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Description
Technical field

[0001] The present inventive concept relates to a method and a system for time domain signal reconstruction for
representing heart activity of a subject. In particular, the present inventive concept relates to time domain signal recon-
struction of a photoplethysmogram (PPG) signal for reducing motion artifacts from the PPG signal.

Background

[0002] Acaquisition of signals representing a heart activity of a subject is important or of interest in many contexts. The
signals may be used in clinical settings to provide information for treatment of the subject, but may also be used for
general monitoring of a physical condition of the subject. Also, monitoring of heart activity may be of interest to the
subject, e.g. for monitoring exercise or other activities of the subject. Photoplethysmography is a technology of interest
in monitoring heart activity as it may be provided in a wearable device which may minimally affect a comfort of the subject
wearing the device.

[0003] However, a photoplethysmogram (PPG) signal may be affected by motion artifacts. Thus, if the subject is
moving, motion artifacts may be generated which may cause quality of an acquired PPG signal to deteriorate or may
prevent making any assessments based on the PPG signal. This is accentuated, when the PPG signal is acquired during
daily life of a subject. Thus, for long-term monitoring of heart activity using a PPG signal, motion artifact reduction is
needed.

[0004] Further, motion artifact reduction is often performed in frequency domain in order to extract e.g. heart rate or
other frequency information from the PPG signal. However, frequency domain information may not represent variations
in heart rate within an analyzed time interval. Thus, if heart rate variability, or even a peak-to-peak duration, is to be
determined, a time domain representation of the PPG signal after motion artifact reduction may need to be determined.
[0005] The time domain representation may be even more sensitive to motion artifacts, since it may not only be desired
to determine average frequencies. Therefore, a robust method for time domain signal reconstruction is desired in order
to enable analysis of heart activity on a short time scale, such as within a single heartbeat.

Summary

[0006] An objective of the present inventive concept is to provide an improved method and system for time domain
signal reconstruction for representing a heart activity of a subject from a PPG signal.

[0007] This and other objectives of the invention are at least partly met by the invention as defined in the independent
claims. Preferred embodiments are set out in the dependent claims.

[0008] According to a first aspect, there is provided a method for time domain signal reconstruction for representing
heart activity of a subject from a photoplethysmogram, PPG, signal, said method comprising: receiving a PPG signal
carrying information of heart activity of the subject; decomposing frequency information of the PPG signal into a plurality
of components, each component having a frequency spectrum and a weight; for each component of the plurality of
components: comparing the frequency spectrum of the component to a spectrum mask based on an estimate of heart
rate of the subject; and adjusting the weight of the component based on the comparing; and reconstructing a time domain
signal based on recombination of the plurality of components with adjusted weights.

[0009] According to the invention, relevant frequency information in the PPG signal is defined in two different ways.
Firstly, by using a spectrum mask based on the estimated heartrate. Secondly, by decomposing the frequency information
into a plurality of components having different weights. Thanks to combining the frequency information determined in
these two ways, a more reliable and robust manner of forming a time domain signal representation of the PPG signal,
while reducing influence of noise or motion artifacts in the time domain representation.

[0010] The estimated heart rate may not be entirely correct and may be based on a relatively long time frame of the
PPG signal, e.g. longer than the time frame for which the time domain signal reconstruction is to be performed (and may
thus not be exactly correct for a time frame of the PPG signal).

[0011] It should be realized that the estimate of the heart rate may be determined in any manner, such as based on
the received PPG signal, or based on another signal, which may roughly determine heart rate.

[0012] Since the estimated heart rate may not be exactly accurate in representing the heart rate, the spectrum mask
may define an allowable spectrum of frequencies around the estimated heart rate. Further, by using the spectrum mask
on components formed by decomposing the frequency information, the spectrum mask is not directly applied to the PPG
signal and small errors in the determination of the estimated heart rate will not severely affect the possibility to still provide
an accurate time domain signal reconstruction of the PPG signal.

[0013] Further, by adjusting the weights of the components determined by decomposing frequency information, the
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frequency decomposition is improved by information of an estimated heart rate, which allows the reconstruction of the
time domain signal to be improved.

[0014] Hence, thanks to the invention, a time domain signal reconstruction of a PPG signal may be formed, which
may allow detailed analysis of a PPG signal in order to extract information on a level of a single heartbeat.

[0015] It should be realized that the decomposing of frequency information of the PPG signal may be performed in a
time segment of the signal. Thus, the PPG signal may be divided into a plurality of sequential time segments. The
decomposing of frequency information of the PPG signal may be performed for each time segment, such that a separate
set of time-series components is formed for each time segment. Hence, the time domain signal reconstruction may be
formed for each time segment based on the corresponding set of time-series components, whereas a longer represen-
tation in the time domain signal reconstruction may be formed by stitching time domain signal reconstructions for se-
quential time segments to each other.

[0016] According to an embodiment, the method further comprises determining the spectrum mask based on the
estimate of heart rate of the subject.

[0017] Hence, the spectrum mask may be determined as part of the forming of a reconstruction of a time domain
signal. This implies that the method may be autonomous in determining the information needed in order to reconstruct
the time domain signal.

[0018] However, it should be realized that the spectrum mask may be determined by a different process, e.g. if arough
estimate of the heart rate is determined based on another signal. Then, the spectrum mask may be received, e.g. from
another unit or another process of estimating the heart rate, and may be used in reconstruction of the time domain signal.
[0019] According to an embodiment, the spectrum mask comprises normal distributions around the estimate of the
heart rate and one or more harmonics of the estimate of the heart rate, the spectrum mask representing probabilities of
frequencies corresponding to heart rate information of the PPG signal based on the normal distributions.

[0020] This implies that a probability of a frequency in a signal representing heart activity is based on a normal
distribution around the estimate of the heart rate. Hence, an error in the estimate of the heart rate is allowed, while the
probability of frequency information not exactly corresponding to the estimate is decreasing according to the normal
distribution.

[0021] The frequency information of the PPG signal may comprise harmonics of the heart rate and, therefore, the
spectrum mask may also allow frequency information corresponding to harmonics to be maintained. This may improve
time domain signal reconstruction.

[0022] The spectrum mask may comprise the second and third harmonics of the estimate of the heart rate. The heart
rate of subjects may vary within a known frequency interval, e.g. 0.4-4 Hz. This implies that a pre-processing of the
signal may include a bandpass filter to remove any irrelevant frequencies. Hence, only second and third harmonics may
need to be included in the spectrum mask, as higher order harmonics may anyway be outside a frequency range specified
by the bandpass filter.

[0023] It should be realized that other types of distributions around the estimate of the heart rate may be allowed. For
instance, the spectrum mask could be formed as another type of continuous probability distribution. Also, the spectrum
mask could be formed as a function defining a probability of "1" for a frequency range around the estimate of the heart
rate and a frequency range around each of one or more harmonics, and defining a probability of "0" for any other frequency.
[0024] According to an embodiment, the comparing comprises correlating the frequency spectrum of the component
with the spectrum mask representing probabilities of frequencies corresponding to heart rate information of the PPG
signal for scaling the weight of the component.

[0025] This implies that a weight of a component may be adjusted using the correlation of the frequency spectrum of
the component with the spectrum mask. Hence, if the frequency spectrum comprises few or no frequencies within the
frequencies defined by the spectrum mask, the weight will be low, whereas if the frequency spectrum is strong within
the frequencies defined by the spectrum mask, the weight will be high. Then, in reconstruction of the time domain signal,
the components representing frequencies which correspond to the heart rate will provide a large contribution, such that
noise and motion artifacts in different frequencies may be suppressed.

