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METHOD, APPARATUS AND COMPUTER
PROGRAM PRODUCT FOR DETECTING
HEART RATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the US National Stage of International
Application No. PCT/FI2009/050165, filed on 26 Feb. 2009,
which designated the United States of America and which
was published under PCT Article 21 (2) as Publication No.
W02009/106691 Al and which claims priority to and the
benefit of Finnish Application No. 20085173, filed 26 Feb.
2008, the disclosures of which are incorporated herein by
reference in their entireties.

BACKGROUND

1. Field

The disclosed embodiments relate to methods, apparatus
and computer program products for detecting heart rate.

2. Background

There are various methods for contactless measurement of
the heart rate of a person lying on a bed. A fair share of the
methods are based on measuring the almost periodically
repeating vibrations of the heart by analyzing the output
signal of a force sensor that measures the horizontal or verti-
cal vibrations of the body. An example of a force sensor has
been presented in the European patent publication EP 1 563
286.

In addition to the force sensor, the heart rate analysis sys-
tem requires a signal processing unit that extracts the heart
rate from the sensor’s signal using a signal processing algo-
rithm. These algorithms conventionally use strategies such as
cross-correlation with the beat prototype, as suggested in S.
H. Woodward et al., “Estimating heart rate and RSA from the
mattress-recorded kinetocardiogram,” Psychophysiology,
vol. 44, July 2007, pp. 635-638, bandpass filtering, as sug-
gested in international patent application publication WO
2006/003243, or peak detection, as suggested in S. Okada et
al., “Proposal for a Method of Non-restrictive Measurement
of Resting Heart Rate in a Lying Position,” Journal of PHYSI-
OLOGICAL ANTHROPOLOGY, vol. 25, 2006, pp. 299-305.

A drawback of the prior art signal processing algorithms is
that typically they are able to detect the heart rate reliably only
if the monitored person stays still and does not make any
movements that would distort the signal. Movements such as
speaking or waving a hand may render the algorithms useless.

SUMMARY

According to a first aspect of the disclosed embodiments
there is provided amethod, comprising retrieving a signal that
measures an activity of a cardiac system, wherein the method
further comprises creating a heart beat model based on the
retrieved signal; and detecting heart beats using the heart beat
model.

In certain embodiments, the activity of the cardiac system
means mechanical activity of the cardiac system. Accord-
ingly, the signal that measures an activity of the cardiac sys-
tem measures mechanical activity of the cardiac system.
Examples of signals that are indicative of (or measure)
mechanical activity of the cardiac system are a movement
signal and an acoustic signal. In certain embodiments, the
signal is a ballistocardiography signal.

By a movement signal is typically meant a signal measur-
ing the mechanical movements of a monitored person. A
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movement signal is generally obtained by measuring for
example the displacement, acceleration or velocity of the
body or body part. A movement signal may be received for
example from a force sensor, an acceleration sensor or a radar
system. Movement signals can in some connections also be
called as mechanical movement signals or mechanical sig-
nals.

By an acoustic signal is typically meant a signal measuring
the acoustic activity of the cardiac system. An acoustic signal
may be received for example from an electronic stethoscope
or a microphone.

Movement signals and acoustic signals can be measured
for example from parts of the body, the whole body. a struc-
ture supporting the body or a structure supporting a part of the
body.

In certain embodiments, the method further comprises
updating the heart beat model by training the model using a
machine learning technique, such as supervised leaming.

In certain embodiments, the method comprises using heart
beat shape information and/or heart beat interval information
and/or respiratory cycle phase information in training the
model.

In certain embodiments, the heart beat model is a super-
vised learning classifier.

In certain embodiments, the method further comprises pro-
viding an estimation of an expected heart beat shape based on
the model.

In certain embodiments, the method comprises using infor-
mation about a respiratory cycle phase in training the heart
beat model.

In certain embodiments, the method comprises calculating
an estimation of heart beat onset times; and using the estima-
tion in the detection of heart beats.

Yet in certain embodiments, the method comprises creat-
ing an inverse model of an original heart beat shape that gives
as aresult the shape of the heart beat before it has been mixed
with adjacent beats; and solving the inverse model and using
the recovered heart beat shape in heart beat model creation
and heart beat detection.

According to a second aspect of the disclosed embodi-
ments there is provided an apparatus, comprising means con-
figured for retrieving a signal that measures an activity of a
cardiac system, wherein the apparatus comprises means con-
figured for creating a heart beat model based on the retrieved
signal; and means configured for detecting heart beats using
the heart beat model.

