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(7) ABSTRACT

A method and corresponding apparatus employ a time-
varying spectral analysis approach for reconstructing a
heart-related signal that includes motion artifacts. The
motion artifacts are produced by motion of a biomedical
sensor relative to a sensing location. By comparing time-
varying spectra of the heart-related signal and a motion
signal, those frequency peaks resulting from the motion
artifacts may be suppressed in a time-varying spectrum of
the heart-related signal. The time-varying spectral analysis
based approach enables the heart-related signal to be recon-
structed with accuracy by suppressing the motion artifacts.
Example applications for the method and corresponding
apparatus include training aids (e.g., runners’ heart-rate
monitors) and hospital patient heart-rate monitors.
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METHOD AND APPARATUS FOR
REMOVING MOTION ARTIFACTS FROM
BIOMEDICAL SIGNALS

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/172,862 filed Jun. 9, 2015 and
U.S. Provisional Application No. 62/299,944 filed Feb. 25,
2016. The entire teachings of the above applications are
incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with government support
under Grant No. W81WH-12-1-0541 from the US Army
Medical Research and Material Command (USAMRMC).
The government has certain rights in the invention.

BACKGROUND

[0003] Heart rate monitors have become widely-used
training aids for a variety of sports. Some heart rate monitors
use sensors based on photoplethysmography (PPG) technol-
ogy. The PPG sensors include infrared light-emitting diodes
(LEDs) and photodetectors, and offer a simple, reliable,
low-cost means of monitoring pulse rate noninvasively, both
at rest and during exercise.

SUMMARY

[0004] During exercise and other activities, PPG and other
sensors may experience movement, such as shifting position
or rotating, relative to a sensing location (e.g., wrist or
finger). The movement typically results in an introduction of
a motion artifact in an electrical signal produced by the
sensor. The motion artifact may be interpreted by a proces-
sor as a heart-related signal if not addressed in advance of or
as part of the processing in the processor. By properly
addressing the motion artifact, an embodiment disclosed
herein has improved accuracy in reconstructing the heart-
related signal, thereby enabling processes that use the heart-
related signal to have better performance.

[0005] Accordingly, a method for reconstructing a heart-
related signal output by a biomedical sensor may comprise
reconstructing a representation of the heart-related signal to
produce a reconstructed representation of the heart-related
signal. The reconstructing may be based on (i) a time-
varying spectral analysis of the heart-related signal and a
motion signal, the motion signal output by a motion sensor
and representative of motion artifacts in the heart-related
signal, the motion artifacts being signal artifacts produced
by movement of the biomedical sensor relative to a sensing
location, and the classification of the movement may be
based on (i1) a classification of the movement. The method
may further comprise outputting the reconstructed represen-
tation of the heart-related signal.

[0006] The motion artifacts may be suppressed in the
reconstructed representation of the heart-related signal.
[0007] The time-varying spectral analysis may include
pre-processing the heart-related signal to produce a pre-
processed heart-related signal. In an event the classification
indicates that the movement does not rise to a level causing
the motion artifacts, the reconstructed representation may be
based on an average value of peak-to-peak intervals in the
pre-processed heart-related signal.

Dec. 15,2016

[0008] The pre-processing may include filtering the heart-
related signal to produce a filtered heart-related signal.
[0009] The pre-processing may further include down-
sampling the filtered heart-related signal, the down-sam-
pling being at a sampling rate less than an original sampling
rate.

[0010] The time-varying spectral analysis may include
computing a first time-frequency spectrum (TFS) of the
heart-related signal and computing a second TFS of the
motion signal.

[0011] The first TFS computed and the second TFS com-
puted may be 3-dimensional spectra, the first TFS computed
and the second TFS computed each including a respective
time-varying amplitude or power distribution with respect to
time and frequency.

[0012] The first TFS computed may be a first time-varying
power spectral density (PSD) and the second TFS computed
may be a second time-varying PSD.

[0013] The reconstructed representation may be a current
reconstructed representation. Based on the classification
indicating that the movement does rise to a level causing the
motion artifacts and is a pseudo-periodic movement or a
periodic movement, the reconstructing may include deter-
mining whether at least one spectral peak is present having
a corresponding frequency within a given frequency range at
a point in time in the first TFS computed, the current
reconstructed representation being reconstructed for the
point in time. Based on a determination that the at least one
spectral peak is not present, the current reconstructed rep-
resentation may be based on a prior reconstructed represen-
tation, the prior reconstructed representation associated with
a previous point in time in the first TFS computed. The given
frequency range may be 0.5 Hz to 3 Hz.

[0014] The reconstructing may include retaining up to a
pre-determined number of candidate spectral peaks located
at a first point in time in the first TFS computed. The
candidate spectral peaks retained may be based on having
corresponding frequencies within a given frequency range
and highest amplitude or power values relative to other
spectral peaks located at the first point in time, the other
spectral peaks having respective frequencies within the
given frequency range. The reconstructing may further
include discarding each of the candidate spectral peaks
retained that is associated with a same frequency as a
dominant spectral peak located at a second point in time in
the second TFS computed. The first point in time and the
second point time may have same time values. The given
frequency range may be 0.5 Hz to 3 Hz.

[0015] The representation may be a current representation
and the reconstructed representation may be a current recon-
structed representation. In an event the discarding discards
each of the candidate spectral peaks retained, reconstructing
the current representation may be based on a prior recon-
structed representation, the prior reconstructed representa-
tion associated with a previous point in time in the first TFS
computed, the previous point in time being an earlier point
in time with respect to the first point in time.

[0016] The discarding may be a first discarding, the rep-
resentation may be a current representation and, in an event
the first discarding results in at least one remaining candi-
date spectral peak retained, reconstructing the current rep-
resentation may further include second discarding. The
second discarding may discard remaining candidate spectral
peaks, of the at least one remaining candidate spectral peak
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retained, based on whether a corresponding frequency of the
at least one remaining candidate spectral peak retained is
distanced by at least a frequency difference threshold from
a prior reconstructed representation’s frequency. The prior
reconstructed representation associated with a previous
point in time in the first TFS computed. The previous point
in time may be an earlier point in time with respect to the
first point in time.

[0017] Based on each of the at least one remaining can-
didate spectral peak retained having been discarded by the
second discarding, reconstructing the current representation
may be based on the prior reconstructed representation.
Based on at least one last candidate spectral peak remaining,
the at least one last candidate spectral peak remaining not
discarded by the second discarding, reconstructing the cut-
rent representation may be based on a selected candidate
spectral peak. The selected candidate spectral peak may be
selected from amongst the at least one last candidate spectral
peak remaining having a closest corresponding frequency to
the prior reconstructed representation’s frequency relative to
respective frequencies of each of the at least one last
candidate spectral peak remaining.

[0018] The dominant spectral peak may have a largest
power or amplitude value relative to other peaks located at
the second point in time in the second TFS.

[0019] The retaining and the discarding may be based on
the classification indicating that the movement is a pseudo-
periodic movement or a periodic movement, and determin-
ing that at least one spectral peak with a corresponding
frequency in the given frequency range is present at the first
point in time.

[0020] The time-varying spectral analysis may further
include pre-processing the heart-related signal and the
motion signal for the computing of the first TFS and the
second TFS.

[0021] The pre-processing may include filtering the heart-
related signal and the motion signal to produce a filtered
heart-related signal and a filtered motion signal, respec-
tively. The pre-processing may further include down-sam-
pling both the filtered heart-related signal and the filtered
motion signal, the down-sampling being at a sampling rate
less than an original sampling rate.

[0022] The method may further include classifying the
classification of the movement by comparing an amount of
amplitude modulation in the second TFS computed to an
amplitude modulation threshold. The amplitude modulation
threshold may be dependent on a type of the motion detector
sensor. The classification may indicate whether the move-
ment rises to a level causing the motion artifacts based on a
result of the comparing. In an event the result indicates that
the movement does rise to the level causing the motion
artifacts, classifying the classification of the movement may
further include determining whether the movement is either
a pseudo-periodic movement or a periodic movement, ver-
sus a random movement.

[0023] In determining whether the movement is either the
pseudo-periodic movement or the periodic movement, ver-
sus the random movement, the method may further include
identifying a first, second, and third frequency associated,
respectively, with a first, second, and third spectral peak in
the second TFS at a point in time in the second TFS. The
first, second, and third peaks may have largest power or
amplitude values relative to other peaks in the second TFS
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at the point in time. The first spectral peak may be a largest
spectral peak amongst the first, second, and third spectral
peaks.

[0024] In determining whether the movement is either the
pseudo-periodic movement or the periodic movement, ver-
sus the random movement, the method may further include
computing a first ratio of the second frequency identified to
the first frequency identified. The method may determine a
first comparison result by comparing the first ratio computed
to a first ratio value. The method may compute a second ratio
of the third frequency identified to the first frequency
identified. The method may determine a second comparison
result by comparing the second ratio computed to a second
ratio value. The classification may further indicate the
movement is either the pseudo-periodic movement or the
periodic movement, versus the random movement, based on
the first comparison result and the second comparison result.
The first ratio value may be 2 and the second ratio value may
be 3.

[0025] The time-varying signal analysis may include pre-
processing the heart-related signal to produce a pre-pro-
cessed heart-related signal and, in an event the classification
of the movement indicates the random movement, the recon-
structing may include computing an average value of a
number of prior reconstructed representations outputted
prior to the reconstructing. The number may be based on a
duration of consecutive motion artifacts, detected prior to
the reconstructing. The time-varying signal analysis may
further include computing a bandpass filter cutoff frequency
based on the average value computed, and filtering the
pre-processed heart-rate signal by applying the band pass
filter computed to produce a filtered, pre-processed heart-
related signal. The reconstructed representation may be
based on an average peak-to-peak interval value of the
filtered, pre-processed heart-rate signal.

[0026] The heart-related signal and the motion signal may
be produced, concurrently.

[0027] The method may comprise segmenting the heart-
related signal into a plurality of windowed heart-related
signal data segments and segmenting the motion signal into
a corresponding plurality of windowed motion signal data
segments. The method may comprise repeating the recon-
structing and the outputting for each windowed heart-related
signal data segment and each corresponding motion signal
data segment. The time window may be a value in a range
from 2 to 32 seconds.

[0028] The biomedical sensor may be at least one of: a
photoplethysmogram (PPG) sensor, piezoelectric sensor,
Light Emitting Diode (LED) based sensor, camera sensor,
and pulse oximeter sensor, and the motion sensor may be an
accelerometer.

[0029] The biomedical sensor and the motion sensor may
be co-located.
[0030] The method may further comprise employing the

reconstructed representation to determine a heart rate esti-
mate.

[0031] The method may further comprise employing the
reconstructed representation to determine an arterial oxygen
saturation (SpO2) estimate.

[0032] The method may further comprise employing the
reconstructed representation to detect or predict a heart-
related ailment. The heart-related ailment may include at
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least one of a heart rate variability (HRV) condition, atrial
fibrillation condition, congestive heart failure condition, and
tachycardia condition.

[0033] The reconstructing and the outputting may be per-
formed in real-time with respect to production of the heart-
related signal and the motion signal.

[0034] The reconstructing and the outputting may be per-
formed in non-real-time with respect to production of the
heart-related signal and the motion signal.

[0035] According to another embodiment, an apparatus
for reconstructing a heart-related signal output by a bio-
medical sensor may comprise a reconstruction unit. The
reconstruction unit may be configured to reconstruct a
representation of the heart-related signal to produce a recon-
structed representation of the heart-related signal, the recon-
structing based on (1) a time-varying spectral analysis of the
heart-related signal and a motion signal, the motion signal
output by a motion sensor and representative of motion
artifacts in the heart-related signal, the motion artifacts being
signal artifacts produced by movement of the biomedical
sensor relative to a sensing location, and (ii) a classification
of the movement. The apparatus may further comprise an
output unit configured to output the reconstructed represen-
tation of the heart-related signal.