[0026] According to an embodiment, the decomposing frequency information of the PPG signal is performed for a
plurality of sequential time segments to form a plurality of time-series components, wherein the decomposing frequency
information of the PPG signal into the plurality of time-series components comprises performing singular spectrum
analysis (SSA) of the PPG signal.

[0027] The PPG signal may be formed as a sequence of time segments, wherein each time segment may be separately
reconstructed. The spectrum mask may be different for each time segment. Alternatively, the spectrum mask may be
determined based on an estimate of the heart rate which applies to or is determined based on a plurality of time segments.
Then, a common spectrum mask may be used for a plurality of time segments in a sequence.

[0028] SSA may decompose frequency information in a time-series analysis of a signal. SSA may thus be particularly
useful for decomposing frequency information of a PPG signal divided in a plurality of sequential time segments. The
components formed by SSA will be given weights based on their contribution to the full PPG signal. These weights may
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then be adjusted based on the correlation with the spectrum mask.

[0029] According to an embodiment, the method further comprises calculating a Fourier transform of a component for
determining the frequency spectrum of the component.

[0030] Thus, once the component has been established in decomposition of frequency information, the frequency
spectrum may need to be separately determined for the component.

[0031] It should be realized that different types of frequency analysis may be performed. For instance, a Fourier
transform, such as by calculating a fast Fourier transform (FFT) may be used. However, other types of frequency analysis
may alternatively be used.

[0032] According to an embodiment, the method further comprises performing motion artifact reduction on the PPG
signal to form a cleaned PPG signal, wherein decomposing frequency information of the PPG signal into the plurality of
components is based on the cleaned PPG signal.

[0033] This implies that separate motion artifact reduction may first be performed on the PPG signal before the re-
construction of the time domain signal is applied. Hence, the method for time domain signal reconstruction may provide
a suitable complement in forming a time domain signal for a PPG signal which has already been subject to motion artifact
reduction.

[0034] The received PPG signal may thus be in time domain (as a cleaned or raw PPG signal). However, the received
PPG signal may alternatively be in frequency domain, possibly after motion artifact reduction has been performed. As
yet another alternative, the received PPG signal may be in time-frequency domain, wherein a time-varying frequency
spectrum of the PPG signal is provided. Again, the time-frequency domain representation of the received PPG signal
may or may not have been subject to motion artifact reduction.

[0035] According to an embodiment, the method further comprises determining the estimate of heart rate based on
the received PPG signal. Thus, the PPG signal may also be used for determining the estimate of the heart rate, and
there is no need to include another sensor for determining the estimate of the heart rate. This implies that an algorithm
for determining the time domain signal reconstruction may be based solely on the PPG signal and does not necessarily
need any additional input.

[0036] According to an embodiment, the method further comprises dividing the received PPG signal into sequential
time segments, wherein the decomposing, comparing, adjusting and reconstructing is performed on the PPG signal
within a time segment.

[0037] This implies that a relatively short time period may be used for each time segment, such that the time domain
signal may be reconstructed with high quality within each time segment. Hence, a motion artifact or other noise occurring
need only affect a short time period. Further, only a short time period need be included in forming the frequency domain
information such that only fast variations of the heart activity will affect the time domain signal representation.

[0038] According to an embodiment, each time segment may be 4 seconds long. This implies that at least two heart
beats should occur within a single time segment. However, it should be understood that other lengths of the time segment
may be used. For instance, the time period of a time segment may be in the range of 2-8 seconds. A short time period
may imply that it is difficult to extract information from the PPG signal, as the signal may in some instances only include
a single heartbeat. On the other hand, a long time period may imply that the heart activity may vary within the time
segment and also increases a likelihood of motion artifacts occurring within the time segment.

[0039] According to an embodiment, the method further comprises analyzing a reconstructed time domain signal
spanning more than a single time segment for reducing noise in the reconstructed time domain signal.

[0040] The analysis may allow removing any noise, such as discontinuations in the reconstructed time domain signal,
that may be generated in stitching of signals for sequential time segments to each other.

[0041] Further, if the reconstructed time domain signal within a time segment is still affected by noise or motion artifact,
the analysis of a time domain signal spanning more than a single time segment may allow using a clean time segment
adjacent to the affected time segment in order to aid in at least extracting a heart rate from the affected time segment.
[0042] According to a second aspect, the time domain signal reconstruction formed by the first aspect is used for
monitoring heart rate variability.

[0043] Effects and features of this second aspect are largely analogous to those described above in connection with
the first aspect. Embodiments mentioned in relation to the first aspect are largely compatible with the second aspect.
[0044] Thus, the reconstructed time domain signal may be of sufficient quality in order to allow a PPG signal to be
used, not only for an estimation of heart rate, but for monitoring variations in heart rate. In some embodiments, the
duration of each single heart beat may be determined. This may allow monitoring health of a subject in a more detailed
manner enabling extraction of further parameters relating to the health of the subject.

[0045] It should berealized that the reconstructed time domain signal may also be used in other manners. For instance,
the reconstructed time domain signal may be used for improving an accuracy of an estimate of the heart rate, which
may be used as input to the spectrum mask utilized in the method of the first aspect.

[0046] According to a third aspect, there is provided a computer program product or a computer-readable medium
storing computer-readable instructions such that when executed on a processing unit the computer program product
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will cause the processing unit to perform the method according to the first aspect.

[0047] Effects and features of this third aspect are largely analogous to those described above in connection with the
first, and second aspects. Embodiments mentioned in relation to the first, and second aspects are largely compatible
with the third aspect.

[0048] The computer-readable instructions, which may be stored in the form of a computer program product or on a
computer-readable medium, may implement an algorithm for performing time domain signal reconstruction. The com-
puter-readable instructions may thus allow a processing unit to be set up, by receiving the computer program product
or the computer-readable medium, for performing the method. Hence, the computer program product or computer-
readable medium may be delivered to a processing unit at any point in time in order to configure the processing unit for
allowing the method to be performed.

[0049] According to a fourth aspect, there is provided a system for time domain signal reconstruction for representing
heart activity of a subject from a photoplethysmogram (PPG) signal, said system comprising: a processing unit, said
processing unit being configured to: receive a PPG signal carrying information of heart activity of the subject; decompose
frequency information of the PPG signal into a plurality of components, each component having a frequency spectrum
and a weight; for each component of the plurality of components: compare the frequency spectrum of the component
to a spectrum mask based on an estimate of heart rate of the subject; and adjust the weight of the component based
on the comparing; and reconstruct a time domain signal based on recombination of the plurality of components with
adjusted weights.

[0050] The system allows a time domain signal to be reconstructed. The processing unit may be arranged in a suitable
unit for providing the reconstructed time domain signal where needed. For instance, the processing unitmay be integrated
with a wearable device for providing a reconstructed time domain signal in a device worn by the subject. This may imply
that analysis based on the reconstructed time domain signal may be quickly provided directly to the subject via an
interface, such as a display, of the wearable device.

[0051] According to an embodiment, the system further comprises a PPG detector for generating the PPG signal.
Thus, the system may generate the PPG signal and may further process the PPG signal in order to provide a high quality
time domain signal reconstruction.

[0052] According to an embodiment, the PPG detector may comprise a PPG light source configured for emitting green
light towards a skin surface of the subject and a PPG light sensor arranged to detect reflected green light.

[0053] Using green light, a PPG signal representing a pulsatile component of blood flow may be acquired, while the
PPG signal is relatively insensitive to motion artifacts as light penetrates a relatively small distance into tissue. Therefore,
a PPG detector comprising a green light source and a sensor arranged to detect reflected green light may be particularly
useful.