In certain embodiments, the apparatus is configured to
output data directly or indirectly indicative of an instant heart
beat rate.

In certain embodiments, the apparatus is configured to
update the heart beat model by training the model using a
machine learning technique, such as supervised learning. In
certain embodiments, the model is a supervised learning clas-
sifier.

In certain embodiments, the apparatus is configured to use
information about a respiratory cycle phase in training the
heart beat model.

In certain embodiments, the apparatus is configured to
cancel the interference of overlapping heart beat impulses by
inverse modeling.

According to a third aspect of the disclosed embodiments
there is provided a computer readable medium having stored
thereon a computer program executable in an apparatus, the
computer program comprising program code for implement-
ing an algorithm that controls the apparatus to retrieve a
signal that measures an activity of a cardiac system, further
controls the apparatus to create a heart beat model based on



US 9,072,437 B2

3

the retrieved signal, and further controls the apparatus to
detect heart beats using the heart beat model.

Embodiments of the present disclosure offer an advanced
signal processing algorithm that is able to detect the heart rate
of a person even if he or she makes some movements during
monitoring. A signal processing algorithm introduced by cer-
tain embodiments makes heart beat detection more reliable
by utilizing information about the respiratory cycle, cancel-
ing the interference of adjacent beats as well as building a
model of the heart beat’s shape.

Various exemplary embodiments of the present disclosure
are illustrated hereinafter in the detailed description of the
disclosed embodiments as well as in the dependent claims
appended hereto. The embodiments are illustrated with ref-
erence to selected aspects of the disclosed embodiments. A
person skilled in the art appreciates that any embodiment of
the present disclosure may apply to other aspects as well
either alone or in combination with other embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The aspects of the disclosed embodiments will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

FIG. 1 shows a framework for carrying out selected
embodiments of the present disclosure;

FIG. 2 shows a schematic high-level illustration of an algo-
rithm in accordance with certain embodiments;

FIG. 3 shows a more detailed illustration of an algorithm in
accordance with certain embodiments;

FIG. 4 shows the correlation between heart beat amplitude,
interval and respiratory cycle phase in certain embodiments;
and

FIG. 5 shows the difference between heart beat shapes
extracted using inverse modeling and averaging.

DETAILED DESCRIPTION

FIG. 1 shows an exemplary framework in which selected
embodiments of the present disclosure can be implemented.
This framework comprises a processing unit 110 which pro-
cesses a signal containing measurement data on vibrations of
a person whose cardiac system is being monitored.

The signal may be retrieved on-line from a sensor 101. The
sensor 101 may be a force sensor described in EP 1 563 286
placed in the near proximity of the monitored person (e.g.,
under a bed post or mattress). The signal is received by the
processing unit 110 via a wired or wireless communications
method. A suitable communication interface 102, depending
on the implementation, is implemented in the processing unit
110. For example, a serial bus or a Bluetooth connection can
be used. In a further embodiment, the processing unit 110 can
be integrated into the sensor unit 101.

The received signal is processed by a processor 103 of the
processing unit 110 in accordance with an algorithm, also
referred to as a signal processing algorithm. A memory 104
comprised by the processing unit 110 comprises software 105
containing instructions and/or program code for implement-
ing the algorithm. The signal processing algorithm, when
performed, produces desired output, e.g., the heart beat rate
and/or heart beat onset times of the monitored person.

Alternatively, instead of using on-line data, the processing
unit 110 may process a beforehand stored signal retrieved
from the internal memory 104 or from an external memory
(not shown).

The processing unit 110 may further contain a user inter-
face controller 106 for receiving user input, e.g., from a
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keyboard (not shown), and for giving visual output for a user,
e.g., in a display unit (not shown).

FIG. 2 shows a schematic high-level illustration of a signal
processing algorithm 200 in accordance with certain embodi-
ments. The algorithm uses at least one input and produces at
least one output. In an embodiment, the algorithm 200 uses as
an input signal the signal retrieved from the sensor 101 (FIG.
1) or a signal retrieved from a memory, or a corresponding
signal. This signal comprises detected vibrations of a moni-
tored body, in particular also vibrations which are due to heart
beats. Accordingly, this input signal is here referred to as heart
beat signal 11. In a more general embodiment, the heart beat
signal 11 is any signal which can be assumed to represent, at
least partially, an activity of cardiac system. The signal pro-
cessing algorithm 200 produces desired output, e.g., the heart
beat rate 24. The form of the output may vary depending on
the implementation. The output may directly indicate the
instant heart rate or indicate the heart rate indirectly, e.g., by
outputting its inverse value (reciprocal) or similar.