[0036] Yet another example embodiment may include a
non-transitory computer-readable medium having stored
thereon a sequence of instructions which, when loaded and
executed by a processor, causes the processor to complete
methods disclosed herein.

[0037] It should be understood that embodiments dis-
closed herein can be implemented in the form of a method,
apparatus, system, or computer readable medium with pro-
gram codes embodied thereon.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0039] The foregoing will be apparent from the following
more particular description of example embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating embodiments of the present invention.

[0040] FIG. 1 is a block diagram of an example applica-
tion for which embodiments disclosed herein may be
applied.

[0041] FIG. 2 is a flow diagram of an example embodi-
ment of a method for reconstructing a heart-related signal
output by a biomedical sensor.

[0042] FIGS. 3A-C are flow diagrams of example embodi-
ments of a method for reconstructing a heart-related signal
output by a biomedical sensor.

[0043] FIG. 4 is a block diagram of an example embodi-
ment of a system.

[0044] FIG. 5 is a block diagram of an example embodi-
ment of an apparatus for reconstructing a heart-related signal
output by a biomedical sensor.

[0045] FIGS. 6A-6C show Time-Frequency spectra of a
recording from a dataset.
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[0046] FIG. 7 is a filtered time-frequency spectral plot of
a photoplethysmogram (PPG) signal.

[0047] FIGS. 8A-8B show motion artifact detection in a
PPG spectrum according to embodiments disclosed herein.
[0048] FIG. 9 shows a comparison of reconstructed heart
rate (HR) obtained, according to embodiments disclosed
herein, to reference HR obtained from simultaneous elec-
trocardiogram (ECG) recordings.

[0049] FIG. 10A is an example embodiment of PPG signal
reconstruction according to embodiments disclosed herein.
[0050] FIG. 10B is a zoomed-in version of FIG. 10A.
[0051] FIGS. 11A-B show comparisons of heart rate vari-
ability (HRV) spectra between a reference and a recon-
structed HRV time series (e.g., as shown in FIGS. 10A-B)
from a motion artifact-contaminated PPG signal for a given
dataset.

[0052] FIGS. 12A, 12B, 13A, 13B, 14A, and 14B show
the reconstructed HR and corresponding power spectral
density (PSD) of a sample-sample windowed HR, according
to embodiments disclosed herein, in comparison to a refer-
ence HR from an ECG.

[0053] FIGS. 15A-B show an example resultant variable
frequency complex demodulation (VFCDM) time-fre-
quency spectrum of recordings from a given subject.
[0054] FIG. 16 shows twelve components corresponding
to the Infrared (IR) and Red signal for the given subject.
[0055] FIGS. 17A-C are example spectra plots corre-
sponding to three scenarios.

[0056] FIG. 18A shows a representative filtered time-
frequency spectral plot of PPG recording from subject #5.
[0057] FIG. 18B shows tracking of HR based on embodi-
ments disclosed herein.

[0058] FIGS. 19A-B represent comparisons of an esti-
mated 8 second moving average HR from a spectral
approach for filtering motion artifacts for oxygen saturation
estimation (OxiMA) method to a reference HR, and an HR
calculated from a motion-corrupted PPG signal compared to
a reference HR from an ECG, respectively.

[0059] FIGS. 20A-C are example plots of data showing
less motion-corrupted data that can be used for oxygen
saturation estimation.

[0060] FIGS. 21A-C and FIGS. 22A-B show recon-
structed arterial oxygen saturation (SpO2) and HR in com-
parison to the reference HR from ECG recordings for the
given subject.

[0061] FIG. 23 is a block diagram of an example internal
structure of a computer optionally within an embodiment
disclosed herein.

DETAILED DESCRIPTION

[0062] A description of example embodiments of the
invention follows.

[0063] Accurate estimation of a heart rate (HR) and
changing arterial oxygen saturation (SpQ2) from a heart-
related signal, such as a photoplethysmogram (PPG) signal,
during intense physical activity is a very challenging prob-
lem. This is because strenuous and high intensity exercise
can result in severe motion artifacts (MAs) in the heart-
related signal, making accurate HR and SpO2 estimation
difficult.

[0064] HR monitoring using PPG signals has many advan-
tages compared to using traditional ECG sensors, such as
simpler hardware implementation, lower cost, and no need
for daily application of electrodes (Salehizadeh, S. M. A., et
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al., Photoplethysmograph Signal Reconstruction based on a
Novel Motion Artifact Detection-Reduction Approach. Part
1I: Motion and Noise Artifact Removal. Annals of Biomedi-
cal Engineering, 2014. 42(11): p. 2251-2263). Fluctuations
of the PPG signal are caused by changes in arterial blood
volume associated with each heartbeat, where the magnitude
of the fluctuations depends on the amount of blood rushing
into the peripheral vascular bed, the optical absorption of the
blood, skin, and tissue, and the wavelength used to illumi-
nate the blood. The pulse oximeter signal contains not only
the blood oxygen saturation and heart rate (HR) data, but
also other vital physiological information (Chon, K. H., S.
Dash, and J. Kihwan, Estimation of Respiratory Rate From
Photoplethysmogram Data Using Time- Frequency Spectral
Estimation. Biomedical Engineering, IEEE Transactions on,
2009. 56(8): p. 2054-2063; Lee, I. and K. H. Chon, Respi-
ratory Rate Extraction Via an Autoregressive Model Using
the Optimal Parameter Search Criterion. Annals of Biomedi-
cal Engineering, 2010. 38(10): p. 3218-3225; Dash, S., etal,,
Estimation of Respiratory Rate From ECG, Photoplethys-
mogram, and Piezoelectric Pulse Transducer Signals: A
Comparative Study of Time— Frequency Methods. Biomedi-
cal Engineering, IEEE Transactions on, 2010. 57(5): p.
1099-1107; Jinseok, L. and K. H. Chon, Time-Varying
Autoregressive Model-Based Multiple Modes Particle Fil-
tering Algorithm for Respiratory Rate Extraction From Pulse
Oximeter. Biomedical Engineering, IEEE Transactions on,
2011. 58(3): p. 790-794. The fluctuations of PPG signals
contain the influences of arterial, venous, autonomic and
respiratory systems on the peripheral circulation. Utilizing a
pulse oximeter as a multi-purpose vital sign monitor has
clinical appeal, since it is familiar to the clinician and
comfortable for the patient (Salehizadeh, S. M. A, et al,,
Photoplethysmograph Signal Reconstruction based on a
Novel Motion Artifact Detection-Reduction Approach. Part
1I: Motion and Noise Artifact Removal. Annals of Biomedi-
cal Engineering, 2014. 42(11): p. 2251-2263). Even simple
knowledge of HR patterns would provide more useful
clinical information than just HR and blood oxygenation,
especially in situations in which a pulse oximeter is the sole
monitor available. One major example of such benefits can
be seen in a study by Chong et al. which shows that accurate
detection of atrial fibrillation can be obtained from PPG data
(Jo Woon, C., et al., Arrthythmia Discrimination Using a
Smart Phone. Biomedical and Health Informatics, IEEE
Journal of, 2015. 19(3): p. 815-824). In addition to the
acquisition of HR in response to exercise, research has
recently focused on obtaining HRV information from wear-
able sensors including devices that use PPGs (Achten, J. and
A. E. Jeukendrup, Heart rate monitoring: applications and
limitations. Sports medicine (Auckland, N.Z.), 2003. 33(7):
p. 517-538). Increased HRV has been associated with lower
mortality rates and is affected by both age and sex (Achten,
J. and A. E. Jeukendrup, Heart rate monitoring: applications
and limitations. Sports medicine (Auckland, N.Z.), 2003.
33(7): p. 517-538). During graded exercise, the majority of
studies show that HRV decreases progressively up to mod-
erate intensities, after which it stabilizes (Laughlin, M. H.,
Cardiovascular response to exercise. Am J Physiol, 1999.
277(6 Pt 2): p. S244-59). Although there are many promis-
ing and attractive features of using pulse oximeters for vital
sign monitoring, currently they are mainly used on station-
ary patients. This is because motion artifacts (MAs) result in
unreliable HR and SpQ, estimation (Salehizadeh, S. M. A.,
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et al., Photoplethysmograph Signal Reconstruction based on
a Novel Motion Artifact Detection-Reduction Approach.
Part II: Motion and Noise Artifact Removal. Annals of
Biomedical Engineering, 2014. 42(11): p. 2251-2263). Cli-
nicians have cited motion artifacts in pulse oximetry as the
most common cause of false alarms, loss of signal, and
inaccurate readings (Jubran, A., Pulse oximetry. Crit Care,
1999. 3(2): p. R11-r17). During physical activities, MA
contamination in PPG signals seriously interferes with HR
estimation. The MAs are mainly caused by ambient light
leaking into the gap between the PPG sensor surface and
skin surface. Besides, the change in blood flow due to
movements is another MA source (Maeda, Y., M. Sekine,
and T. Tamura, Relationship between measurement site and
motion artifacts in wearable reflected photoplethysmogra-
phy. I Med Syst, 2011. 35(5): p. 969-76). In practice, MAs
are difficult to remove because they do not have a predefined
narrow frequency band and their spectrum often overlaps
that of the desired signal (Thakor, N. V. and Y. S. Zhu,
Applications of adaptive filtering to ECG analysis: noise
cancellation and arrhythmia detection. IEEE Trans Biomed
Eng, 1991.38(8): p. 785-94). Consequently, development of
methods capable of reconstructing the corrupted signal and
removing artifacts is challenging. There are a number of
general techniques used for artifact detection and removal.
One of the methods used to remove motion artifacts is
adaptive filtering (Diniz, P., Adaptive filtering: algorithms
and practical implementation. 2008: Springer Science, Busi-
ness Media L.L.C., Kalman, R. E., A New Approach to
Linear Filtering and Prediction Problems Transactions of the
ASME-Journal of Basic Engineering, 1960. Series D(82);
Morbidi, F., et al., Application of Kalman Filter to Remove
TMS-Induced Artifacts from EEG Recordings. Control Sys-
tems Technology, IEEE Transactions on, 2008. 16(6): p.
1360-1366; Seyedtabaii, S.S.a.L., Kalman filter based adap-
tive reduction of motion artifact from photoplethysmo-
graphic signal. World Academy of Science, Engineering and
Technology, 2008. 37). An adaptive filter is easy to imple-
ment and it also can be used in real-time applications,
though the requirement of additional sensors to provide
reference inputs is the major drawback of such methods.
There are many motion and noise artifact reduction tech-
niques based on the concept of blind source separation
(BSS). The aim of BSS is to estimate a set of uncorrupted
signals from a set of mixed signals which is assumed to
contain both the clean and noisy sources (Salehizadeh, S. M.
A., et al., Photoplethysmograph Signal Reconstruction
based on a Novel Motion Artifact Detection-Reduction
Approach. Part II: Motion and Noise Artifact Removal.
Annals of Biomedical Engineering, 2014. 42(11): p. 2251-
2263). Some of the popular BSS techniques are independent
component analysis (ICA) (Comon, P., Independent com-
ponent analysis, A new concept? Signal Processing, 1994.
36(3): p. 287-314), canonical correlation analysis (CCA)
(Thompson, B., Canonical Correlation Analysis: Uses and
Interpretation. 1984: SAGE Publications), principle compo-
nent analysis (PCA) (Jolliffe, 1. T., Principal Component
Analysis. 2 ed. Springer Series in Statistics. 2002: Springer-
Verlag New York. 488), and singular spectrum analysis
(SSA) (Salehizadeh, S. M. A., et al., Photoplethysmograph
Signal Reconstruction based on a Novel Motion Artifact
Detection-Reduction Approach. Part IT: Motion and Noise
Artifact Removal. Annals of Biomedical Engineering, 2014.
42(11): p. 2251-2263; Elsner, I. B. and A. A. Tsonis,
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Singular Spectrum Analysis: A New Tool in Time Series
Analysis. 1996: Springer). Kim and Yoo (Kim, B. S. and S.
K. Yoo, Motion artifact reduction in photoplethysmography
using independent component analysis. IEEE Trans Biomed
Eng, 2006. 53(3): p. 566-8) suggested using a basic ICA
method and block interleaving to remove MA. Krishnan et
al. (Krishnan, R., B. Natarajan, and S. Warren, Two-Stage
Approach for Detection and Reduction of Motion Artifacts
in Photoplethysmographic Data. Biomedical Engineering,
IEEE Transactions on, 2010. 57(8): p. 1867-1876) later
proposed using frequency-domain-based ICA. However, the
key assumption in ICA, namely statistical independence or
uncorrelation, does not hold in PPG signals contaminated by
MA (Yao, I. and S. Warren, A short study to assess the
potential of independent component analysis for motion
artifact separation in wearable pulse oximeter signals. Conf
Proc IEEE Eng Med Biol Soc, 2005. 4: p. 3585-8). Sale-
hizadeh et al. (Salehizadeh, S. M. A., et al., Photoplethys-
mograph Signal Reconstruction based on a Novel Motion
Artifact Detection-Reduction Approach. Part I1: Motion and
Noise Artifact Removal. Annals of Biomedical Engineering,
2014. 42(11): p. 2251-2263) proposed a motion artifact
removal method using SSA. In Salehizadeh, S. M. A, et al,
Photoplethysmograph Signal Reconstruction based on a
Novel Motion Artifact Detection-Reduction Approach. Part
1I: Motion and Noise Artifact Removal. Annals of Biomedi-
cal Engineering, 2014. 42(11): p. 2251-2263, SSA is used to
decompose the corrupted segment adjacent to the clean
segment and the SSA components are chosen in the cor-
rupted segment that have a similar frequency range to that of
the adjunct clean components. Although Salehizadeh, S. M.
A., et al., Photoplethysmograph Signal Reconstruction
based on a Novel Motion Artifact Detection-Reduction
Approach. Part II: Motion and Noise Artifact Removal.
Annals of Biomedical Engineering, 2014. 42(11): p. 2251-
2263 reports good performance, the method cannot be
applied in scenarios where the HR and SpO, are varying
rapidly due to corruption and movement. Acceleration data
are also shown to be helpful to remove MA. For example,
Fukushima et al. (Fukushima, H., et al., Estimating heart rate
using wrist-type Photoplethysmography and acceleration
sensor while running. Conf Proc IEEE Eng Med Biol Soc,
2012. 2012: p. 2901-4) suggested a spectral subtraction
technique to remove the spectrum of acceleration data from
that of a PPG signal. Acceleration data can be also used to
reconstruct the observation model for Kalman filtering
(Boreom Lee, J. H., Hyun Jae Baek, Jae Hyuk Shin, Kwang
Suk Park and Won Jin Yi, Improved elimination of motion
artifacts from a photoplethysmographic signal using a Kal-
man smoother with simultaneous accelerometry. Physiologi-
cal Measurement, 2010. 31(12): p. 1585) to remove MA.

