results using the pre-processing of activity to emphasize the rest/wake cycle and RR 

intervals, 4±34 minutes (R=0.771, p<0.01). 
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