[0054] According to an embodiment, the system further comprises a motion detector for generating a motion reference
signal for use in motion artifact reduction of the PPG signal. Thus, the system may also comprise a motion detector such
that motion artifact reduction may be performed based on the motion reference signal. The PPG signal received for
determining of the time domain signal reconstruction may be a cleaned PPG signal after motion artifact reduction.
[0055] According to an embodiment, the motion detector comprises a motion reference light source configured for
emitting infrared light towards a skin surface of the subject and a motion reference light sensor arranged to detect
reflected infrared light.

[0056] Using infrared light, a reflectance-type PPG may be acquired which is sensitive to motion artifacts. The motion
artifacts may affect the motion reference signal in a similar way as the PPG signal generated by the PPG detector will
be affected. Therefore, a motion detector comprising an infrared light source and a sensor arranged to detect reflected
infrared light may be particularly useful.

[0057] According to an embodiment, the system is a wearable device. Thus, the system may be worn by a subject
allowing long-term monitoring of heart activity.

[0058] Accordingto an embodiment, the system comprises a common housing, in which PPG detector, motion detector
and processing unit may be arranged. This implies that the system may be arranged in a single unit and may allow
acquiring signals and also process the signals for providing a time domain signal reconstruction.

[0059] The common housing may comprise an element allowing the housing to be worn by the subject so as to provide
the system in the form of a wearable device. However, it should be realized that the system may form a wearable device
in other ways, such as comprising a plurality of housings, which are each arranged to be wearable by the subject.
[0060] In one embodiment, the common housing may comprise an adhesive patch for attachments to a skin surface
of the subject. The adhesive patch may provide the PPG detector and the motion detector in close relation to skin of the
subject so as to enable acquiring of signals of high quality.

[0061] In other embodiments, the common housing may comprise a band or belt which may be applied around a body
part, such as a wristband, for arranging the common housing on a subject. This may enable the PPG detector and the
motion detector to be worn by the subject without affecting comfort of the subject.

[0062] The processing unit may be further configured to analyze the time domain signal reconstruction in order to
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extract information, such as heart rate and/or heart rate variability. Such extracted information may also be output to a
display of the common housing, such that the subject may directly view information of heart activity on the display.
[0063] However, the processing unit may be arranged in a different unit remote from the common housing. Thus, the
common housing may be provided with a communication unit, for wired or wireless communication, and may transmit,
possibly pre-processed, PPG signals and motion reference signals to an external unit housing the processing unit. The
communication may be over a computer network, such as the Internet, which may also allow the processing unit to be
arranged on any server or computer connected to the network and may hence be said to be provided "in the cloud".

Brief description of the drawings

[0064] The above, as well as additional objects, features and advantages of the present inventive concept, will be
better understood through the following illustrative and non-limiting detailed description, with reference to the appended
drawings. In the drawings like reference numerals will be used for like elements unless stated otherwise.

Fig. 1 is a schematic view of a system for acquiring and processing of a PPG signal.

Fig. 2a-b are schematic view illustrating acquiring of a reflectance-type PPG signal and penetration of green and
red light, respectively, in tissue.

Fig. 3 is a flow chart illustrating a method for motion artifact reduction.

Fig. 4 is a flow chart illustrating a method for time domain signal reconstruction.

Fig. 5 is a flow chart illustrating processing steps of combined motion artifact reduction and time domain signal
reconstruction.

Fig. 6 is a graph illustrating a classifier for deciding between a motion or no motion situation.

Fig. 7 is a graph illustrating subtraction of a motion reference time-frequency representation from a PPG time-
frequency representation.

Fig. 8a is a graph illustrating a frequency spectrum mask and Fig. 8b is a graph illustrating adjusted weights of SSA
components based on the frequency spectrum mask.

Fig. 9 are graphs illustrating an original PPG signal and a reconstructed time domain signal.

Fig. 10 are graphs illustrating an original PPG signal, a motion reference signal, a reconstructed time domain signal
and a de-noised signal.

Detailed description

[0065] Ambulatory monitoring for health status/indicators of a subject requires high reliability in data collection and
processing during various activities of daily life, like walking, jogging and stretching. However, during these activities, a
photoplethysmogram (PPG) signal is susceptible to corruption by motion artifacts, which may originate from sensor
movement, tissue deformation, and ambient light changing, etc.

[0066] Thus, ifa PPG signalis to be used for long-term monitoring of heart activity of a subject, motion artifact reduction
is an important issue to handle. Further, a time domain signal reconstruction of a clean, or at least relatively clean, PPG
signal may allow extracting features on a short time scale, such as relating to a single heart beat or a few heart beats.
This implies that heart rate variability may be extracted.

[0067] Both motion artifact reduction and time domain signal reconstruction may be applied to an acquired PPG signal.
Therefore, although the present application is mainly related to time domain signal reconstruction, in the following
description, motion artifact reduction will also be described. It should be realized that motion artifact reduction need not
necessarily be performed before the time domain signal reconstruction or that motion artifact reduction may be performed
in other manners than those described below.

[0068] Referring now to Fig. 1, a system 100 for acquiring and processing a PPG signal will be generally described.
[0069] The system 100 may comprise a PPG detector 102. The PPG detector 102 may comprise a light source 104
and a light sensor 106 for detecting an intensity of light. The light source 104 and the light sensor 106 may be arranged
on opposite sides of tissue, such as a fingertip, for acquiring an intensity of light transmitted through the tissue, so called
transmittance-type PPG. However, the light source 104 and the light sensor 106 may alternatively be arranged on a
common side of tissue for acquiring an intensity of light diffusely reflected by the tissue, so called reflectance-type PPG.
Reflectance-type PPG may be advantageously used, because it may allow arranging the PPG detector, e.g. in a wrist-
worn device, such asina smartwatch or bracelet, orin an adhesive patch which may e.g. be attached to a chestof a person.
[0070] The system 100 may further comprise a motion detector 110. The motion detector 110 may be used for acquiring
a motion reference signal, which may be used for motion artifact reduction in the PPG signal acquired by the PPG
detector 102.

[0071] The motion detector 110 may use any type of technology for detecting a motion artifact. The motion detector
110 may thus comprise an accelerometer or any other sensor specifically adapted to sense movements. However, as
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illustrated in Fig. 1, the motion detector 110 may also comprise a light source 112 and a light sensor 114 for detecting
an intensity of light. The motion detector 110 may thus be configured to detect a PPG, which may be used as a motion
reference signal. The motion detector 110 may use the same type of PPG measurement as used for acquiring the PPG
signal, i.e. a reflectance-type PPG or transmittance-type PPG.

[0072] In one embodiment, the motion detector 110 and the PPG detector 102 may share a common light sensor 114
for detecting intensities of light based on each wavelength used by the PPG detector 102 and the motion detector 110.
[0073] The system 100 may further comprise a processing unit 120, which is configured to process the PPG signal.
The processing unit 120 may be configured to process the PPG signal in order to perform motion artifact reduction and/or
time domain signal reconstruction based on the acquired PPG signal. The processing performed by the processing unit
120 will be further described below.

[0074] The processing unit 120 may be arranged in a common housing 130 with the PPG detector 102 and/or the
motion detector 110. This implies that the system 100 may be arranged in a single physical unit or in a few units, which
may communicate with each other, through wired or wireless communication. For instance, the processing unit 120 may
be provided in a common housing with one of the PPG detector 102 or the motion detector 110, whereas the other
detector is providedin a separate housing and is configured to communicate an acquired signal to the processing unit 120.
[0075] The processing unit 120 may thus be arranged in a unit, which may be worn by the subject, thus allowing
acquiring signals and also processing of the signals close to the subject. This may imply that the processing may be
performed in real-time and analysis results may be provided directly to the subject, e.g. in a display of the housing 130.
[0076] However, the processing unit 120 may be arranged in a different unit remote from the housing 130. Thus, the
housing 130 may be provided with a communication unit, for wired or wireless communication, and may transmit, possibly
pre-processed, PPG signals and motion reference signals to an external unit housing the processing unit 120. The
external unit may be arranged close to the subject, such as in a computer arranged in a hospital room. However, the
external unit may also be very remotely placed. The communication may be over a computer network, such as the
Internet, which may also allow the processing unit 120 to be arranged on any server or computer connected to the
network and may hence be said to be provided "in the cloud". The processing unit 120 may then further be arranged to
transmit cleaned PPG signals or extracted features back to a unit close to the subject, or to a communication unitin the
housing 130, e.g. for display of results to the subject.