[0065] Two noteworthy methods are TROIKA and JOSS
(Zhilin, Z., P. Zhouyue, and L. Benyuan, TROIKA: A
General Framework for Heart Rate Monitoring Using Wrist-
Type Photoplethysmographic Signals During Intensive
Physical Exercise. Biomedical Engineering, IEEE Transac-
tions on, 2015. 62(2): p. 522-531; Zhang, 7., Photoplethys-
mography-Based Heart Rate Monitoring in Physical Activi-
ties via Joint Sparse Spectrum Reconstruction. Biomedical
Engineering, IEEE Transactions on, 2015. PP(99): p. 1-1) in
which sparsity-based spectrum estimation and spectral peak
tracking with verification, are used to estimate and monitor
heart rate during intensive physical activity, respectively.
Both approaches make use of PPG and accelerometer infor-
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mation to obtain an accurate estimation of heart rate while
running on a treadmill. TROIKA has two extra stages of
signal decomposition and reconstruction using singular
spectrum analysis (SSA) and then applies temporal differ-
ence operations on the SSA-reconstructed PPG. SSA com-
ponents are compared to the accelerometer signals and those
components with close frequencies to the accelerometer
signals are discarded and the rest are used to reconstruct the
signal. In JOSS and TROIKA, spectral peak tracking with
verification aims to select the spectral peaks corresponding
to HR. JOSS, which has been shown to estimate HR more
accurately than TROIKA, is based on the idea that the
spectra of PPG signals and simultaneous acceleration signals
have some common spectrum structures, and, thus, formu-
lates the spectrum estimation of these signals into a joint
sparse signal recovery model using the multiple measure-
ment vector (MMV) model. MMV is used for joint spectrum
estimation based on PPG and accelerometer data, which is
in contrast to the single measurement vector (SMV) model
that was used in TROIKA and was based on only a single
PPG signal. Although JOSS has been shown to be much
more accurate than previous methods for reconstruction of
heart rate from MA-contaminated PPG signals, the main
disadvantage of the method is it can merely provide
smoothed HR reconstruction estimations. Neither time-do-
main PPG signal reconstruction nor heart rate variability
analysis can be done using JOSS or TROIKA. Temko
proposed an approach to HR estimation based on Wiener
Filtering and the Phase Vocoder (WFPV) (Temko, A. Esti-
mation of Heart Rate from Photoplethysmography during
Physical Exercise using Wiener Filtering and the Phase
Vocoder. in IEEE EMBS International Conference on Engi-
neering in Medicine and Biology. 2015. Milan, Italy: IEEE).
This work showed that WFPV on average can perform better
than JOSS. The main idea of WFPV is to estimate motion
artifacts from accelerometer signals and then use a Weiner
filter to attenuate the motion components in the PPG signal.
Phase vocoder is also applied to overcome the limited
resolution of the Fourier transform and to refine the initial
dominant frequency estimation.

[0066] According to embodiments disclosed herein, a
motion-corrupted heart-related signal, such as a PPG signal,
may be reconstructed by employing a method that is based
on a time-varying spectral analysis. A method for recon-
structing a heart-related signal based on the time-varying
spectral analysis for HR estimation may be referred to
interchangeably herein as a spectral approach for filtering
motion artifacts (SpaMA) method or SpaMA. A method for
reconstructing the heart-related signal based on the time-
varying spectral analysis for SpO2 estimation may be
referred to interchangeably herein as a spectral approach for
filtering motion artifacts for oxygen saturation estimation
(OxiMA) method or OxiMA.

[0067] FIG. 1 is a block diagram 100 of an example
application for which embodiments disclosed herein may be
applied. In FIG. 1, a subject 102 is running on a treadmill
104. The subject 102 is wearing a wrist band 106 that
includes a biomedical sensor 108 that produces a heart-
related signal 110. The heart-related signal 110 that is
produced by the biomedical sensor 108 includes motion
artifacts that are signal artifacts produced by movement of
the biomedical sensor 108 relative to a sensing location (not
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shown). The wrist band 106 may be any suitable type of
wrist band, for exaniple, the wrist band 106 may be a smart
watch.

[0068] The biomedical sensor 108 may be a PPG sensor,
or any other suitable biomedical sensor, and the heart-related
signal 110 may be a PPG signal, or any other suitable
heart-related signal. The sensing location may a skin surface
of an area on the subject’s wrist where the wrist band 106 is
worn, or any other suitable sensing location at which the
biomedical sensor 108 senses the heart-related signal 110.
For example, the sensing location may be a skin surface on
the subject’s forehead, and a head band including the
biomedical sensor 108 or maintain the biomedical sensor
108 at the sensing location may be used instead of the wrist
band 106.

[0069] Physical activity of the subject 102 may cause
movement of the wrist band 106, and, thus, movement of the
biomedical sensor 108, resulting in a gap between the PPG
sensor and the sensing location. Ambient light may leak into
the gap inducing spectrum corruption in the PPG signal.
This is because the power of the PPG signal is dependent on
a depth and reflection of the PPG light from the PPG sensor
to the subject’s skin. As such, strenuous and high intensity
exercise of the subject 102, such as running or any other
suitable activity, may result in movement that rises to a level
causing motion artifacts in the heart-related signal 110.
According to embodiments disclosed herein, the heart-re-
lated signal 110 may be reconstructed 112, producing a
reconstructed heart-related signal with the motion artifacts
suppressed 114. The reconstructed heart-related signal with
the motion artifacts suppressed 114 may be used to accu-
rately estimate HR, SpO2, or any other suitable heart-related
estimate. As such, the reconstructed heart-related signal may
be employed to detect or predict a heart-related ailment. The
heart-related ailment may include at least one of a heart rate
variability (HRV) condition, atrial fibrillation condition,
congestive heart failure condition, and tachycardia condi-
tion.

[0070] It should be understood that the PPG sensor is one
example of a biomedical sensor, the PPG signal is one
example of a heart-related signal, and that any suitable type
of biomedical sensor may be employed to produce any
suitable type of a heart-related signal. Further, movement of
the biomedical sensor 108 relative to the sensing location
may be caused by any suitable source of the movement that
causes movement of the biomedical sensor 108 relative to
the sensing location. It should also be understood that a
subject referred to herein may be any living being, such as
a person or an animal, and may be referred to interchange-
ably herein as a user.

[0071] FIG. 2 is a flow diagram 200 of an example
embodiment of a method for reconstructing a heart-related
signal output by a biomedical sensor. The example embodi-
ment of the method of FIG. 2 may be applied to either
SpaMA or OxiMA and may be applied to other applications
that produce a heart-related estimate. The method may start
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(202) and reconstruct a representation of the heart-related
signal to produce a reconstructed representation of the
heart-related signal. The reconstructing may be based on (i)
a time-varying spectral analysis of the heart-related signal
and a motion signal, the motion signal output by a motion
sensor and representative of motion artifacts in the heart-
related signal, the motion artifacts being signal artifacts
produced by movement of the biomedical sensor relative to
a sensing location, and (ii) a classification of movement
(204). The method may output the reconstructed represen-
tation of the heart-related signal (206), and the method
thereafter ends (208) in the example embodiment.

[0072] The method may comprise segmenting the heart-
related signal into a plurality of windowed heart-related
signal data segments and the motion signal into a corre-
sponding plurality of windowed motion signal data seg-
ments and repeating the reconstructing and the outputting
for each windowed heart-related signal data segment and
each corresponding motion signal data segment. The time
window may be a value in a range from 2 to 32 seconds. For
example, the window[k] of raw PPG data of FIG. 3A,
element 304, disclosed below, and the window[k] of raw
accelerometer data shown in FIG. 3A, element 310, dis-
closed below, may each include data from the respective
PPG and accelerometer signals that may be collected over a
time window from 2 to 32 seconds. According to one
embodiment, the time window may be 8 seconds.

[0073] The method may employ the reconstructed repre-
sentation to determine a heart rate estimate. The method may
employ the reconstructed representation to determine an
arterial oxygen saturation (SpO2) estimate. The method may
employ the reconstructed representation to detect or predict
a heart-related ailment. The heart-related ailment may
include at least one of a heart rate variability (HRV) con-
dition, atrial fibrillation condition, congestive heart failure
condition, and tachycardia condition.

[0074] The heart-related signal and the motion signal may
be produced, concurrently.

[0075] According to some embodiments, the biomedical
sensor may be at least one of: a photoplethysmogram (PPG)
sensor, piezoelectric sensor, Light Emitting Diode (LED)
based sensor, camera sensor, and pulse oximeter sensor. The
motion sensor may be an accelerometer, or any other suit-
able device that produces a motion signal. If an accelerom-
eter, the accelerometer may be a 3-axial type accelerometer,
or any other suitable type of accelerometer. The biomedical
sensor and the motion sensor may be co-located. For
example, the wrist band 106 of FIG. 1, disclosed above, may
be a smartwatch and the biomedical sensor and motion
sensor may be a PPG sensor and an accelerometer, respec-
tively, that are both disposed in the smartwatch or other
suitable wearable device.