The signal processing algorithm 200 may optionally use
also other inputs, such as a signal which is here referred to as
respiration signal 12. In an embodiment, this signal 12 may be
the same signal as the heart beat signal 11, as the signal
retrieved, e.g., from a sensor also comprises vibrations caused
by respiration. In a more general embodiment, the respiration
signal 12 is any signal which can be assumed to represent, at
least partially, a respiration activity. An optional output of the
signal processing algorithm 200 is respiratory cycle phase
information 21 indicating a detected phase in a respiratory
cycle.

FIG. 3 shows a more detailed illustration of a signal pro-
cessing algorithm 200 in accordance with certain embodi-
ments.

In an embodiment, the algorithm 200 is divided into three
modules: Heart beat onsets are detected in module 31, an
optional respiratory cycle analysis is carried out in module
32, and module 33 initializes and maintains a model of the
shape of a single heart beat impulse.

Module 31 receives as input the heart beat signal 11,
optionally respiratory cycle phase information 21 and the
heart beat model 23. Module 31 calculates heart beat onset
times 22 from the inputs and outputs them to module 33.
Module 31 may also calculate the heart rate 24 based on the
heart beat onset times.

The optional module 32 receives as input a signal 12 that
can be used to detect the respiratory cycles of the person.
Module 32 detects the respiratory cycles from the signal and
outputs the respiratory cycle phase information 21 to modules
31 and 33. Module 32 can alternatively also receive inputs 22
and 23 from modules 21 and 23, respectively, with the pur-
pose of enhancing the detection of the respiratory cycle.

Module 33 receives as input the heart beat signal 11,
optionally respiratory cycle phase information 21 and heart
beat onset times 22. Module 33 creates and maintains the
heart beat model 23 based on the inputs and outputs the model
23 to module 31.

In the following the operation of certain embodiments of
the present disclosure is explained in yet further detail. As
indicated in the preceding, the heart rate of a person can be
detected (or calculated) by using a signal processing algo-
rithm which receives as input a signal measuring the cardiac
activity of the person.

In its simple form, the procedure followed by the algorithm
can basically comprise only the following:

1) Retrieving a signal that measures the activity of the cardiac
systemn;
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2) Creating, based on said signal, a model of a heart beat
impulse:
3) Detecting heart beats by using the heart beat model.

In certain embodiments, the heart beat model is a supet-
vised learning classifier with one or more input features and
one output label. One of the input features is the heart beat
shape. The output label is binary and defines if the input
variable(s) represent a heart beat (BEAT) or not (NON-
BEAT). The heart beat shape input feature of the model can be
in the form of a signal segment that represents the shape of a
single heart beat impulse or in a transformed form such as a
set of wavelet coefficients. The classifier can use any suitable
classification method such as naive Bayes or support vector
machines.

The model initialization (creation) phase basically requires
only the heart beat signal 11. Initialization is carried out in an
embodiment by finding an almost periodically repeating phe-
nomenon from the signal that is repeated at a rate that would
be possible for a heart beat (e.g., interval in the range 0.3-2
seconds). If such an almost periodically repeating phenom-
enon is found, they are likely to be the heart beat impulses in
the signal. The heart beat model can be initialized by training
it with input-output pairs where each output label is BEAT
and the inputs are formed from the positions where beat
impulses were found. Also, the model is trained with suffi-
ciently many input-output pairs where each output label is
NON-BEAT and the inputs are formed from positions where
beat impulses were not found. In an embodiment, the almost
periodic phenomenon is found by applying a minimum-en-
tropy deconvolution method to the signal that represents the
cardiac activity. The idea of minimum entropy deconvolution
is to find a convolution kernel h(n) that, when convolved with
the input signal y(n), produces an output signal w(n) with as
low an entropy as possible. Entropy can be minimized by
maximizing the kurtosis of the output signal w(n). If the input
signal contains a repeating phenomenon, they can be located
by finding the peaks of w(n). The details of the minimum-
entropy deconvolution method as such are known to a skilled
person and will not be described here more closely. Alterna-
tively, an autocorrelation method, also known as such, can be
applied to the signal instead of the minimum-entropy decon-
volution method.