[0077] The processing unit 120 may be implemented in hardware, or as any combination of software and hardware.
At least part of the functionality of the processing unit 120 may, for instance, be implemented as software being executed
on a general-purpose computer. The system 100 may thus comprise one or more processing units, such as a central
processing unit (CPU), which may execute the instructions of one or more computer programs in order to implement
desired functionality.

[0078] The processing unit 120 may alternatively be implemented as firmware arranged e.g. in an embedded system,
or as a specifically designed processing unit, such as an Application-Specific Integrated Circuit (ASIC) or a Field-
Programmable Gate Array (FPGA).

[0079] According to an embodiment, the housing 130 may be wearable by the subject. The housing 130 may thus
comprise an adhesive patch for attachment to a skin surface of the subject. The housing 130 may alternatively comprise
a band element or ring-shaped element for attachment around a body part. The housing 130 could for instance comprise
two band parts, which may be attached to each other in an adjustable relationship for fitting the housing 130 tightly
around the body part. This may be used for arranging the housing 130 around a wrist, a finger or a torso of the subject.
[0080] Wrist-worn PPG devices such as smart watches may be used during daily ambulatory activities, which leads
to relatively frequent motion artifacts. Motion in daily life can change the ambient light captured by the light sensor 106,
the location of the housing 130 with respect to the wrist, and a pressure between the housing 130 and skin. All of these
changes may cause fluctuations in the detected PPG signals.

[0081] Figs 2a-b are based on figures presented in Sun Y., Thakor N., "Photoplethysmography revisited: from contact
to noncontact, from point to imaging", IEEE Transactions on Biomedical Engineering, 2016, vol. 63, no. 3, pp: 463-477,
andLiuJ., YanB.P.Y, Dai W.X., etal, "Multi-wavelength photoplethysmography method for skin arterial pulse extraction",
Biomedical Optics Express, 2016, vol. 7, no. 10, pp: 4313-4326.

[0082] As shown in Fig. 2a, the detected PPG signal 200 can be split into two components. One component is a DC
component which originates from constant absorbance by skin pigmentation, fat, muscle, bone and an average blood
volume of arterial and venous blood in the illuminated tissue. The other componentis an AC component which originates
from the cardiac-induced variations in blood volume that are related to the cardiac rhythm (systole and diastole). The
AC component may be mainly used for determining heart activity of a subject, such as for extraction of heart rate.
[0083] As illustrated in Fig. 2b, green light (indicated by a dashed line) only reaches superficial capillary bed before
being reflected back to a light sensor. Red and infrared light (indicated by a solid line), however, can penetrate deeper
through the skin and could reach the arteries in the subcutaneous tissue before being reflected back to a light sensor.
[0084] According to an embodiment, use is made of the fact that a PPG signal based on green light may provide a
strong signal representing pulsatile component of blood, whereas a PPG signal based on infrared light may be more
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sensitive to motion artifacts. Thus, in one embodiment, a PPG signal may be acquired using green light, whereas a
motion reference signal may be acquired using infrared light.

[0085] However, it should be realized that other wavelengths may be used. For instance, using a green or blue
wavelength of light, the PPG signal is relatively insensitive to motion artifacts as light penetrates a relatively small distance
into tissue. Also, using a red or infrared wavelength of light, a PPG signal representing a motion reference signal may
be acquired, as the signal is relatively sensitive to motion artifacts as light penetrates arelatively large distance into tissue.
[0086] Referring now to Fig. 3, a method for motion artifact reduction will be generally described. The method may be
performed by the processing unit 120.

[0087] The method comprises receiving 302 a PPG signal carrying information of heart activity of the subject. The
PPG signal may be generated by the PPG detector 102 as described above. The PPG signal may or may not have been
pre-processed.

[0088] The method further comprises receiving 304 a motion reference signal carrying information of a motion of the
subject. The motion reference signal may be generated by the motion detector 110 as described above.

[0089] The processing unit 120 may comprise an input for receiving the PPG signal and the motion reference signal.
The input may be provided from a unit within a common housing 130, such as from sensors 106, 114 or associated
circuitry in the housing 130. However, the input may alternatively be provided from a communication unit which receives
the signals through wired or wireless communication with the sensors 106, 114 or associated circuitry.

[0090] The method further comprises forming 306 a PPG time-frequency representation, based on the PPG signal,
and a motion reference time-frequency representation, based on the motion reference signal. Thus, the PPG signal and
the motion reference signal are converted to time-frequency representations, which may allow processing a time-varying
frequency information of the signals.

[0091] The method further comprises subtracting 308 a weighted representation of the motion reference time-frequency
representation from a weighted representation of the PPG time-frequency representation for reducing a motion artifact
component in the PPG time-frequency representation and form a cleaned time-varying frequency spectrum of the PPG
signal.

[0092] The motion reference signal may be more highly influenced by the motion artifact than the PPG signal. Thus,
by subtracting the motion reference signal from the PPG signal, the influence of the motion artifact on the PPG signal
may be reduced without need of e.g. completely removing signal in a frequency band where a motion artifact is present,
which may also imply that heart activity information of the PPG signal is eliminated. This implies that influence of motion
artifacts may be reduced without information of interest, e.g. heart activity information, in the PPG signal being unnec-
essarily removed from the PPG signal.

[0093] The method may further comprise dividing 310 the cleaned time-varying frequency spectrum into sequential
time segments. Further analysis of the PPG signal may then be performed for each of the time segments so as to allow
further improving the PPG signal with regard to motion artifact reduction.

[0094] The method may further comprise determining 312 an estimate of heart rate for each time segment. The
estimate may be based on probability distributions of the estimated heart rate from the current time segment and the
previous time segment, and confidence levels of the probability distributions. Thus, the estimated heart rate may be
determined with high reliability weighing information in a current and a previous time segment based on a confidence
in the information. The estimated heart rate may be used for further cleaning the signal and may be used in determining
a time domain signal reconstruction of the PPG signal.

[0095] Referring now to Fig. 4, a method for time domain signal reconstruction will be generally described. The method
may be performed by the processing unit 120. The method may be performed within the same processing unit, which
may also be configured to perform the motion artifact reduction method as described above with regard to Fig. 3. However,
it should be realized that the method may be performed as a separate process within the processing unit 120 or within
a separate processing unit.

[0096] The method comprises receiving 402 a PPG signal carrying information of heart activity of the subject. The
PPG signal may be a cleaned time-varying frequency spectrum signal as determined using the motion artifact reduction
method described above. However, it should be realized that any type of PPG signal, in time domain, frequency domain,
or time-frequency domain may be received and that the PPG signal may be a raw signal directly received from the
sensor 106 or a pre-processed signal.

[0097] The method further comprises decomposing 404 frequency information of the PPG signal into a plurality of
components, each component having a frequency spectrum and a weight. This implies that the frequency information
may be decomposed into components having different degrees of contribution to the PPG signal. Hence, different
features may be represented by different components, allowing analysis of the PPG signal. In particular, the weight of
each component may indicate a magnitude of contribution of the component to the information in the PPG signal.
[0098] It should be realized that the components need not be each and every component possible to form from the
information in the PPG signal. Rather, a pre-determined number of components may be formed, or only components
having a weight above a threshold may be selected in forming the plurality of components based on decomposing the
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frequency information.