[0076] FIGS.3A-C are flow diagrams of example embodi-
ments of a method for reconstructing a heart-related signal
output by a biomedical sensor based on embodiments dis-
closed in Tables 1-3, disclosed below. The method may be
either a SpaMA or OxiMA method.

TABLE 1

Stages 1 and 2

Stage 1. Time-Varying Spectral analysis (see FIG. 3A)
1.1. Filter the PPG and Accelerometer signal with cutoff frequency [1, 50)/Fs/2 Hz.
1.2. Down sample the PPG and Accelerometer signal to Y4 of original sampling rate (Fs).
1.3. Compute the time frequency spectrum of both PPG and Accelerometers [0-10 Hz].



US 2016/0361021 Al

TABLE 1-continued

Stages 1 and 2

Stage 2. Movement Classification (see FIG. 3A)

2.1. Check each accelerometer (X, Y or Z) amplitude medulation at each window and

compare to a pre-defined motion amplitude threshold. (The threshold varies depending on

the type of accelerometer sensor).

Signal is clean if AM [Acc, , , . (K] < Motion_ Threshold and the signal is corrupted by

motion otherwise. If the signal is clean calculate the Heart Rate from peak-to-peak intervals,
otherwise go to step 2.2
2.2. If the signal is corrupted check if the movement is pseudo-periodic (e.g. during walk, jog,
run) or non-periodic (e.g. any random movements)
The assumption is when movement is pseudo-pericdic the accelerometer data should
comprised of a fundamental frequency component and harmonics of the fundamental
frequency at its double and third frequency band. This means the ratio of the first harmonic to
the fundamental frequency should be almost 2 and the second harmonic to the fundamental
should be around 3.

2.2.1. Extract the fundamental frequency component, the 15 and 2" harmonics from
(e.g., VECDM) time-frequency spectrum of accelerometers. The first three
highest peaks in spectral array should represent the fundamental, 15 and 2”9
harmonics as long as the movement is pseudo-periodic.

2.2.2. Calculate the ratio of the extracted lst and 2nd fundamental frequency to the
extracted fundamental frequency. If the ratios are close to 2 and 3, this indicates
that the movement is most likely pseudo-periodic otherwise it is non-periodic.

2.2.3. If the movement is pseudo-periodic do the Stages 3-5 (See Table 2 and FIG.
3B), otherwise go to Stage 6 (See Table 3 and FIG. 3C).

TABLE 2

Stages 3-5

Stage 3. Spectral Filtering (see FIG. 3B)
3.1. Assume HR to be in the frequency range of [0.5 Hz-3 Hz], this accounts for both low and
high heart rates.
3.2. The first highest three peaks and their corresponding frequencies in the PPG filtered
spectrum are assumed to have HR information.
3.3. Only the largest frequency peak (that represents the fundamental frequency of movement)
of the accelerometers’ spectra is used for motion artifact detection in Stage 4.

Stage 4. Motion Artifact Detection (see FIG. 3B)
4.1. Compare the frequencies of the three peaks in the PPG spectrum with the frequency of
the
largest peak in the accelerometers’ spectra, If the first or second largest peaks in the PPG
spectrum are similar to that of the accelerometers’ peaks, then motion artifact is present in the
PPG.
4.2. If motion artifact is detected from 3.1, then the corresponding frequency peak (usually the
first or second largest peak) in the PPG spectrum should be discarded.

Stage 5. Heart Rate Tracking and Extraction from PPG Spectrum (see FIG. 3B)
Case (1): From 3.1- if the spectrum is corrupted by movement and only the first largest peak
is
corrupted, then the HR frequency should be the frequency of the second peak in the spectrum.
Case (2): From 3.1- if the spectrum is corrupted by movement and both the first and second
largest peaks have similar frequencies to those of the accelerometers’ peaks, then the HR
frequency should be the frequency of the third peak in the spectrum.
Case (3): Due to a gap between the pulse oximeter and a subject’s skin, the HR frequency
cannot be extracted from the spectrum and in this case the previous HR frequency is used or
for offline implementation a cubic spline interpolation can be applied to fill in the missing HR
information.

TABLE 3 TABLE 3-continued
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Stage 6 Stage 6

Stage 6. Adaptive Bandpass Filtering (nen-periodic movements) (see FIG.
30) 6.1. Set averaging window length tom (e.g. m =5
When the movement is random and non-periodic it is difficult or average of recent m estimated HR values.

not possible to identify HR trace from time-frequency spectrum

(for example if stage 5 is not applicable). In this case

which may happen more often, a new procedure is adopted that is HR B i i HR(k- )

called adaptive bandpass filtering. The assumption here is that HR T m
does not deviate more than 10 bpm from the average of

previous m HR values within 2 seconds.

=1

) and calculate the
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TABLE 3-continued

Stage 6

Where k is the current window. The window length m = 5 should
only be used for up to 10 seconds of consecutive motion artifact
corrupted datapoints. If motion corrupted data last

more than 10 seconds, m should be increased to more than 5.

6.2. Take the most recent estimated HR value and calculate
bandpass filter cutoff frequency.

Feuog= [HRpyavg = 10, HR . + 10]/60/Fs/2

Design a bandpass filter of order 4 with cutoff frequency (F g, 0p-
Apply the filter on the PPG segment.

6.3. Calculate HR from peak-to-peak intervals of the filtered

data segment obtained from 6.2.

Take the average of the instantaneous HR as estimated HR value at win-
dow k.

[0077] FIG. 3A is a flow diagram (300) of an example
embodiment of a method for a time-varying spectral analysis
and movement classification, as disclosed in Stage 1 (time-
varying spectral analysis) and Stage 2 (movement classifi-
cation), respectively, in Table 1, for reconstructing the
representation. The method may start (302) and the time-
varying spectral analysis may be employed on a first win-
dowed segment window[k] of raw PPG data (304) and a
second windowed segment window([k] of raw accelerometer
(ACC) data (310). The raw PPG data (304) and the raw ACC
data (310) may be extracted from a heart-related signal that
is a PPG signal and a motion signal that is an accelerometer
signal, respectively.

[0078] As disclosed in Stage 1 of Table 1, the time-varying
spectral analysis of FIG. 3A may include pre-processing the
heart-related signal (306) to produce a pre-processed heart-
related signal. The pre-processing (306) may include filter-
ing the heart-related signal to produce a filtered heart-related
signal. The pre-processing (306) may further include down-
sampling the filtered heart-related signal, the down-sam-
pling being at a sampling rate less than an original sampling
rate, to produce a down-sampled, filtered heart-rate signal.
The time-varying spectral analysis may further include
pre-processing the motion signal (312) to produce a pre-
processed motion signal. The pre-processing (312) may
include filtering the motion signal to produce a filtered
motion signal. The pre-processing (312) may further include
down-sampling the filtered motion signal, the down-sam-
pling being at a sampling rate less than an original sampling
rate, to produce a down-sampled, filtered motion signal.
[0079] As further disclosed in Stage 1 of Table 1, the
time-varying spectral analysis of FIG. 3A may include
computing a first time-frequency spectrum (TFS) to produce
a first TFS (308) of the down-sampled, filtered heart-related
signal and computing a second TFS to produce a second TFS
(314) of the down-sampled, filtered motion signal. Accord-
ing to some embodiments, filtering and down-sampling of
the heart-related signal and motion signal for computing the
first TFS (308) and the second TFS (314), respectively, may
be optional. The first TFS (308) (also referred to inter-
changeably herein as the first TFS computed) and the second
TFS (314) (also referred to interchangeably herein as the
second TFS computed) may be 3-dimensional spectra, the
first TFS computed and the second TFS computed each
including a respective time-varying amplitude or power
distribution with respect to time and frequency.

[0080] For example, the first TFS computed may be a first
time-varying power spectral density (PSD) and the second
TFS computed may be a second time-varying PSD. A
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time-frequency technique, such as a variable frequency
complex demodulation (VFCDM), disclosed in U.S. Pat.
No. 8,388,543 B2, incorporated herein in its entirety by
reference, may be used for computing the first TFS (308),
that is, a TFS of the PPG signal, and the second TFS (314),
that is, a TFS of the accelerometer signal. However, it should
be understood that any suitable time-frequency technique
may be used, such as a smoothed pseudo wigner-ville
method, or a wavelet based method.

[0081] As disclosed in Stage 2 of Table 1, classifying the
classification of the movement (316) in FIG. 3A may include
comparing an amount of amplitude modulation in the second
TFS (314) computed to an amplitude modulation threshold.
The amplitude modulation threshold may be dependent on a
type of the motion detector sensor, such as a type of the
accelerometer. The classification of the movement may
indicate whether the movement rises to a level causing
motion artifacts in the heart-related signal, that is, the PPG
signal, based on a result of the comparing, as disclosed in
Stage 2 of Table 1.

[0082] In an event the movement classification (316) of
FIG. 3A indicates that the movement does not rise to a level
causing the motion artifacts (322), a peak-peak interval (PP)
of the filtered heart-related signal, or alternatively, the
filtered, down-sampled heart-rate signal, may be computed
(318) and the reconstructed representation HR(k) may be
based on an average value of peak-to-peak intervals (320) in
the pre-processed heart-related signal, and the method there-
after ends (325) in the example embodiment.

[0083] In an event the movement classification (316)
indicates that the movement does rise to the level causing the
motion artifacts (323), classifying the classification of the
movement may further include determining (324) whether
the movement is either a pseudo-periodic movement or a
periodic movement, versus a random movement, as dis-
closed in Stage 2 of Table 1.

[0084] With reference to Stage 2 of Table 1, in determin-
ing whether the movement is either the pseudo-periodic
movement or the periodic movement, versus the random
movement, the method may further include identifying a
first, second, and third frequency associated, respectively,
with a first, second, and third spectral peak in the second
TFS at a point in time in the second TFS. The first, second,
and third peaks may have largest power or amplitude values
relative to other peaks in the second TFS at the point in time.
The first spectral peak may be a largest spectral peak
amongst the first, second, and third spectral peaks.

[0085] In determining whether the movement is either the
pseudo-periodic movement or the periodic movement, ver-
sus the random movement, the method may compute a first
ratio of the second frequency identified to the first frequency
identified. The method may determine a first comparison
result by comparing the first ratio computed to a first ratio
value. The method may compute a second ratio of the third
frequency identified to the first frequency identified and
determine a second comparison result by comparing the
second ratio computed to a second ratio value. The classi-
fication may further indicate the movement is either the
pseudo-periodic movement or the periodic movement, ver-
sus the random movement, based on the first comparison
result and the second comparison result. The first ratio value
may be 2 and the second ratio value may be 3. The
classification of the movement may be periodic if the first
ratio and the second ratio are exactly 2 and 3, respectively,
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while the classification of the movement may be pseudo-
periodic if the first ratio and the second ratio are approxi-
mately 2 and 3, respectively, within a pre-determined level
of accuracy.

[0086] In an event the classification of the movement is
periodic or pseudo-periodic, the method of FIG. 3A may
continue with the method of FIG. 3B, disclosed below. In an
event the classification of the movement is random, the
method of FIG. 3A continues to the method of FIG. 3C,
disclosed below.

[0087] FIG. 3B is a flow diagram (330) of an example
embodiment of a method for spectral filtering, motion arti-
fact detection, and heart rate tracking and extraction, as
disclosed in Stages 3, 4, and 5, respectively, of Table 2, for
reconstructing the representation. The reconstructed repre-
sentation may be referred to herein as a current recon-
structed representation or HR(k). As disclosed above with
regard to FIG. 3A, in an event the classification of the
movement (316) is periodic or pseudo-periodic, the method
of FIG. 3A may continue with the method of FIG. 3B.
[0088] The method of FIG. 3B may start (331) and retain
(332) up to a pre-determined number N of candidate spectral
peaks located at a first point in time in the first TFS, that is,
the first TFS from FIG. 3A. It should be understood that the
method of FIG. 3B may be performed for each point in time
of the first TFS and the second TFS. According to one
embodiment, the pre-determined number N may be 3. The
candidate spectral peaks retained may be based on having
corresponding frequencies within a given frequency range.
The candidate spectral peaks may be N peaks in the given
frequency range that have highest amplitude or power values
relative to other spectral peaks, that is, the first N highest
peaks. It should be understood that the other spectral peaks
have respective frequencies also within the given frequency
range and are peaks located at the first point in time in the
first TF'S. The given frequency range may be 0.5 Hz to 3 Hz.
As such, the N first highest peak in the range 0.5 Hz to 3 Hz
in the first TFS may be retained at the first time point. Since
no peaks in the given frequency range may be present at the
first time point, the method may determine (336) whether at
least one spectral peak is present.

