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Method for determining a feature of the circadian rhythm of a subject

FIELD OF THE INVENTION
The invention relates to a method of determining a feature of the circadian

rhythm of a subject.

BACKGROUND OF THE INVENTION

The presence of day-night variations in cardiovascular and metabolic function
is well known. However, only recently it has been shown that cardiovascular and metabolic
processes are not only affected by the behavioral sleep/wake cycle, but is partly under direct
control of a master circadian pacemaker. This relation between the master circadian
pacemaker and cardiac output suggests that the latter can be used to reliably derive oscillation
parameters of the former such as amplitude and acrophase, i. ¢., the time of the oscillation
peak. These parameters have important applications in improving human sleep and physical
or mental performance.

Knowing the circadian phase of an individual helps to optimize the timing of
light interventions that allow shifting the circadian rhythm. Such a shifting of circadian
rhythms is of use for treating jet-lag, helping shift workers adapt to night shift works
schedules and to guide peoples with sleep disorders like delayed sleep phase syndrome or
advanced sleep phase syndrome to more normal timing of their sleep-wake patterns.
Optimizing the circadian phase of an individual allows adjusting the biorhythm of an
individual so that maximum alertness and performance occur at the desired timing. Daily
living, job performance, sport performance, ctc. can be expected to benefit from this.

A major advantage of using cardiac output as a means to estimate the
dynamics of the master circadian pacemaker is that it can be reliably measured using
relatively unobstrusive sensors. The data these sensors generate can be used to collect signals
that contain small endogenous circadian variations. Given the small amplitude of these
variations, these are often masked by the influence of competing processes, €. g. the impact
of physical or mental stress on heart activity. Many of these masking effects produce
disturbances that are easy to filter as they introduce frequency components outside the

normal circadian range. However, other masking effects are also circadian in nature and
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require more ¢laborate filtering methods. Recent studies suggested that the circadian
modulation of the cardiac activity is influenced by prior wakefulness periods. The sleep/wake
cycle follows a circadian cycle that affect cardiac activity in a similar frequency range than

the master circadian pacemaker.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide a method for
determining a feature of the circadian rhythm of a subject that allows an estimation of the
master pacemaker oscillation parameters by analyzing the cardiac function of a subject,
removing the masking effects of the endogenous circadian rhythm present in the cardiac
function.

This object is achieved by a method comprising the features of claim 1.

According to this method, a first input signal is measured that is related to a
cardiac function of the subject over a certain time period. Additionally a second input signal
18 measured that indicates the physiological activity of the subject over a time period
overlapping this first time period in which the first input signal is measured.

The first input signal and the second input signal are combined to result in a
periodic output signal representing the circadian rhythm of the subject. From this output
signal, the desired feature of the circadian rhythm is derived.

The idea behind the combination of a first input signal and the second input
signal is that the latter includes information on effects that mask the information about the
endogenous circadian rhythm that is present in the first signal. The combination allows to
remove the unwanted features from the first input signal (representing the cardiac function)
so that oscillation parameters describing the dynamics of the circadian rhythm can directly be
derived from the periodic output signal.

The combination of the first input signal and the second input signal can be
performed by autoregression, decoloration, independent component analysis or (nonlinear)
principle component analysis, leading to an enhanced representation of circadian rhythm by
the periodic output signal. This enhanced signal can then be used to derive an estimation of
the oscillation parameters, for instance by applying harmonic regression.

While the first input signal can be any marker of a cardiac function, the second
signal can be represented by physiological, behavioral or environmental data from the subject

that provide an indication of her/his prior period of wakefulness, e. g. wrist actigraphy, sleep
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locks, questionnaire answers, skin temperature, light exposure, etc. over a period of time that
overlaps with the time period over which the cardiac function is measured.

Preferably the feature of the circadian rhythm to be determined is the
acrophase of the periodic output signal.

According to another preferred embodiment of the method according to the
present invention, said feature is the amplitude of the periodic output signal.

In another preferred embodiment, the first input signal and the second input
signal are gained by sampling to result in a number of first input signal values and second
input signal values, respectively, and a number of output signal values is computed from the
sampled first input signal values and a second input values.

In this embodiment the first and seccond input signals are discrete input signal
values gained by sampling a cardiac function and monitoring the activity of the subject,
respectively. This results in a first set of first input signal values and a second set of second
iput signal values. From these scts, a set of output signal values can be derived, for example,
by solving a system of equations that includes the first and second input signal values as
input variables, to get the output signal values as solutions.