[0099] Each of the components of the plurality of components may then be further analyzed. The method thus further
comprises comparing 406 the frequency spectrum of each component to a spectrum mask based on an estimate of
heart rate of the subject. The spectrum mask may provide information of which frequencies are likely to represent heart
activity.

[0100] The spectrum mask may be based on the estimate of the heart rate as determined in motion artifact reduction.
However, the estimate of the heart rate may be formed in any other manner, even based on another type of technology
for estimating heart rate.

[0101] The method further comprises adjusting 408 the weight of each component based on the comparing. Thus,
the importance of the components in representing heart activity may be updated, such that components which mainly
represent motion artifact frequencies or noise frequencies may be given a lower weight.

[0102] The adjusting of the weight may comprise selecting the components with highest weights after updating weights
based on the comparing, such that components for which a low weight is determined the weight may be set to zero. The
adjusting of the weight may also comprise applying a sigmoid function to the weights after updating the weights based
on the comparing such that components having high weights may be given an even higher influence than components
having low weights.

[0103] The method further comprises reconstructing 410 a time domain signal based on recombination of the plurality
of components with adjusted weights. The reconstruction is thus based on updated weights of the components repre-
senting importance of the components.

[0104] This implies that a reliable and robust manner of forming a time domain signal representation of the PPG signal
may be provided, while reducing influence of noise or motion artifacts in the time domain representation.

[0105] Referring now to Figs. 5-10, a detailed description of an embodiment for motion artifact reduction and time
domain signal reconstruction of a PPG signal will be described. It should be realized that individual features of this
embodiment may be combined in many other ways and, not necessarily with the other features described in this em-
bodiment.

[0106] In Fig. 5, a flow chart indicating processing steps is shown. In this processing algorithm, a detected signal from
an infrared (IR) PPG channel is taken as the motion reference signal, whereas a detected signal from a green PPG
channel is taken as the PPG signal for heart rate (HR) extraction.

[0107] The ratio between heart activity signal information and motion artifact (MA) information is different for recorded
PPG signals by green and IR light. The IR PPG signal contains more MA information and may therefore be suitable as
a motion reference signal.

[0108] The frequency components of MA in recorded PPG by green and IR light are similar in periodic motion situation.
The frequency components of MA in recorded PPG by green and IR light may also be similar in non-periodic motions.
This implies that the IR PPG is advantageously used to represent MA content in the green PPG signal.

[0109] Further, the HR variation between 4s segments may be assumed to obey a normal distribution expressed as
X ~ N(0; 0.1). Thus, the HR variation X is represented by a normal distribution N around 0, with a standard deviation of
0.1 Hz. This may be used as an assumption which is generally applicable to any subject. However, according to another
embodiment, a distribution of the HR variation may be determined for a specific subject during set-up of the system and
the determined distribution may then be used in the HR estimation, as described below.

[0110] The processing of the PPG signal and the motion reference signal starts with preprocessing 502 by bandpass
filtering. Then, detection 504 of presence of motion artifact is performed based on the input PPG signal and motion
reference signal. This step uses peak to average ratio from the green channel and power ratio between the green and
IR PPG channels as input parameters for a classifier. A result of classification will decide whether a subtraction operation
between green and IR signal will be performed or not. It should be realized that presence of MA may be determined in
other ways.

[0111] If motion artifact is present, motion artifact reduction (MAR) is performed 506 by spectrum subtraction after
continuous wavelet transform (CWT) of the PPG signal and the motion reference signal, resulting in a time-varying signal
spectrum. In case of no motion artifact, the CWT of the green PPG signal is determined 508 and will form the time-
varying signal spectrum.

[0112] After that, the HR is estimated 510 taking into consideration both the HR from a previous time segment and
the spectrum from a current time segment. Approximate entropy and peak to average ratio may be used to decide a
confidence level of the HR estimate for the previous time segment and the HR estimate for the current segment. Thus,
the HR estimation may provide frequency tracking of the HR.

[0113] Then, time domain signal decomposition and reconstruction may be performed 512. Here, a frequency mask
based on the HR estimated from the HR estimation 510 is obtained for signal reconstruction. This frequency mask is
then compared with each component after singular spectrum analysis (SSA) decomposition of the PPG signal to decide
the weights of the components. The PPG signal can be reconstructed by combining those components.

[0114] Finally, de-noising 514 may be applied by time domain processing.
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[0115] The above-described steps are discussed in more detail below.

[0116] Inpreprocessing 502 of the signals, to cancel an effect of light intensity, the signal is divided by its DC component
that is proportional to the light intensity. The DC component may be calculated by means of recorded PPG signals of
green and IR light during a stationary situation.

[0117] HR of subjects may vary within a range set by 24 to 240 beats per minute. In preprocessing 502 of the signals,
both the green and IR signals are filtered with a second order infinite impulse response (lIR) bandpass filter (0.4-4Hz)
to remove the noise and MA components outside a frequency band of interest. After the preprocessing, only in-band
MA will remain together with the PPG signal.

[0118] The detection 504 of presence of MA may be useful to avoid subtraction of the motion reference signal from
the PPG signal when no MA is present.

[0119] When no MA is present, the main components in both green and IR PPG signals are clean PPG signals. The
subtraction in MAR 506 may therefore lead to cancelling the HR component itself. Therefore, in situations of no or small
MA, the CWT result of the green channel (without MAR by subtracting the IR from it) may be taken to form the time-
varying signal spectrum, providing HR information of the current time segment.

[0120] The motion detection may be implemented by a support vector machine (SVM), based on two parameters:

1. The peak to noise ratio of green PPG signal in frequency domain.
2. The power ratio between green PPG to IR PPG signals.

[0121] The peak to noise ratio of green PPG signal is much higher in situations of no or small MA or in periodical
motion situations than in other motion situations. This is because in the first two situations, the PPG signal has a clear
HR component while in the latter, the MA component can spread over frequency spectra, leading to an increase of noise.
[0122] The power ratio between green PPG to IR PPG is another indicator. Usually in no MA situation, the signal from
green PPG channel (AC/DC) may be more than 10 times higher than the signal from IR PPG channel. While in motion
situations, the MA component in IR may be much larger than the signal in green channel.

[0123] Therefore, a higher peak to noise ratio and a higher power ratio between green and IR signals tend to give a
no motion decision while lower value of both parameters tend to give a motion decision. An example of a separation of
the two classes by the classifier is shown in Fig. 6 for a dataset of three subjects.

[0124] The MA in IR PPG may have good frequency similarity with the MA in green PPG in periodic and non-periodic
motion situations. Moreover, the ratio of MA to PPG signal in IR PPG is much higher than in green PPG. Therefore, if
a scaled IR signal is subtracted from the green signal in frequency domain, the MA component can be effectively removed
and the HR component will be enhanced.

[0125] PPG signal is a quasi-periodical signal. Therefore, a signal transformation having both frequency and time
domain information is advantageous. Thus, a continuous wavelet transform (CWT) of the PPG signal and the motion
reference signal may be used. Compared to short time Fourier transform (STFT), which has high accuracy either in time
domain or frequency domain according to the window size, CWT may be better for time-frequency analysis since it uses
the size-adjustable window. However, it should be realized that, in some embodiments, STFT may be used or another
transform providing a time-frequency representation may be used.