[0089] Based on the determination (336) that no peak is
present, the current reconstructed representation HR(k) may
be based on a prior reconstructed representation HR(k-1)
(340), the prior reconstructed representation HR(k-1) asso-
ciated with a previous point in time, such as the previous
window k-1, in the first TFS computed, and the method
thereafter ends (354) in the example embodiment.

[0090] Based on a determination (336) that the at least one
spectral peak is present, the method may discard (338) each
of the candidate spectral peaks retained, that is, each peak of
the N first highest peaks determined at (332), if the peak is
associated with a same frequency as a dominant spectral
peak located at a second point in time in the second TFS
(314) computed as disclosed above with regard to FIG. 3A.
The first point in time and the second point time may have
same time values. The dominant spectral peak may have a
largest power or amplitude value relative to other peaks
located at the second point in time in the second TFS. The
method may determine (342) whether any peaks are retained
after the discarding (338). The discarding (338) may be
referred to herein as a first discarding.

[0091] In an event the discarding (338) discards each of
the candidate spectral peaks retained, reconstructing the
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current representation HR(k) may be based on the prior
reconstructed representation, HR(k-1) (340), and the
method thereafier ends (354) in the example embodiment.
[0092] In an event the first discarding (338) results in at
least one remaining candidate spectral peak retained, recon-
structing the current representation may further include
second discarding (348). The second discarding (348) may
discard remaining candidate spectral peaks, of the at least
one remaining candidate spectral peak retained, based on
whether a corresponding frequency of the at least one
remaining candidate spectral peak retained is distanced
(346) by atleast a frequency difference threshold, such as 10
bpm, from a prior reconstructed representation’s frequency,
that 1s, a frequency associated with, for example, HR(k-1).
[0093] Based on each at least one remaining candidate
spectral peak retained having been discarded by the second
discarding (348), reconstructing the current representation
may be based on the prior reconstructed representation
HR(k-1) (350), and the method thereafter ends (354) in the
example embodiment.

[0094] Based on at least one last candidate spectral peak
remaining from the second discarding (348), reconstructing
the current representation may be based on a selected
candidate spectral peak (352). The selected candidate spec-
tral peak may be selected from amongst the at least one last
candidate spectral peak remaining having a closest corre-
sponding frequency to the prior reconstructed representa-
tion’s frequency relative to respective frequencies of each of
the at least one last candidate spectral peak remaining, and
the method thereafter ends (354) in the example embodi-
ment.

[0095] As disclosed above with regard to FIG. 3A, in an
event the classification of the movement (316) is random,
the method of FIG. 3A may continue with the method of
FIG. 3C.

[0096] FIG. 3C is a flow diagram (330) of an example
embodiment of a method for adaptive bandpass filtering of
non-periodic movements, that is, random movements, for
reconstructing the representation, as disclosed in Stage 6 of
Table 3. The method of FIG. 3C may start (362) and
compute an average value of a number m of prior recon-
structed representations outputted prior to the reconstructing
(362). The number m may be based on a duration of
consecutive motion artifacts, detected prior to the recon-
structing of the representation HR(k). For example, if
motion artifacts were detected for windows k-1, k-2, and
k-3, m may be understood to be 3.

[0097] The method may compute a bandpass filter cutoff
frequency (366). The cutoff frequency F_ may be based on
the average value computed HR ,,,... The method may filter
the pre-processed heart-rate signal (306), disclosed in FIG.
3A, above, by applying the band pass filter computed (368)
to produce a filtered, pre-processed heart-related signal. The
reconstructed representation HR(k) may be based on an
average peak-to-peak interval value (372) of the filtered,
pre-processed heart-rate signal, and the method thereafter
ends (374) in the example embodiment.

[0098] FIG. 4 is a block diagram of an example embodi-
ment of a system (400). The system includes an apparatus
420 for reconstructing a heart-related signal 410¢ output by
a biomedical sensor (not shown). The apparatus 420
includes a reconstruction unit 416 and an output unit 418.
The reconstruction unit 416 may be configured to produce a
reconstructed representation of the heart-related signal 414c.
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The reconstructing may be based on (i) a time-varying
spectral analysis of the heart-related signal 410c and a
motion signal 411¢, the motion signal 411¢ output by a
motion sensor (not shown) and representative of motion
artifacts in the heart-related signal 410¢, the motion artifacts
being signal artifacts produced by movement of the bio-
medical sensor (not shown) relative to a sensing location
(not shown), and (ii) a classification of the movement. The
output unit 418 may be configured to output the recon-
structed representation of heart-related signal 414c.

[0099] The apparatus 420 may be communicatively
coupled to a network 401 to receive the heart related signal
410¢ and the motion signal 411¢. The network may be a
wireless network or any other suitable network. The recon-
structing and the outputting may be performed in near
real-time with respect to production of the heart-related
signal 410c¢ and the motion signal 411c. Alternatively, the
apparatus may be coupled to a database (not shown) storing
representations of the heart related signal 410¢ and the
motion signal 411¢, and the reconstructing and the output-
ting may be performed in non-real-time with respect to
production of the heart-related signal 410¢ and the motion
signal 414c¢.

[0100] The heart-related signal 410c¢ may include raw
heart-related signal data that includes the raw heart-related
signal data 410a and the raw heart-related signal data 4105
produced by biometric sensors (not shown) that sense the
heart-related signal data 410a and the raw heart-related
signal data 4105 from sensing locations (not shown) on a
first user 4064 and a second user 4065, respectively. The
motion signal 411¢ may include raw motion signal data that
includes the raw motion signal data 411a and the raw motion
signal data 4115 from motion sensors (not shown). The raw
motion signal data 411a and the raw motion signal data 4115
may represent motion artifacts in the heart-related signal
data 410a and the raw heart-related signal data 4105, respec-
tively.

[0101] It should be understood that the raw heart-related
signal data 410a-b and the raw motion signal data 411a-b
may be sent to the apparatus 420 in any suitable way. For
example, the raw heart-related signal data 410« and the raw
motion signal data 411¢ may be sent in a payload of a
packet; alternatively the raw heart-related signal data 410a
and the raw motion signal data 411a may be sent in payloads
of different packets. Similarly, the raw heart-related signal
data 4106 and the raw motion signal data 4115 may be sent
in a payload of a packet; alternatively, the raw heart-related
signal data 4106 and the raw motion signal data 4115 may
be sent in payloads of different packets.

[0102] The user 406a may be at a gym where the user
406¢a is exercising, and such physical activity by the user
406a may cause motion artifacts in the raw heart-related
signal data 410a. The user 4060 may be in a different
location, such as a hospital. The user 4065 may perform
movements out of boredom, such wrist shaking, causing
motion artifacts in the raw heart-related signal data 4105. As
such, the corresponding motion artifacts may be suppressed
in the reconstructed representations 414a and 4146 of the
heart-related signals 414a and 4144, respectively, according
to embodiments disclosed herein. The reconstructed repre-
sentations 414a and 41454, or information derived therefrom,
may sent to biometric devices or other devices communi-
catively coupled to the network 401 the user 406a and 406
may have access to such device, respectively. Alternatively,
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the reconstructed representations 414a and 4145, or infor-
mation derived therefrom, may sent in any suitable manner
to another device communicatively coupled to the network
401 such that the reconstructed representations 414a and
4145, or information derived therefrom, may be accessible
to a third party, such as doctor, or any other suitable party.
[0103] FIG. 5 is a block diagram 500 of an example
embodiment of an apparatus (520) for reconstructing a
heart-related signal 510 output by a biomedical sensor 508.
The apparatus 520 includes a reconstruction unit 516 and an
output unit 518. The reconstruction unit 516 may be con-
figured to produce a reconstructed representation of the
heart-related signal 514. The reconstructing based on (i) a
time-varying spectral analysis of the heart-related signal 510
and a motion signal 511, the motion signal 511 output by a
motion sensor 509 and representative of motion artifacts in
the heart-related signal 510. The motion artifacts may be
signal artifacts produced by movement of the biomedical
sensor 508 relative to a sensing location (not shown), and (ii)
a classification of the movement.

[0104] The output unit 518 may be configured to output
the reconstructed representation of the heart-related signal
514. The apparatus 520 may include the biomedical sensor
508 and the motion sensor 509. The reconstructing and the
outputting may be performed in real-time with respect to
production of the heart-related signal 510 and the motion
signal 511.

[0105] The apparatus 520 may be a wearable device, such
as a smartwatch, or any other suitable device, such as a
wearable personal biometric monitoring device. The appa-
ratus 520 may have a user interface (not shown) to present
the reconstructed representation of the heart-related signal
514 or information derived therefrom, such as a character-
istic, notification, alarm, or any other suitable information.
The reconstructed representation of heart-related signal 514
or the information derived therefrom may be presented to a
user via a user interface that may be a visual or audio based
user interface.

[0106] According to one embodiment, the apparatus 520
may include a heart rate unit (not shown) configured to
employ the reconstructed representation of the heart-related
signal 514 to determine a heart rate estimate. According to
another embodiment, the apparatus 520 may include an
arterial oxygen saturation (SpO2) unit (not shown) config-
ured to employ the reconstructed representation of the
heart-related signal 514 to determine a SpO2 estimate.
According to yet another embodiment, the apparatus may
include an ailment unit (not shown) configured to employ
the reconstructed representation of the heart-related signal
514 to detect or predict a heart-related ailment, the heart-
related ailment including at least one of a heart rate vari-
ability (HRV) condition, an atrial fibrillation condition, a
congestive heart failure condition, and a tachycardia condi-
tion. It should be understand that any combination of the
heart rate unit, SpO2 unit, and ailment unit may be included
in the apparatus 520 in combination with any other units
disclosed herein.

[0107] SpaMA Results

[0108] According to embodiments disclosed herein, HR
reconstruction and PPG signal reconstruction may be based
on a time-varying spectral analysis. As disclosed above with
reference to FIGS. 3A-F, embodiments disclosed herein may
be based on power spectral densities (PSDs) of both PPG
and accelerometer signals for each time shift of a corre-



US 2016/0361021 Al

sponding windowed data segment of the respective signal.
According to embodiments disclosed herein, by comparing
time-varying spectra of the PPG and accelerometer data,
those frequency peaks resulting from motion artifacts may
be suppressed from the PPG spectrum.

[0109] According to some embodiments, the method may
be comprised of six stages, such as the six stages disclosed
above in reference to FIGS. 3A-F. According to another
embodiment the method may have five distinct stages: (1)
time-varying power spectral density (PSD) calculation, (2)
spectral filtering, (3) motion artifact detection, (4) HR
reconstruction and (5) signal reconstruction. According to
embodiments disclosed herein, the method may include
computing a window-segmented power spectral density of
both PPG and accelerometer signals in real-time to scale
each estimate of the PSD by the equivalent noise bandwidth
of the window (Stoica, P. and R. L. Moses, Introduction to
Spectral Analysis. 1997: Prentice Hall).