Once module 33 has initialized the heart beat model 23 and
starts feeding it to module 31, module 31 starts to detect beat
onsets from the heart beat signal 11 with the model.

Detecting the beat onsets from the signal using the model
can be done in many ways.

In an embodiment, the signal is windowed to extract the
shape of the signal at consecutive time instants. The shapes
are fed to the model that classifies them with labels BEAT or
NON-BEAT. Window positions that are classified as BEAT
are used in an embodiment as beat onset positions 22 and fed
to module 33.

When module 33 receives a heart beat onset time 22 from
module 31, it extracts in an embodiment the heart beat
impulse shape from the heart beat signal 11 using the onset
time. Using the extracted heart beat impulse shape, module 33
trains the heart beat model with an input-output pair compris-
ing the heart beat impulse shape and a BEAT label. In addition
to training with found beats, shapes that represent segments
where a beat cannot be found are used to train the model with
the NON-BEAT label.

In another implementation, the interval to the previous beat
onset is used as the model’s input feature, in addition to the
heart beat shape. In yet another implementation, respiratory
cycle phase is used as the model’s input feature, in addition to
the heart beat shape, with or without using the interval to the
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previous beat onset as an input feature. If the respiratory cycle
phase and/or beat interval are used as input features, they are
used in module 33 to train the model and in module 31 to
classify signal positions as BEAT or NON-BEAT. The benefit
from using these additional input features is that there is a
clear correlation between the respiratory cycle phase, heart
beat shape and heart beat interval, as illustrated in FIG. 4. The
uppermost graph of FI1G. 4 shows a high-pass-filtered (with
cutoff at 1 Hz) ballistocardiography (BCG) signal. The ver-
tical axis denotes force and the horizontal axis denotes time.
The second graph shows heart beat intervals and the third
graph heart beat amplitudes during the same observation
period. The fourth graph shows the BCG signal after band-
pass-filtering (with 0.1-1.0 Hz passband). The lowermost
graph shows transitions between the respiratory cycle phases.

It is possible the detect the respiratory cycle from a force
sensor signal (or respiration signal) 12 using prior art meth-
ods. In accordance with an embodiment, the respiratory cycle
is detected, for example, by bandpass-filtering the respiration
signal 12 (e.g., with 0.1-1.0 Hz passband) and observing
crossings of a pre-defined threshold in the filtered signal. If
heart beat information is available, detection can be further
aided by utilizing the correlation of heart beat intervals and
amplitude with the phase of the respiratory cycle. Accord-
ingly, in order to enhance the respiratory cycle analysis, heart
beat interval 22 and/or shape data 23 from the heart beat
analysis modules 31 and 33, respectively, can be inputted to
the respiratory cycle analysis module 32.

The respiratory cycle is generally modeled mathematically
as a cyclic transition between the following states: inhalation
begin, inhalation end, exhalation begin, exhalation end. For
the purposes of supervised learning, inhalation begin is rep-
resented by value -1, inhalation end by 0, exhalation begin by
0, and exhalation end by 1. Transition between the states is
illustrated in the lowermost graph of FIG. 4. The horizontal
axis denotes time.

Yet another embodiment concerns canceling the interfer-
ence of overlapping heart beat impulses. Once module 31 has
detected consecutive heart beat onsets, it becomes possible to
analyze the shape of the original heart beat impulse prior to its
mixing with adjacent heart beats. As a single heart beat
impulse generally lasts longer than the interval between heart
beats (the interval meaning the reciprocal of the heart rate),
the adjacent impulses get mixed making detecting heart beats
more difficult. The original impulses can be recovered in an
embodiment from the signal by formulating an inverse model
that solves the shape of the original beat impulses before they
were mixed with adjacent beats. In a simple form, the mixing
of beats can be represented with the equation

N
Yy =) sn-d)
i=l

i

where s(n) represents a single heart beat impulse, d, are the
N positions of the heart beat impulses and y(n) is the
signal after the mixing of the beats. As y(n) (the heart
beat signal) and d,, (the heart beat times) are known, s(n)
can be solved by formulating the inverse model as a
system of linear equations. The result of modeling the
heart beat shape is illustrated in FIG. 5. As seen in the
figure, the heart beat shape calculated using an inverse
model is less distorted by adjacent beats than the shape
calculated by just averaging heart beat shapes. The
above mentioned inverse model assumes that the heart
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beat shape is invariant across all heart beats, but the
model can be made even more precise by allowing vary-
ing shapes for different heart beats.