[0126] In spectrum domain, the spectrum of corrupted PPG signal P,,,(f) can be expressed as set outin Eq. (1) below,
where P(f) is the clean PPG signal component and MA(f) is the motion artifact component:

Pu(f) = P.(f) + MA(f) Eq. (1)

[0127] The clean PPG signal and MA signal may be assumed to be uncorrelated. The frequency domain MA removal
can be obtained as expressed in Eq. (2), where a scaling factor W is decided by using an adaptive filter (e.g. a wiener
filter) to obtain minimum residue motion component after removal.

P.(f) = P () + MAG(f) =W * (Pr(f) + MAR(f)) Ea. (2)

[0128] Here, P (f) is the clean PPG signal component in the green PPG and MA4(f) is the motion artifact component
in the green PPG, whereas P_(f) is the clean PPG signal component in the IR PPG and MAx(f) is the motion artifact
componentin the IRPPG. The MA;and MA,r components have similar frequency components and the P z(f) component
is very small in comparison to MAg(f). Thus, the main HR component Pg(f) can remain intact after motion removal by
means of the subtraction in Eq. (2).

[0129] An example of periodic motion (wrist moving) removal is shown in Fig. 7 in terms of CWT representation of the
signal. Comparing the time-frequency representation in graph (a) and graph (b) of Fig. 7, it can be observed that the
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HR component in the green PPG signal is much larger than the HR component in the IR PPG signal and the MA
component in IR PPG is indeed very similar to the MA component in the green PPG. After motion removal, the MA
component is cancelled and the HR component remains as shown in part (c) of Fig. 7.

[0130] However, in a no motion situation, there will be both clean PPG signals in IR and green channel, and the HR
component can be cancelled by itself if the subtraction operation is performed. This is the reason why the aforementioned
motion detection classifier may be advantageous. If the time segment is classified as being a no MA situation, the
spectrum of green PPG signal is chosen instead of doing spectrum subtraction.

[0131] After determination of a clean time-varying signal spectrum, an estimation 510 of HR may be performed and
used for improving the acquired PPG signal. The approximate HR of the current time segment is estimated based on
both the time-varying signal spectrum of the current time segment and the HR frequency estimated in the previous time
segment. Further, confidence levels of both the approximate HR of the current time segment and the approximate HR
of the previous time segment are also used for the HR frequency decision.

[0132] The output of a time-varying signal spectrum is a sequence of frequency spectra, each corresponding to a time
segment. The time segment may for instance be a 4s time segment. The frequency spectrum for a time segment may
comprise only the HR related components of PPG, thanks to reduction of motion artifacts from the signal.

[0133] The amplitude information of the frequency spectrum is used to obtain a probability distribution of HR of a
current time segment. There may, for instance, be 256 components in total in the frequency spectrum (from 0.5Hz to
4Hz). The number of components depend on the resolution used in determination of the time-frequency representation
of the PPG signal.

[0134] The sum of the components in the frequency spectrum may be normalized to 1 by scaling each component
with the same factor. This implies that a probability distribution of HR of the current time segment is given by the
normalized amplitude information of the frequency spectrum.

[0135] The HR frequency estimated in the previous time segment may also be used to predict the HR in the current
segment. The HR frequency for the current time segment may be based on the HR frequency of the previous time
segment in combination with a probability of HR variation. Thus, the HR frequency of the current time segment may be
determined as a normal distribution of X ~ N(HR.4; 0.1). Thus, the probability distribution of HR frequency of the current
time segment may be given as a normal distribution around the HR frequency of the previous time segment, HR¢;, with
a standard deviation of 0.1 Hz. Thus, two probability distribution functions for HR frequency estimation are available.
[0136] The confidence levels of these two distribution functions may, in one embodiment, be decided by two parameters:
the approximate entropy of the signal and the peak-to-noise ratio calculated in frequency domain.

[0137] The approximate entropy may quantify the amount of regularity and the random fluctuations in time domain
signals. When the signal contains only clean PPG signal with high regularity, a low entropy can be obtained. While
signals with more non-periodical MA components will show a higher entropy. Therefore, the signal segments with a low
entropy and a high peak-to-noise ratio can be recognized as segments which have high confidence level and thus give
a true or reliable HR frequency estimation.

[0138] Thus, the two probabilities: P(Prefj == True) for the estimated HR at frequency fj from previous time segment
Preg and P(Spec == True) for the HR distribution obtained from the current time segment Spec are available. These two
probabilities may be assumed to be independent.

[0139] In Bayesian inference, itis desired to determine the probability that a hypothesis HR frequency fi of the current
time segment Curyis true given the existence of evidence Preg; (the HR frequency estimated from the previous segment)
and Spec (the HR frequency estimated from the spectrum of current segment) as expressed in Eq. (3).

[0140] In Eq. (3), the probability P(Curﬁ|Prefj == True) obeys normal distribution with mean of fj, and the probability
P(Curg|Spec == True) is decided by its spectrum (result of CWT) as discussed above. Further, the probability P(Curﬁ|Prefj
== False) and the probability P(Curg|Spec == False) is equal to 1/m, where m is the number of frequency components
or candidates fi in the frequency spectrum (m=256 in the present embodiment). Together with the probabilities P(Preg
== True), P(Spec == True), P(Pre; == False), and P(Spec == False), a HR frequency with a highest probability may be
obtained. This approximately estimated HR frequency may then be used in signal reconstruction in order to remove MA
from signal reconstruction. Also, the approximately estimated HR frequency may be used as a reliable estimate of the
HR of the current time segment.
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P(Prefj,Spec, Curfi)

P(Spec, Curfi)
X P(Prefj == True,Spec == True, Curfi) +

P(Prefj == True,Spec == False, Curfi) + Eq. (3)
P(Prefj == False,Spec == True, Curfi) +

P(Curfi|Prefj,Spec) =

P(Prefj == False,Spec == False, Curfi)

[0141] It may be noted that the resulting approximate HR can be estimated mainly from the previous time segment
when the confidence level of the current time segment is low, probably because the MAR is not working well. Likewise,
the HR can also be estimated mainly from the current time segment when the confidence level of the previous time
segment is low. This may occur when a motion stops and the current time segment is recognized as a no MA situation
or the frequency spectrum of the current time segment is more regular than the frequency spectrum of the previous time
segment and, thus, the current time segment has a high confidence level.

[0142] The estimation of HR frequency improves a robustness of determination of heart activity and may also be used
in improving a time domain signal reconstruction, as will now be described.

[0143] The HR usually shows small variations from beat to beat. Using HR detection in the frequency domain provides
only an average HR within a segment. Analysis in the time domain could provide the peak positions that can be used
to obtain beat to beat HR. Thus, reconstruction of the time domain PPG signal may allow further analysis of the heart
activity.

[0144] There are two steps in the time domain signal reconstruction described below. Firstly, the time domain signal
of a single time segment is decomposed into a group of oscillatory and noise components by singular spectrum analysis
(SSA), providing each component with its own weight.

[0145] Secondly, a frequency mask is then used to scale these weights.

[0146] Based on the estimated approximate HR frequency, a spectrum mask can be obtained as shown in Fig. 8a.
The frequency mask may be a composition of three normal distributions around the fundamental, the second and the
third harmonics of the HR frequency. The normal distributions may thus provide a non-zero probability of a frequency
relating to HR frequency in three ranges given by {fyr - A fyr + A}, {2 * fyr - A2 * fyp + A}, and {8 * fyr - A3 * fyp + A},
where A is based on the standard deviation o = 0.1Hz. This distribution reflects the probability of a frequency to be part
of the clean PPG signal.