[0110] The simplest way to approach the PSD calculation
may be to employ a periodogram. However, a periodogram
has drawbacks in that it is an inconsistent spectrum estima-
tor, has high variance, and has leakage effects (Stoica, P. and
R. L. Moses, Introduction to Spectral Analysis. 1997: Pren-
tice Hall). Thus, a dominant spectral peak can lead to an
estimated spectrum that contains power in frequency bands
where there should be no power. However, both problems
can be solved by down-sampling the raw signal, as disclosed
above with reference to FIGS. 3A-F, and then using a
sufficiently small frequency step by setting a large number
of frequency points. Thus, embodiments disclosed herein
may resample the signal from the original sampling fre-
quency to, for example Y4 of it, that is, down-sample the
signal, and then apply a periodogram method with frequency
resolution of 0.001.

[0111] Embodiments disclosed herein may limit the spec-
trum to the heart rate frequency range of [0.5 Hz-3 Hz], as
disclosed above with reference to FIGS. 3A-F, and take the
frequency and power information of the first three peaks in
the PSD at each window and signal segment. Embodiments
disclosed herein may be based on an understanding that the
heart rate component in a typical clean (motion free) PPG
signal is always the dominant frequency component in the
time-varying power spectrum, thus, the highest peak of the
spectrum corresponds to the HR frequency. Thus, when
movement happens the dominant component can be
replaced by movement components which shift the HR to
the second or third peak in the spectrum. As such, embodi-
ments disclosed herein may compare the first N peaks, such
as 3 peaks, disclosed above, and corresponding frequencies
of the PPG spectrum to the first peak and frequency of the
accelerometers’ spectra at each window and choose the
frequency components (out of three) that are different from
the accelerometers’ frequency.

[0112] Embodiments disclosed herein may be further
based on an understanding that there is coherence between
a spectral peak in the PPG and the accelerometers’ spectra
that signifies a motion noise artifact in the PPG signal and
that peak should be discarded in the HR reconstruction.
After discarding these movement peaks in the spectrum, the
next highest peak that is closest to the estimated HR of the
previous window may be chosen at each window. By
reconstructing the HR frequency at each window, simulta-
neously, the PPG signal may be reconstructed by using the
power, frequency and phase of the signal that corresponds to
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the HR frequency. That is, the time-domain signals may be
reconstructed from the time-frequency domain.

[0113] The SpaMA method was applied to three different
datasets and 4 types of activities. The three different datasets
included: 1) training datasets from the 2015 IEEE Signal
Processing Cup Database recorded from 12 subjects while
performing treadmill exercise from 1 knv/h to 15 knv/h; 2)
test datasets from the 2015 IEEE Signal Processing Cup
Database recorded from 11 subjects while performing fore-
arm and upper arm exercise; and 3) Chon Lab dataset
including 10 min recordings from 10 subjects during tread-
mill exercise.

[0114] Electrocardiogram (ECG) signals from all three
datasets provided the reference HRs which were used to
determine the accuracy of the SpaMA method. The perfor-
mance of the SpaMA method was calculated by computing
the mean absolute error between the estimated HR from the
PPG and the reference HR from the ECG. The average
estimation errors using the SpaMA method on the first,
second and third datasets are 0.89, 1.93 and 1.38 beats/min
respectively, while the overall error on all 33 subjects is 1.86
beats/min and the performance on only treadmill experiment
datasets (22 subjects) is 1.11 beats/min. Moreover, it was
found that dynamics of heart rate variability (HRV) can be
accurately captured using the SpaMA method where the
mean Pearson’s correlation coefficient was found to be 0.98
between the power spectral densities of the reference and the
reconstructed heart rate time series. These results show that
the SpaMA method has a potential for PPG-based HR
monitoring in wearable devices for fitness tracking and
health monitoring during intense physical activities.

[0115] Embodiments disclosed herein not only provide
PPG signal and HR reconstruction but also the potential to
do heart rate variability analysis on the results. As disclosed
below, embodiments disclosed herein can outperform the
JOSS technique in heart rate estimation by providing less
error to the reference, which yields higher accuracy.
[0116] Embodiments disclosed herein were evaluated on
three different datasets. The first two datasets were provided
for the IEEE Signal Processing Cup and are publically
available. The three datasets are: 1.) 12 PPG training data-
sets (running on treadmill) from an IEEE signal processing
competition (Available from: http://www.signalprocessing-
society.org/spcup2015/index.html) which was initially used
in (Zhilin, Z., P. Zhouyue, and L. Benyuan, TROIKA: A
General Framework for Heart Rate Monitoring Using Wrist-
Type Photoplethysmographic Signals During Intensive
Physical Exercise. Biomedical Engineering, IEEE Transac-
tions on, 2015. 62(2): p. 522-531; Zhang, 7., Photoplethys-
mography-Based Heart Rate Monitoring in Physical Activi-
ties via Joint Sparse Spectrum Reconstruction. Biomedical
Engineering, IEEE Transactions on, 2015. PP(99): p. 1-1, 2.)
11 PPG test datasets (e.g., arm exercise) from the IEEE
signal processing competition and 3.) 10 PPG recordings
from the Chon lab (running on treadmill).

[0117] (1) IEEE Signal Processing Competition Training
Dataset: A single-channel PPG signal, a three-axis accelera-
tion signal, and an ECG signal simultaneously recorded
from 12 Asian male subjects ranging in age from 18 to 35.
For each subject, the PPG signal was recorded from their
wrist using a pulse oximeter (PO) with green LED (wave-
length: 609 nm). The acceleration signal was also recorded
from each subject’s wrist using a three-axis accelerometer.
Both the PO and the accelerometer were embedded in a
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wristband, which was comfortably worn. The ECG signal
was recorded from the chest and it is used as the reference
heart rate. All signals were sampled at 125 Hz.

[0118] (2) IEEE Signal Processing Competition Test Data-
set: The dataset consists of 11 five minute recordings which
were collected from 19 to 58 year old subjects performing
intensive arm movements (e.g. boxing). For each subject,
PPG signals were recorded with a sensing location at the
wrist using a pulse oximeter with green LEDs (wavelength:
515 nm). The acceleration signal was also recorded from at
the sensing location at the wrist using a three-axis acceler-
ometer. Both the PO and the accelerometer were embedded
in a wristband. An ECG signal was recorded simultaneously
from each subject’s chest using wet ECG sensors. All signals
were sampled at 125 Hz and sent to a nearby computer via
Bluetooth.

[0119] (3) Chon Lab Dataset: This dataset was recorded in
the Chon Lab from 10 healthy subjects (9 male/1 female),
with ages ranging from 26 to 55. For each subject, the PPG
signal was recorded from their forehead using a PO with red
and infrared LED (wavelength: 660 and 940 nm). The
acceleration signal was also recorded from each subject’s
forehead using a three-axis accelerometer. Both the pulse
oximeter and the accelerometer were embedded in a head-
band and the signals were sampled at 80 Hz. The ECG signal
was recorded as a reference from the chest using ECG
sensors, sampled at 400 Hz. During data recording, the
subjects walked, jogged and ran on a treadmill with speeds
of 3, 5 and 7 mph, respectively, for 9 min. At the end, all
experimental subjects were asked to perform random arbi-
trary movements for 1 min.

[0120] For all three datasets, the data was down-sampled
to 20 Hz since the estimation of heart rate is carried out in
the frequency domain and this sampling rate is sufficiently
high to obtain even heart rates that are as high as 240
beats/min or 4 Hz. Moreover, this down-sampling enables a
focus on heart rates in the lower frequencies rather than in
the physiologically irrelevant higher frequency ranges. Fur-
ther details of this study’s databases are given in Table 4,
below. Four types of activities were involved:

[0121] Type (1): activity involved walking or running
on a treadmill for intervals of 0.5 min-1 min-1 min-1
min-1 min-0.5 min with speeds of 1-2 km/h, 6-8 km/h,
12-15 km/h, 6-8 knv/h, 12-15 km/h, 1-2 knv/h, respec-
tively. The subjects were asked to purposely move the
hand with the wristband to generate motion artifacts.

[0122] Type (2): activity included various forearm and
upper arm exercise which are common arm motions
(e.g., shaking hands, stretching, pushing objects, run-
ning, jumping, and push-ups).

Dec. 15,2016

[0123] Type (3): activity consisted of intensive forearm
and upper arm movements (e.g., boxing).

[0124] Type (4): activity involved 1 min rest, 1 min
walking (3 mph), 1 min rest, 2 min jogging (5 mph), 1
min rest, 2 min running (7 mph), 1 min rest, 1 min
arbitrary movement. The ECG-based reference HR was
recorded in order to assess the performance of the
methods under test.

[0125] In summary, the first dataset includes only Type (1)
activities, the second dataset includes both Type (1) and (2)
activities, and the third dataset includes only Type (4)
activities.

TABLE 4

PPG Datasets and Experiments Settings

Activity
Subject Dataset Type

Subject’s

Pulse Oximeter Type  Age/Sex

1 (IEEE Type (1) Wrist: green LED 18-38 y
Cup) (wavelength: 609 nm) (All Male)

13 2 (IEEE Type (2) Wrist: green LED 19-58 y
14 Cup) (wavelength: 515 nm) (9 Male, 1
15 Female)
16 Type (3)

20 Type (2)
21 Type (3)

23 Type (2)

24 3 (Chon Type (4) Forehead: Red and 26-55y
25 Lab) Infrared LED (9 Male, 1
26 (wavelength: 660 nm, Female)
27 940 nm)

[0126] An example embodiment for reconstructing a
heart-related signal during intensive movements is disclose
by the HR monitoring method presented below in Table 5.
Details of each stage are described in subsections i to v.

TABLE 5

HR and PPG signal reconstruction method

Stage 1. Time-Varying Spectral analysis
1.1. Down sample the PPG and Accelerometer signal to 20 Hz.
1.2. Compute the power spectral density of both PPG and Accelerometers [0-10 Hz).

Stage 2. Spectral Filtering

2.1. Assume HR to be in the frequency range of [0.5 Hz-3 Hz], this accounts for both low and

high heart rates.

2.2. The first highest three peaks and their corresponding frequencies in the PPG filtered
spectrum are assumed to have HR information.
2.3. Only the largest frequency peak of the accelerometers’ spectra is used for MA detection in

stage 3.
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TABLE 5-continued
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HR and PPG signal reconstruction method

Stage 3. Motion Artifact Detection

3.1. Compare the frequencies of the three peaks in the PPG spectrum with the frequency of the
largest peak in the accelerometers” spectra. If the first or second largest peaks in the PPG
spectrum are similar to that of the accelerometers’ peaks, then motion artifact is present in the

PPG.

3.2. If motion artifact is detected from 3.1, then the corresponding frequency peak (usually the

first or second largest peak) in the PPG spectrum should be discarded.
Stage 4. Heart Rate Tracking and Extraction from PPG Spectrum

Case (1): From 3.1- if the spectrum is corrupted by movement and only the first largest peak is
corrupted, then the HR frequency should be the frequency of the second peak in the spectrum.
Case (2): From 3.1- if the spectrum is corrupted by movement and both the first and second
largest peaks have similar frequencies to those of the accelerometers’ peaks, then the HR

frequency should be the frequency of the third peak in the spectrum.

Case (3): Due to a gap between the pulse oximeter and a subject’s skin, the HR frequency
cannot be extracted from the spectrum and in this case the previous HR frequency is used or
for offline implementation a cubic spline interpolation can be applied to fill in the missing HR

information.
Stage 5. PPG Signal Reconstruction

5.1. The PPG signal is reconstructed by using the amplitude, frequency and phase information
corresponding to the HR components (extracted in stage 4) that are calculated from the

spectrum at each window.
Heart Rate Variability Analysis

By using a sample-by-sample windowing strategy, HR can be extracted, from which dynamics
of heart rate variability analysis can be obtained on the motion artifact-removed reconstructed

HR time series.