Preferably the periodic output signal is derived from the computed number of
output signal values by regression analysis.

According to another preferred embodiment of the present invention, the
number of output signal values is computed from the first input signal values and second
input signal values according to an autoregressive moving average model (ARMAX) with the
first input signal values and second input signal values as exogenous inputs.

Autoregressive moving average models are commonly known in signal
processing to process autocorrelated time series data. The model consists of two parts,
namely an autoregressive part and a moving average part. Its mathematical basis is a linear
equation system to sct two time series into a relation to each other, here represented by the
first input signal values and the second input signal values. Solving this linear equation
system results in a series of output signal values representing the circadian rhythm of the
subject.

Preferably the first input signal values and the second input signal values are
gained by sampling at a frequency above 1 Hz.

According to another preferred embodiment, the first input signal values or the

second input signal values are gained by sampling original signal values at a first frequency,
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said original signal values being gained by sampling at a second frequency higher than the
first frequency.

In practice this means that one of the time series, represented by the first input
signal values or the second input values, is gained by sampling original (raw) signal values
that are, in turn, gained by sampling a measurement parameter at a relatively high frequency.
Just to give one example, the original signal values are raw values gained by sampling a
cardiac parameter at a frequency of 512 Hz. These original signal values cannot be computed
directly together with a second time series of second input signal values that are gained by
sampling at 60 Hz. Therefore the original signal values are sampled at a relatively low
frequency of 60 Hz to gain the first input signal values, which can then be combined with a
second input signal values, for example, by the ARMAX model mentioned above.

Preferably the first input signal is the heart beat interval (IBI) of the subject.

According to another preferred embodiment, raw ECG signal values are
gained by sampling a raw ECG signal at a second frequency of 512 Hz, an IBI signal is
derived from the gained ECG signal values, and IBI signal values representing the first input
signal values are gained by sampling the derived IBI signal at a first frequency of 60 Hz.

In another preferred embodiment of the present invention, the second input
signal is a wrist actigraphy signal of the subject.

According to still another preferred embodiment, the second input signal is a

signal indicating the light exposure of the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and clucidated
with reference to the embodiments described hereinafter.

In the drawings, the only figure is a schematic flow diagram to illustrate one
embodiment of the method for determining a feature of the circadian rhythm of a subject

according to the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

In the method shown in the flow diagram of the figure, physiological signals
of a subject 10 are collected. ECG signals are gained by means of a suitable sensor integrated
in a wearable ECG device in the form of a strap belt or the like. Raw ECG signal values are
gained by sampling at a frequency of 512 Hz (step 12). This sampling is performed over a

predetermined time period T to result in a set of raw ECG signal values. Secondly, additional
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physiological data are collected from the subject 10 by means of another suitable sensor.
These second data indicate the physiological activity of the subject 10 over a time period
overlapping the time period T mentioned before for sampling the raw ECG signal. This
sampling of an activity related signal is performed at a lower frequency of 60 Hz (step 14). A
suitable sensor can be integrated in a wrist band or the like to measure a wrist activity signal
of the subject 10. It is noted that these second physiological data that indicate the activity of
the subject 10 can also be other data based on sleep logs, skin temperature, light exposure,
ctc. It is assumed that these data contain information on a prior wakefulness period of the
subject 10. In the following it will be shown that these data can be combined with data
related to the cardiac function of the subject 10 to remove masking effects from the cardiac
function signals, resulting in a signal function representing the circadian activity of the
subject 10.

From the raw ECG signals, an IBI signal is derived by computing R-R
intervals. The resulting IBI signal is further sampled in step 16 at a frequency of 60 Hz. The
result of step 16 is a set of first input signal values related to the IBI of the subject 10 in the
time interval T. The result of step 14, on the other hand, is a set with the same number of
second input signal values indicating the activity of the subject 10 in a time period
overlapping the time period T. The first and second input signals are detrended to eliminate
zero frequency components.

In the following step 18, the first input signal values and the second input
signal values are mathematically combined with the help of an autoregressive moving
average model (ARMAX) in which the first input signal values and the second input signal
values represent exogenous inputs. Let x, be the second input signal values and x’,, the first
input signal values, it is possible within the ARMAX model to calculate a series of y, output
signal values representing a linear function of x,and x’,. This function y,is an enhanced
circadian rhythm representation containing an information about the acrophase of the
circadian rhythm. y, for any n can be computed for x,, x’, through a linear combination of
past values.