[0147] The weight of each component from SSA is decided by the correlation between a frequency spectrum of the
component and the frequency spectrum mask. Thus, the weight of the component, as determined above from the SSA,
may be updated based on the correlation between the frequency spectrum of the component and the frequency spectrum
mask. One example of resulting weights is shown in Fig. 8b, where the weight of components 1-20 from the SSA are
indicated.

[0148] The updated weights may be re-scaled to a range between 0 and 1, as indicated in Fig. 8b. Also and or
alternatively, weights may be scaled based on a threshold or soft threshold, such as based on a Sigmoid function, for
pushing the weights towards either 0 or 1, such that mainly the components that are well correlated with the frequency
spectrum mask will be taken into account in reconstruction of the time domain signal.

[0149] It should also be realized that information of motion artifacts may be used in updating of the weights. Hence,
information of frequency content of motion artifacts may also be used in relation to the components of the SSA in order
to lower a weight of a component that comprises frequencies determined to be related to motion artifacts. MA frequencies
may be determined based on the motion reference signal, such as the IR PPG signal.

[0150] When the weights of the components of SSA have been updated, a reconstruction of a time domain signal for
the time segment may be formed based on the SSA components.

[0151] The reconstruction may be performed for every time segment of 4 seconds. Fig. 9 shows one example of the
original green PPG signal in part (a) and the reconstructed signal in part (b), which shows a clear HR component.
[0152] After reconstruction of the time domain signal, de-noising may be applied. The de-noising may be applied over
a time period longer a time segment. Thus, for instance, the de-noising may be applied for an 8 second time period
spanning two consecutive 4 second time segments.

[0153] The de-noising may operate to remove discontinuities, which may be due to the time domain signal reconstruc-
tion being based on previous steps in a 4s non-overlapping window.

[0154] The de-noising may be performed as a SSA operation to remove the noise from the signal by identifying major
frequency components in the time period, allowing noise to be removed.

[0155] The de-noising could also apply the information from a time segment in the reconstructed time domain signal
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information to nearby time segments. An example is illustrated in Fig. 10, showing a green PPG signal in part (a), an IR
PPG signal in part (b), a reconstructed time domain signal in part (c) and a de-noised signal in part (d). As is shown in
part (c) of Fig. 10, for the period of 55-60s, the reconstruction step is not ideal, However, by means of de-noising, it is
still possible to extract the clean PPG signal in this time segment with the help of previous time segment information.
[0156] In the above the inventive concept has mainly been described with reference to a limited number of examples.
However, as is readily appreciated by a person skilled in the art, other examples than the ones disclosed above are
equally possible within the scope of the inventive concept, as defined by the appended claims.

[0157] For instance, the decomposition of frequency information need not necessarily use SSA. Although SSA may
be more efficient in finding relevant components, other decomposition algorithms may be used, such as independent
component analysis (ICA), principle component analysis (PCA), or empirical model decomposition (EMD).

Claims

1. A method for time domain signal reconstruction for representing heart activity of a subject from a photoplethysmo-
gram, PPG, signal, said method comprising:

receiving (402) a PPG signal carrying information of heart activity of the subject;

decomposing (404) frequency information of the PPG signal into a plurality of components, each component
having a frequency spectrum and a weight;

for each component of the plurality of components:

comparing (406) the frequency spectrum of the component to a spectrum mask based on an estimate of
heart rate of the subject; and
adjusting (408) the weight of the component based on the comparing; and

reconstructing (410) a time domain signal based on recombination of the plurality of components with adjusted
weights.

2. The method according to claim 1, further comprising determining the spectrum mask based on the estimate of heart
rate of the subject.

3. The method according to claim 1 or 2, wherein the spectrum mask comprises normal distributions around the
estimate of the heart rate and one or more harmonics of the estimate of the heart rate, the spectrum mask representing
probabilities of frequencies corresponding to heart rate information of the PPG signal based on the normal distribu-
tions.

4. The method according to claim 3, wherein said comparing (406) comprises correlating the frequency spectrum of
the component with the spectrum mask representing probabilities of frequencies corresponding to heart rate infor-
mation of the PPG signal for scaling the weight of the component.

5. The method according to any one of the preceding claims, wherein the decomposing (404) frequency information
ofthe PPG signal is performed for a plurality of sequential time segments to form a plurality of time-series components,
and wherein the decomposing frequency information of the PPG signal into the plurality of time-series components
comprises performing singular spectrum analysis, SSA, of the PPG signal.

6. The method according to claim 5, further comprising calculating a Fourier transform of a component for determining
the frequency spectrum of the component.

7. The method according to any one of the preceding claims, further comprising performing (308) motion artifact
reduction on the PPG signal to form a cleaned PPG signal, wherein decomposing (406) frequency information of

the PPG signal into the plurality of components is based on the cleaned PPG signal.

8. The method according to any one of the preceding claims, further comprising determining (312) the estimate of
heart rate based on the received PPG signal.

9. The method according to any one of the preceding claims, further comprising dividing the received PPG signal into
sequential time segments, wherein the decomposing, comparing, adjusting and reconstructing is performed on the
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PPG signal within a time segment.

10. The method according to claim 9, further comprising analyzing a reconstructed time domain signal spanning more
than a single time segment for reducing noise in the reconstructed time domain signal.

11. Use of the time domain signal reconstruction formed by the method according to any one of preceding claims for
monitoring heart rate variability.

12. A computer program product or a computer-readable medium storing computer-readable instructions such that
when executed on a processing unit the computer program product will cause the processing unit to perform the
method according to any one of claims 1-10.

13. A system (100) for time domain signal reconstruction for representing heart activity of a subject from a photoplethys-
mogram, PPG, signal, said system (100) comprising:

a processing unit (120), said processing unit (120) being configured to:
receive (402) a PPG signal carrying information of heart activity of the subject;
decompose (404) frequency information of the PPG signal into a plurality of components, each component
having a frequency spectrum and a weight;
for each component of the plurality of components:
compare (406) the frequency spectrum of the component to a spectrum mask based on an estimate
of heart rate of the subject; and

adjust (408) the weight of the component based on the comparing; and

reconstruct (410) a time domain signal based on recombination of the plurality of components with adjusted
weights.

14. The system according to claim 13, further comprising a PPG detector (102) for generating the PPG signal.

15. The system according to claim 14, further comprising a motion detector (110) for generating a motion reference
signal for use in motion artifact reduction of the PPG signal.

14



EP 3 501 381 A1

15



Light source

L

N
i

Venous blood

——Non—pulsatile component
of artery blood

" P ulsatile component
of artery blood

s%sto/ic{} ¥ Diastolic
phase i i phase

-
Time

C: .
Pulsative part
DC:
Steady part
Time
Fig. 2a
xz\ M e nt

“. Capillary Blood }

oy

-
-------------

Arterial Blood

Fig. 2b



EP 3 501 381 A1

Receiving PPG Signal

Receiving motion reference
signal

Forming PPG time-frequency
representation and motion
reference time-frequency

representation

Subtracting weighted motion
reference representation
from PPG representation

Dividing cleaned time-varying
frequency spectrum into time
segments

Determining heart rate
estimate for each segment

17



EP 3 501 381 A1

Receiving PPG Signal \-
402

Decomposing frequency
information \ 404

Compare frequency spectrum

of component with spectrum
mask \ 406

Adjust weight of each

component
\ 408

Reconstruct time domain

signal
\— 410

18



EP 3 501 381 A1

G 'bi4

juswubes
snoinead wouj

SH
‘xolddy

uoonisuooe. <=

buisiou-eq | <= | pue uonisodwooop

142

[eubis urewop swil| ¢

%

43

HH poajewiilsy
A@‘ 805G
s N \ N
AMO
:o.n.mE@Mm Mo
MH Xolaay e
uonenqns
AMO
. \_ J \ J
0LS 90¢