[0127] i. Time-Varying Spectral Analysis of PPG and
Accelerometer Data

[0128] Embodiments disclosed herein may produce a
time-varying spectrum by taking a T-sec window of the
signal and computing the power spectral density (PSD) of
the segment and then sliding the window through the whole
dataset which yields a time-frequency matrix in which each
array represents the power of the signal corresponding to a
specific frequency and sliding time-step (shift) of S-sec. The
sliding process and frequency step specify the resolution and
dimension of the time-frequency matrix. According to
embodiments disclosed herein, two different sliding window
approaches may be used, depending on the application. For
estimating either heart rates or heart rate variability, data
may be shifted sample-by-sample with no overlap for the
entire dataset. Such an approach enables capturing beat-to-
beat dynamics of HRV which requires sample-to-sample
estimation of PSD. Since some data is down-sampled data to
20 Hz in some of the database, as disclosed above, each data
point may be shifted by 0.05 seconds. For estimating only
the heart rates, the shift may be a data segment-by-segment
shift rather than a sample-by-sample shift. This coarse-grain
windowing approach has less computational cost and it can
provide good tracking of heart rates, but does not apply well
to HRV.

[0129] As such, according to some embodiments, a win-
dow segment length T may be set to 8 seconds and shifted
by 2 seconds. The § second data segment and a shift of 2
seconds was chosen to compare results according to embodi-
ments disclosed herein to other methods (TROIKA, JOSS
and WFPV) which have used this chosen data segment
length and time shift (Zhilin, Z., P. Zhouyue, and L.
Benyuan, TROIKA: A General Framework for Heart Rate
Monitoring Using Wrist-Type Photoplethysmographic Sig-
nals During Intensive Physical Exercise. Biomedical Engi-
neering, IEEE Transactions on, 2015. 62(2): p. 522-531;
Zhang, 7., Photoplethysmography-Based Heart Rate Moni-
toring in Physical Activities via Joint Sparse Spectrum

Reconstruction. Biomedical Engineering, IEEE Transac-
tions on, 2015. PP(99): p. 1-1). Moreover, the assumption of
8 second data length largely stems from the fact that heart
rates do not change instantaneously, hence, an 8 second
duration is a reasonable choice.

[0130] As a representative example, the resultant fre-
quency components in the time-frequency matrix of record-
ings from subject #8 from the competition training dataset,
for a window length of 8 seconds that is shifted by every 2
seconds, is shown in FIG. 6A, disclosed below.

[0131] FIGS. 6A-6C show Time-Frequency spectra of
recording #8 from dataset (1).

[0132] FIG. 6A shows the PPG signal.

[0133] FIG. 6B shows the simultaneous Accelerometer-7
signal.

[0134] FIG. 6C (Top-Left) shows the TF spectrum of the

PPG signal. FIG. 6C (Top-Right) shows the TF spectrum of
ACC(x). FIG. 6C (Bottom-Left) shows the TF spectrum of
ACC(y), FIG. 6C (Bottom-Right) shows the TF spectrum of
ACC(z); all computed from stage (1) of Table 5. The blue
circles and letters represent movement elements in all four
spectra.

[0135] The panels of FIG. 6A and FIG. 6B show a PPG
time series and the z-axis accelerometer data, respectively.
From the upper left panel of FIG. 6C, which represents the
time-frequency plot of the PPG signal, it is observed that
there are three dominant frequency components—one of
them represents HR and the other two are similar to those of
the accelerometers’ spectra shown in the upper right and
lower left and right panels of FIG. 6C. FIG. 6C illustrates 4
motion artifact elements (A, B, C, D) that are present in
exactly the same areas among all spectra. By comparing the
time-frequency (TF) spectrum of PPG to those of the
accelerometers’ spectra, the marked dynamics (A, B, C and
D) in the PPG spectrum can be detected as sharing the same
frequency dynamics as those of the accelerometer spectra
marked in circles. Hence, both the top and bottom marked
lines in the PPG spectrum most likely represent the motion
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artifacts, and the unmarked frequency represents the HR.
The next section details how these motion artifact frequency
dynamics may be detected and filtered according to embodi-
ments disclosed herein.

[0136] 1ii. Spectral Filtering

[0137] After obtaining the power spectral density at each
window, as disclosed above, embodiments disclosed herein
may confine the HR frequency to the range [0.5 Hz-3 Hz],
which takes into account both at rest and high HR due to
either tachycardia or exercise scenarios. Hence, for HR
estimation, the strategy is to eliminate frequencies that are
outside of this HR frequency range as they are most likely
due to motion artifacts or harmonics of the HR frequency.
[0138] In general, HR frequency in the power spectral
density of PPG at each window can have three different
scenarios: (1) PPG is devoid of MA and there is no spatial
gap between the sensor and the subject’s skin during record-
ing, (2) PPG is corrupted by MA and there is no spatial gap
between the sensor and the subject’s skin during recording
and (3) There is a spatial gap between the sensor and the
subject’s skin during recording. For the ideal case (1), HR
can be extracted and it is most likely represented as the
highest peak in the PPG spectrum. For case (2), MA
dynamics can result in predominately either one or two
dominant peaks depending on the severity of repetitive
motions, and the HR peak may be relegated to either the
second or third highest peak. Non-repetitive motion artifacts
will show up as a broadband spectrum without a dominant
peak if they are not severe (Marmarelis, V. Z., et al,
Nonlinear analysis of renal autoregulation under broadband
forcing conditions. Ann Biomed Eng, 1993. 21(6): p. 591-
603). The only scenario that makes it difficult to extract HR
from the spectrum is scenario (3) when there is a spatial gap
between the PPG sensor and the subject’s skin during
recording. In this scenario, assuming that the motion arti-
facts are short lasting, the missing HR values can be
interpolated using a cubic spline approach.

[0139] FIG. 7 is an example embodiment of spectral
filtering. FIG. 7 shows a representative filtered time-fre-
quency spectral plot of a PPG signal. As disclosed above,
embodiments disclosed herein may retain only the three
largest frequency peaks at each time point within the defined
HR range (30-180 bpm) and such retained frequency peaks
are represented as blue, green and red colors, respectively.
Retaining only the three largest frequency peaks at each time
point may be reasonable for the first two cases, as outlined
above. In the PPG time-frequency spectrum of FIG. 7, the
Blue, Green and Red circles correspond to the first three
highest peaks in the defined HR frequency range of (30-180
bpm), respectively, at each sliding window.

[0140] 1iii. Motion Artifact Detection

[0141] FIGS. 8A-8B show motion artifact detection in the
PPG spectrum according to embodiments disclosed herein.
[0142] FIG. 8A shows a filtered PPG spectrum with move-
ment and HR components. FIG. 8A is an example embodi-
ment of a PPG spectrum which is identical to FIG. 7, but it
also identifies the frequencies associated with accelerom-
eters, as marked by the shaded areas and the letters A-D, in
the top left and two bottom panels of FIG. 6C, disclosed
above. The shaded yellow elements (A, B, C, D) of FIG. 8A
represent motion frequency components in the PPG spec-
trum, and the light blue line is the reference HR from a clean
reference ECG signal. By removing the accelerometers’
related frequencies in FIG. 8A, the remaining frequency
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dynamics which should represent HR frequency and its
harmonics are shown in FIG. 8B.

[0143] FIG. 8B shows a filtered PPG spectrum after
removing motion artifact frequency components.

[0144] iv. Heart Rate Tracking & Extraction

[0145] A flow diagram for heart rate tracking and extrac-
tion 1s disclosed above, with reference to FIG. 3B. Embodi-
ments disclosed herein may identify HR frequencies with
time, such as HR frequencies from FIG. 8B. Note that in
FIG. 8B, there are three peaks at each time instance (also
referred to interchangeably herein as a time point). Embodi-
ments disclosed herein may identify which of the three
peaks represents the HR at each time point. For the initial
time window of 8 seconds, a clean data segment may be used
so that true HR can be determined. This scenario is case (1),
disclosed above, in the spectral filtering section, and the
detection of HR is simply the highest peak in the spectrum.
Embodiments disclosed herein may estimate HR for each
sliding window of data. Embodiments disclosed herein may
choose a HR peak in the PPG spectrum with the knowledge
of estimated HR values in previous time windows. Two
main scenarios may present: (1) no peak exists in the
spectrum that can represent HR, and (2) there is a spectral
peak among the first three highest peaks of spectrum that
belongs to the HR component.

[0146] In case (1), where HR is not detectable in the
window (e.g., due to spatial gap between the PO sensor and
skin), in real-time implementation embodiments disclosed
herein may take a previous window’s HR value as the
current HR (or simply use a moving average of several past
HR beats or some other variant). In post-processing, or
offline processing, a cubic spline interpolation may be used
to fill in the missing HR information. In the more general
case (2), where the HR peak is among the first three highest
peaks in the spectrum, three possible scenarios can occur:
(2-A) the windowed PPG signal is clean and the first highest
peak in the spectrum represents the HR fundamental fre-
quency, (2-B) the windowed PPG signal is corrupted by
movement and at most two of the spectral peaks represent
the accelerometers’ frequency components, thus, the second
or the third peak corresponds to HR, (2-C) while the HR
spectral peak is detectable, the difference between its value
and that of the previous HR is more than 10 bpm, as such,
embodiments disclosed herein may replace the HR by the
most recent HR value from a previous window segment (or
a moving average of several past HR beats or some other
variant).

[0147] According to embodiments disclosed herein, crite-
rion may be set that the HR value cannot change more than
10 BPM from a previous time window. In FIG. 8B, these
cases are illustrated. For example, in most cases, the blue
circle which represents the largest spectral peak is chosen
but in other cases, either green or red circles are chosen for
certain time points. For the HR peaks associated with either
the green or red circles, embodiments disclosed herein may
choose those peaks because either the first two highest peaks
are related to accelerometers or the highest magnitude peak
deviates more than 10 BPM from the previous HR value.
[0148] FIG. 9 shows a comparison of reconstructed HR
obtained, according to embodiments disclosed herein, to
reference HR obtained from simultaneous ECG recordings.
In FIG. 9, the extracted HR (red color) from PPG spectra of
recording #8 from the competition training dataset, accord-
ing to embodiments disclosed herein, is shown in red color
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and the reference ECG-derived HR is shown in black color.
In order to calculate the performance of HR reconstruction
according to embodiments disclosed herein, the error value
in each time window was calculated from the estimated HR
to the reference ECG-derived HR. Two measurement indices
of absolute error similar to the indices in (Krishnan, R., B.
Natarajan, and S. Warren, Two-Stage Approach for Detec-
tion and Reduction of Motion Artifacts in Photoplethysmo-
graphic Data. Biomedical Engineering, IEEE Transactions
on, 2010. 57(8): p. 1867-1876) were used.

1 & )
Brror(1) = 5 [HRspeata k) = HRy ()
k=1

Error(2) = iz

3 | HRspapta (k) — HRyep ()] @
k=1

I
HR 7 0 x 100%

=

where W is the total number of windows.

[0149] v. PPG Signal Reconstruction for HRV analysis
[0150] For an HRV analysis application, the above-dis-
closed embodiments are identical except that the beat-by-
beat shift is of data rather than the 8 second data segment
shift or its variant. According to embodiments disclosed
herein, the PPG signal may be reconstructed using heart rate
frequency, amplitude and phase changes, window-by-win-
dow using the sample-by-sample windowing process:

ReCsignatth)=Arm(k)xsin 2k )fz(F) +ozr(k)) &)

where k=1, . . ., N and N is number of signal samples and
total number of windows. A (k) and ¢,(k) are calculated
according to the power of the signal for HR frequencies in
the PSD and phase angles of complex elements in a Fast
Fourier Transform (FFT) matrix that correspond to HR
frequencies.

[0151] FIG. 10A is an example embodiment of PPG signal
reconstruction according to embodiments disclosed herein.
FIG. 10A shows a comparison between reconstructed PPG
and original recording #8 from IEEE competition training
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dataset. The left and right panels of FIGS. 10A-B show the
reconstructed PPG versus the original PPG and their HRV
time series, respectively.