Described in more detail, the first and second output signal values x, and x’°,
can be combined for obtaining an enhanced circadian rhythm representation y, via the

following linear model:

5, |
Aq)w, =Blg) ! [+ C@w, 1)
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when n is an non-negative integer, q is a backward shift operator, 1. €. qyn= Ya-
1, Wy is @ Gaussian white noise process with mean 0 and standard deviation ¢ and A (q), B (q)

and C (q) are polynominals defined as follows:

A(@)=1+ alq+a2q2 +..taq )

S r
bug+bng’ + ..+ b, q

B(g)= .
byq + by’ + ..+ b, q*

€)

C(q)=1+clq+czq2+...+ cq” €))

In these expressions, the values 1, [s; sz]T, u aj, by, ¢; and © are given constants
of the model. The enhanced rhythm representation y, is then subject to a cosinor regression

(step 20) of the form:

L+ o cos(2nnAt + D) %)

The regression of coefficient ¢ is the desired estimator of the circadian rhythm.

0 represents the acrophase, i. e. the time of oscillation peak of the circadian
rhythm function that can be derived from the structure of equation (5) above (step 22). Once
the coefficient ¢ is derived, it can be used to control the timing of a lighting intervention that
allows a shifting of the circadian rhythm of the subject 10 and to help to optimize the timing
of the circadian activity. For example, more close to the time at which the core body
temperature is minimum (around two hours before spontaneous wake up on a free day), light
interventions become more effective and shorter treatment durations can be used.

It is noted that the coefficient 0, representing the acrophase of the circadian
rhythm function, is only one example of a feature of the circadian rhythm represented by the
periodic output signal x,. For example, the amplitude of this signal might be another feature
that can be used to control a lighting intervention to optimize the circadian phase of the
subject 10. Generally another cardiac function than the heartbeat interval (IBI) of the subject

10 can be used as a first input signal, while another second input signal different from a wrist
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actigraphy signal can be used to represent the activity of the subject 10, as already mentioned
above.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word "comprising" does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude a plurality. The
mere fact that certain measures are recited in mutually different dependent claims does not
indicate that a combination of these measures cannot be used to advantage. Any reference

signs in the claims should not be construed as limiting the scope.
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CLAIMS:

1. A method for determining a feature of the circadian rhythm of a subject (10),
comprising the following steps:

- measuring a first input signal x’, indicating a cardiac function of the subject
(10) over a time period T;

- measuring at least one second input signal x, indicating the activity of the
subject (10) over a time period overlapping the time period T;

- combining the first input signal x’, and the second input signal x, to a periodic
output signal y, representing the circadian rhythm of the subject, and

- determining at least one feature of this periodic output signal yy.

2. The method according to claim 1,

wherein said feature is the acrophase of the periodic output signal yy,.

3. The method according to claim 1 or 2,

wherein said feature is the amplitude of the periodic output signal yy,.

4. The method according to claim 1 to 3,

wherein the first input signal and the second input signal are gained by
sampling to result in a number of first input signal values x’, and second input signal values
Xy, respectively,

and a number of output signal values y, is computed from the sampled first

input signal values x’, and second input signal values xu,.

5. The method according to claim 4,
wherein the periodic output signal is derived from the computed number of

output signal values y, by regression analysis.

6. The method according to claim 4 or 5,

wherein the number of output signal values y, is computed from the first input



10

15

20

25

30

WO 2012/056342 PCT/IB2011/054379

signal values x’, and second input signal values x, according to an autoregressive moving
average model (ARMAX) with the first input signal values x’, and second input signal values

X, 48 €X0genous inputs.

7. The method according to one of claims 4 to 6,
wherein the first input signal values x’, and the second input signal values x,

are gained by sampling at a frequency above 1 Hz.

8. The method according to one of claims 4 to 7,

wherein the first input signal values x’, or the second input signal values x, are
gained by sampling original signal values at a first frequency,

said original signal values being gained by sampling at a second frequency

higher than the first frequency.

9. The method according to one of the preceding claims,

wherein the first input signal is the heart beat interval (IBI) of the subject (10).

10. The method according to claim 9 in connection with claim §,

wherein raw ECG signal values are gained by sampling a raw ECG signal at a
second frequency of 512 Hz,

an IBI signal is derived from the gained ECG signal values,

and IBI signal values representing the first input signal values are gained by

sampling the derived IBI signal at a first frequency of 60 Hz.

11. The method according to one of the preceding claims,

wherein the second input signal is a wrist actigraphy signal of the subject (10).

12. The method according to one of claims 1 to 10,
wherein the second input signal is a signal indicating the light exposure of the

subject (10).
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