Canceling the overlapping impulses benefits both modules
31 and 33. In module 33, the heart beat model 23 can be
created without interference from adjacent beats, so it
becomes more precise. When canceling of overlapping
impulses is utilized it module 31, the interference of adjacent
beats in the detection of beat onsets is removed so beat detec-
tion becomes more precise.

Various embodiments have been presented. It should be
appreciated that in this document, words comprise, include
and contain are each used as open-ended expressions with no
intended exclusivity.

The foregoing description has provided by way of non-
limiting examples of particular implementations and embodi-
ments of the present disclosure a full and informative descrip-
tion of the best mode presently contemplated by the inventors
for carrying out the aspects of the disclosed embodiments. It
is however clear to a person skilled in the art that the disclosed
embodiments are not restricted to details of the embodiments
presented above, but that it can be implemented in other
embodiments using equivalent means without deviating from
the characteristics of the present disclosure.

Furthermore, some of the features of the above-disclosed
embodiments of this present disclosure may be used to advan-
tage without the corresponding use of other features. As such,
the foregoing description should be considered as merely
illustrative of the principles of the present disclosure, and not
in limitation thereof. Hence, the scope of the disclosed
embodiments is only restricted by the appended patent
claims.

What is claimed is:

1. A method, comprising:

retrieving a signal comprising overlapping adjacent heart

beat impulses mixed with each other;

creating a heart beat model of the shape of an original

non-mixed single heart beat impulse by applying a rep-
resentation of the retrieved signal as a summation of
original non-mixed single heart beat impulses at known
positions; and

using the created heart beat model to detect heart beats.

2. The method of claim 1, wherein the mixing of heart beat
impulses in the retrieved signal in said heart beat model
creation is described as a system of linear equations.

3. The method of claim 2, comprising;

finding the shape of an original non-mixed single heart beat

impulse by solving said system of linear equations.

4. The method of claim 1, wherein the signal measures
mechanical activity of a cardiac system.

5. The method of claim 1, further comprising utilizing
information about a respiratory cycle to detect heart beats.
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6. The method of claim 1, wherein the signal is a ballisto-
cardiography signal.

7. The method of claim 1, wherein the signal is a signal
from a force sensor.

8. The method of claim 1, comprising outputting data
directly or indirectly indicative of a heart beat rate.

9. An apparatus, comprising:

aprocessing unit configured to retrieve a signal comprising

overlapping adjacent heart beat impulses mixed with
each other, the processing unit being further configured
to:

create a heart beat model of the shape of an original non-

mixed single heart beat impulse by applying a represen-
tation of the retrieved signal as a summation of original
non-mixed single heart beat impulses at known posi-
tions; and

the processing unit being further configured to detect heart

beats using the created heart beat model.

10. The apparatus of claim 9, wherein the processing unit is
configured to describe the mixing of heart beat impulses in the
retrieved signal in said heart beat model creation as a system
of linear equations.

11. The apparatus of claim 10, wherein the apparatus is
configured to find the shape of an original non-mixed single
heart beat impulse by solving said system of linear equations.

12. The apparatus of claim 9, wherein the apparatus is
configured to output data directly or indirectly indicative of a
heart beat rate.

13. The apparatus of claim 9, wherein the apparatus is
configured to utilize information about a respiratory cycle to
detect heart beats.

14. The apparatus of claim 9, wherein the signal measures
mechanical activity of a cardiac system.

15. The apparatus of claim 9, wherein the signal is a bal-
listocardiography signal.

16. A non-transitory computer readable medium having
stored thereon a computer program executable in an appara-
tus, the computer program comprising:

program code for implementing an algorithm that controls

the apparatus to retrieve a signal comprising overlapping
adjacent heart beat impulses mixed with each other,
further controls the apparatus to create a heart beat
model of the shape of an original non-mixed single heart
beat impulse by applying a representation of the
retrieved signal as a summation of original non-mixed
single heart beat impulses at known positions, and fur-
ther controls the apparatus to detect heart beats using the
created heart beat model.

17. A non-transitory computer readable medium having
stored thereon a computer program executable in an appara-
tus, and when executed configured to implement the method
of claim 1.
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