.
<=
A

Ddd &/ G
Ddd useis) L=
N
-
uonosep YN buissaooidaid
_ <=
1409 A0

19



EP 3 501 381 A1

9 bi4

uoneolIsSse|s) —
p81dniiod iy ON e
peaydnLIod YN +

Odd Ud8i9 JO YNS Heed

900 G000 v00O md.m
¢
14
9
i + o+w-§oooio - o“ ® {g
om.loooonow +
..‘ @ ®
i A TSI 104
: “. {24
| i ] ] ] ] I VF

49lJISSE[D

9dd I 0} Ddd UsaID) Usamaq ojey Jemod

20



EP 3 501 381 A1

(a) CWT PPG
- Green MA
T
>
o
O
3
o
o
T 0 10 20 30 40 50
Time (seconds) AR Frequency
(b)
- CWT 'DPGIR
L 4
§ 3
g 2
T 0 0. 20 30 40 50
Time (seconds)
(c) :
~ Subftraction result
T
>
-
[h}
3
N ‘
c 0 70 20 30 40 50

Time (seconds)

Fig. 7

21



EP 3 501 381 A1

’ Spectrum Mask ’

I

L

Weights

o 1 2 3 4 b 0 5 10 15 20

Frequency(Hz)
Fig. 8a
(@) PPG S t
egmen
0.03 greenv€g
0.02
3 0.01 3
= ' =
o g
< -0.01 <
-0.02
-0.03

22

Components

Fig. 8b

(b)

0.03 Reconstructed Signal

0.02
0.01 ]
0
-0.01
-0.02
-0.03




EP 3 501 381 A1

oL ‘b4 (s)ouy
09 0S oF 0¢ 0z 04 0
=>>===>§>=>53?32:&23?>>>=_;>>;;;i;;::g;3;;25 AN |
| ===c<=:<<cz_::i::zc:féééc <=écciécéccééc::c:zi<<<c<<<<<<<<

503 poielji pUE [EUBIS Posiou-63

09 0S or o€ 0¢ 0} 0
i i i i i
i ] ] i |
[eubiS payoniisuodey
09 0s oy o€ 0c 0} 0
i i i i i
I | | i |
o
09 0s or o€ 0c 0} 0
i i i i i
l I I I |
uos.ib

(p)
L0°0-
0
L0°0

(9)
20°0-
0
200

(q)
G0°0-
0
S0°0

(e)
G00-
0

10O
<
S

opnyjdwy opnjjdwy epnjdwy

spnyjdwy

23



10

15

20

25

30

35

40

45

50

55

EP 3 501 381 A1

9

des

Européisches
Patentamt

European
Patent Office

Office européen

brevets

[

EPO FORM 1503 03.82 (P04C01)

EUROPEAN SEARCH REPORT

EP 17 21 0372

DOCUMENTS CONSIDERED TO BE RELEVANT

Category Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
of relevant passages to claim APPLICATION (IPC)
X WO 2015/180986 Al (KONINKL PHILIPS NV 1-15 INV.
[NL]) 3 December 2015 (2015-12-03) A61B5/00
* page 3, lines 11, 18, 19 * A61B5/024
* page 6, lines 18, 27, 28 *
* page 7, line 16 *
* page 11, line 24 *
* page 18, lines 5, 9-12, 15, 20 *
* page 19, lines 2, 27, 29, 30 *
* page 20, lines 2, 4-6 *
* page 21, lines 23, 25, 28 *
* figure 8 *
A WO 2015/130929 A2 (WORCESTER POLYTECH INST|1-15
[US]; CHON KI H [US]; CHONG JOWOON [US];
MENDE) 3 September 2015 (2015-09-03)
* the whole document *
A ZI-HAO ZHANG ET AL: "A new framework to |1-15

extract heart rate information from
photoplethysmographic (PPG) signals with
strong motion artifacts",

2013 IEEE INTERNATIONAL CONFERENCE OF IEEE
REGION 10 (TENCON 2013), IEEE,

1 November 2015 (2015-11-01), pages 1-4,
XP032845216,

ISSN: 2159-3442, DOI:
10.1109/TENCON.2015.7373104

ISBN: 978-1-4799-2825-5

[retrieved on 2016-01-05]

* the whole document *

The present search report has been drawn up for all claims

Application Number

TECHNICAL FIELDS
SEARCHED (IPC)

A61B

Place of search

The Hague

Date of completion of the search

31 May 2018

Examiner

Meyer, Wolfgang

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if taken alone

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or
after the filing date

D : document cited in the application

L : document cited for other reasons

& : member of the same patent family, corresponding
document

24




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 3 501 381 A1

ANNEX TO THE EUROPEAN SEARCH REPORT
ON EUROPEAN PATENT APPLICATION NO. EP 17 21 0372

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

31-05-2018
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2015180986 Al 03-12-2015 CN 106413530 A 15-02-2017
EP 3148404 Al 05-04-2017
JP 2017519548 A 20-07-2017
US 2017071547 Al 16-03-2017
WO 2015180986 Al 03-12-2015

WO 2015130929 A2 03-09-2015 US 2016367198 Al 22-12-2016
WO 2015130929 A2 03-09-2015

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

25



EP 3 501 381 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Non-patent literature cited in the description

e SUNY.; THAKOR N. Photoplethysmography revis- e LIUJ.;YANB.P.Y ; DAIW.X. et al. Multi-wavelength
ited: from contact to noncontact, from point to imag- photoplethysmography method for skin arterial pulse
ing. IEEE Transactions on Biomedical Engineering, extraction. Biomedical Optics Express, 2016, vol. 7
2016, vol. 63 (3), 463-477 [0081] (10), 4313-4326 [0081]

26



patsnap

TRBR(F) —MRATRAVIESES NN EESERN A EMRE
DF(RE)F EP3501381A1 DF(E)A 2019-06-26
HiFs EP2017210372 RiFH 2017-12-22

R E(E R AGE) ERFIMECH
REFMET

RRiE (TR A(F) IMEC STICHTING NEDERLAND
IMEC VZW

LHEBE(ZTRN)A(E) IMEC STICHTING NEDERLAND

IMEC VZW
[FRIRBAA ZHANG YIFAN

SONG SHUANG

VULLINGS RIK
REAA ZHANG, YIFAN

GROENENDAAL, WILLEMIJN
SONG, SHUANG

VULLINGS, RIK
IPCHEF A61B5/00 A61B5/024
CPCH %= A61B5/02405 A61B5/02416 A61B5/02438 A61B5/721 A61B5/7246 A61B5/725 A61B5/7257 A61B5
/6824 A61B2562/0219
HER(F) MEYER , WOLFGANG
SNER4E Espacenet
%E(ﬁ) l Receiving PRPG Sigrniail |—\
—fMATMNEERIFIEE (PPG ) SR RZIAEB VIEIWEE | 402
SERAE , ¥ 82K (402) #5ZHE O EENEENPPGES,; Decomposing frequency ~___ ..
FPPGIESWMEE LS (404 ) KB D E , B9 BEEMLNN ”°wa” 0%
EXNFEIDBINENS R EFNRWOEMI , BOBNAES  [oommorerooionss sooomom
SERAGRTILRR (406 ) (ET IR (408 ) AHNERETRE | of component with spestrum [~
FEENRENZSANDENEA , EM (410) HNEES. [
Adjust weigtrt of eachH
componert!
| T~ 408
Reconstruct ime dorriain
signal -
\k 470

Fig. 4


https://share-analytics.zhihuiya.com/view/2f2ee051-c72a-4b33-bd47-27e5fbb1cd5f
https://worldwide.espacenet.com/patent/search/family/060971917/publication/EP3501381A1?q=EP3501381A1