[0152] FIG. 10B is a zoomed-in version of FIG. 10A.
[0153] Given that embodiments disclosed herein estimate
quite accurate heart rates, it is not surprising to observe
similar frequency dynamics between the reference and
reconstructed HRV time series, as shown in FIGS. 11A-B.
[0154] FIGS. 11A-B show comparisons of HRV spectra
between the reference and the reconstructed HRV time series
(e.g., as shown in FIGS. 10A-B) from the MA-contaminated
PPG signal for dataset #3. Note that for computing HRYV,
matching the amplitude of the reference HR is not a concern,
as the focus is only in the dynamics of the fluctuations in the
heart rates.

[0155] FIG. 11A shows a time-domain comparison of a
reconstructed HR and a reference HR.

[0156] FIG. 11B shows a spectral comparison of heart rate
variability between reconstructed HR and reference HR
calculated from the reference ECG using Pan & Tompkins
peak detection approach (Pan J, T. W., A real-time QRS
detection algorithm. IEEE Trans Biomed Eng, 1985. 32(3):
p. 230-236).

[0157] Results

[0158] Table 6 represents the average absolute error (E1)
and the average absolute error percentage (E2) of embodi-
ments disclosed herein as applied to all 3 datasets, respec-
tively. Embodiments disclosed herein are compared to three
methods: TROIKA, JOSS and WEPV. The results in Table 6
show that better performance from embodiments disclosed
herein as comparted to JOSS and TROIKA for all 12
subjects in the first datasets. In comparison to WEFPYV,
embodiments disclosed herein outperform WEPV on aver-
age across all 23 subjects in both datasets (1) and (2). The
total average of E1 for embodiments disclosed herein is less
than 2 beats per minutes for all 33 subjects. The average of
E1 across the treadmill experiment recordings (activity Type
1—IEEE dataset and Type 4—Chon Lab dataset) is around
1 beat per minute for all 22 subjects.

TABLE 6

SpaMA Method Performance Comparison

Activity TROIKA JOSS WFPV SpaMA
Subject Dataset Type El E2 % El E2 % El E2 % El E2 %
1 1 (IEEE Cup) Type (1) 2.87 2.18 1.33 1.19 1.23 — 1.23 1.14
2 275 2.37 1.75 1.66 1.26 — 1.59 1.30
3 1.91 1.50 1.47 1.27 0.72 — 0.57 0.45
4 2.25 2.00 1.48 1.41 0.98 — 0.44 0.31
5 1.69 1.22 0.69 0.51 0.75 — 0.47 0.31
6 3.16 2.51 1.32 1.09 091 — 0.61 0.45
7 1.72 1.27 0.71 0.54 0.67 — 0.54 0.40
8 1.83 1.47 0.56 0.47 0.91 — 0.40 0.33
9 1.58 1.28 0.49 0.41 0.54 — 0.40 0.32
10 4.00 2.49 3.81 2.43 2.61 — 2.63 1.59
11 1.96 1.29 0.78 0.51 0.94 — 0.64 0.42
12 3.33 2.30 1.04 0.81 0.98 — 1.20 0.86
mean = std 242 £08 18205 12809 10206 10405 — 08906 06504
13 2 (IEEE Cup) Type (2) 3.58 — 341 4.25
14 9.66 — 7.29 9.80
15 2.31 — 2.73 2.21
16 Type (3) 4.93 — 3.18 2.1
17 3.07 — 3.01 2.52
18 2.67 — 4.46 3.23
19 3.11 — 3.58 3.98
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TABLE 6-continued
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SpaMA Method Performance Comparison

Activity TROIKA JOSS WEFPV SpaMA
Subject Dataset Type E1 E2 % E1 E2 % E1 E2 % El E2 %
20 Type (2) 210 — 194 1.66
21 Type (3) 322 — 256 2.02
22 435 — 3.12 3.28
23 Type (2) 075 — 17 1.97
mean *+ std 36122 — 33615 333=x22
Type 22720 — 193 +20 20717
1,2
mean *+ std
24 3 (Chon Lab)  Type (4) 0.8 091
25 1.03 0.83
26 1.10 0.90
27 1.64 1.54
28 1.41 1.12
29 0.82 0.70
30 0.63 0.58
31 4.78 3.87
32 0.95 0.79
33 0.62 0.52
mean * std 138+12 1.17+1.0
Total: 1.86 £ 16 1.70 £ 1.8
mean * std
[0159] FIGS. 12A, 12B, 13A, 13B, 14A, and 14B show [0164] Table 7 represents the correlation and statistical

the reconstructed HR and corresponding PSD of a sample-
sample windowed HR, according to embodiments disclosed
herein, in comparison to a reference HR from an ECG. The
results for recording #9 from the first dataset (IEEE Com-
petition Training dataset) and activity Type 1 (e.g., running
on treadmill) are shown in FIGS. 13A-B. As shown, E1 for
this particular subject is as low as 0.4 bpm and the corre-
lation between the PSD of reconstructed HR and reference
HR is as high as 96%.

[0160] FIG. 12A shows a reconstructed HR vs. reference
HR. FIG. 12B shows a spectral comparison of reconstructed
HR and reference HR (estimated from reference ECG).

[0161] FIG. 13A illustrates the comparison between the
reconstructed HR and the reference HR for Subject #14
(IEEE Competition Test Dataset) which has the highest
errors. Subject #14 belongs to the second dataset (IEEE
Competition Test dataset) and Type 2 activities (e.g. jump-
ing). It can be seen that the largest error is obtained when
both the physiological HR and the motion artifacts change
rapidly so that the true HR cannot be reliably estimated.

[0162] FIG. 13B shows a reconstructed HR vs. reference
HR for Subject 16 (IEEE Competition Test Dataset). FIG.
13B shows the comparison results of reconstructed HR and
reference HR for recording #16 of the second dataset (IEEE
Competition Test dataset) which has the Type 3 activities
(e.g., arm exercise).

[0163] FIG. 14A shows a reconstructed HR vs. reference
HR for Subject #30 (Chon Lab Dataset). FIG. 14B shows a
spectral comparison of reconstructed HR and reference HR
(estimated from reference ECG). The results for recording
#30 from the third datasets (Chon Lab datasets) and activity
Type 4 (e.g., running on treadmill) are shown in FIGS.
14A-B. It can be seen that the E1 for this subject is around
0.6 bpm and the correlation between the PSD of recon-
structed HR and reference HR is as high as 99% for LF and
0.96 for HF frequency range. All subjects’ results are
provided in Table 7, disclosed below.

difference using the student’s t-test between PSD of esti-
mated and reference HRV in both LF (0.04-0.15 Hz) and HF
(0.15-0.4 Hz) frequency ranges. The correlation values in
the table are calculated based on Pearson’s linear correlation
coefficient. As shown in Table 7, there was no difference
between the reference and the derived HRV for LF, accord-
ing to embodiments disclosed herein, and a difference was
seen in only 4 out of 10 subjects for HF.

TABLE 7

Frequency Domain HRV analysis Comparison:
PSD of SpaMA Method vs. reference

Correlation

LF (LF is [0.04-0.15] Hz and HF is

Subjects [0.15-0.4] Hz) HF
1 0.99 0.98
2 0.99 0.96

3 0.99 0.95%
4 1.00 0.99
5 1.00 0.99

6 0.99 0.96*

7 0.98 0.92%

8 0.97 0.90%*
9 1.00 0.99
10 1.00 0.99
mean 0.99 0.96

*indicates significantly different (P-value > 0.05)

[0165] Table 8 shows some of the widely-reported time-
domain HRV parameters such as the mean HR, standard-
deviation (SDNN) of the normal-to-normal (NN) interval,
root-mean-square of successive difference (RMSSD) of the
NN interval, and the number of interval differences of
successive NN intervals greater than 50 ms divided by the
total number of NN intervals (pNN50) estimated from
embodiments disclosed herein in comparison to the refer-
ence ECG NN interval. None of these parameters were
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found to be significantly different between those derived
according to embodiments disclosed herein and the refer-
ence HRV.

TABLE 8

Dec. 15,2016

17

Time Domain HRV analysis Comparison: SpaMA Method vs. reference HRV

SDNN meanNN RMSSD PNNS0
Subjects SpaMA Reference  SpaMA  Reference SpaMA Reference SpaMA Reference
1 262075 256647  10481.89 10480.72  33.24 18.05 0.001 0.020
2 211544 2079.58 9908.00  10020.00  25.93 16.32 0.011 0.019
3 3173.73  3177.68  10764.20 10829.06  89.70 56.15 0.019 0.207
4 2517.78 2533.20 10376.95 10426.26  13.54 19.58 0.001 0.030
5 2654.42  2670.32  10846.04 10990.08  11.88 18.59 0.003 0.018
6 201253 1974.65 9737.35  9827.63  39.64 21.17 0.004 0.025
7 305636 2925.19 1251974 13134.05  27.66 30.61 0.015 0.071
8 3133.76  2756.66  10504.00 10530.00  32.57 36.38 0.002 0.003
9 2195.08 2142.53  10499.81 10470.06 8.23 13.01 0.002 0.004
10 2454.57 2406.96  12936.62 12981.21 41.52 20.28 0.006 0.024
p-value >0.03 >().05 >0.05 >0.05
[0166] As such, the SpaMA method, according to embodi- data from both PPG sensor locations, and proved to be

ments disclosed herein, that may be based on time-varying
spectral analysis of the PPG signal addresses Heart Rate
monitoring in the real world with challenges ranging from a
subject who makes sudden movements but is otherwise
sedate, to intensive physical activities. Embodiments dis-
closed herein compare spectral changes in PPG and accel-
erometer signals. As disclosed above, three different datasets
have been used to verify the SpaMA performance. Each
dataset reflects different types of activities and movements.
In all of the experiments, the reference HR was calculated
from an ECG signal that was collected simultaneously with
the PPG signal. The estimated HR was calculated from the
spectrum of PPG in 8 second time windows. Based on the
results, disclosed above, the SpaMA method may be used for
tracking HR changes during severe motion artifacts with an
average error of just 1.86 bpm compared to that of the
reference ECG; these results are superior to three other
methods tested: TROIKA, JOSS and WFPV (Zhilin, Z., P.
Zhouyue, and L. Benyuan, TROIKA: A General Framework
for Heart Rate Monitoring Using Wrist-Type Photoplethys-
mographic Signals During Intensive Physical Exercise. Bio-
medical Engineering, IEEE Transactions on, 2015. 62(2): p.
522-531; Zhang, 7., Photoplethysmography-Based Heart
Rate Monitoring in Physical Activities via Joint Sparse
Spectrum Reconstruction. Biomedical Engineering, IEEE
Transactions on, 2015. PP(99): p. 1-1).

[0167] Out of 33 recordings, 23 are from a wrist pulse
oximeter, and the rest of the data were recorded by a
forehead pulse oximeter. The results from Table 8, disclosed
above, show that the SpaMA method can be applied to
monitor HR from both wrist and forehead pulse oximeters.
By comparing the performance of the method for treadmill
experiments (dataset 1 and dataset 3), the error is lower by
almost 1 beat using a wrist pulse oximeter. However, it
should be noted that from this result a conclusion that the
wrist PPG provides less error than the forehead should not
be drawn, as the experiments used different subjects and
were two separate studies. The prior methods (TROIKA,
JOSS and WFPV) were tested using only on the wrist-based
PPG signals as the implementers of those methods did not
have access to forehead PPG sensors. The SpaMA method,
according to embodiment disclosed herein, was tested on

effective regardless of the location of the PPG sensor.
[0168] Several observations were made while analyzing
the data, disclosed above. The tracking ability of the SpaMA
method decreased as the frequency changes during record-
ings increased. This phenomenon mostly was observed
while dealing with the second set of datasets from the IEEE
competition, which involved Type (2) and Type (3) activi-
ties. These types of exercises involved more abrupt move-
ments which consequently made it more difficult to track the
HR-related frequencies in the spectrum. In the three datasets
that have been analyzed, recordings #10 and 14 are
examples of this phenomenon.

[0169] A strength of the PPG’s LED is one of the most
important factors determining the SpaMA method perfor-
mance. Movement induces much less spectrum corruption
(shift) in the PPG if the LED is sufficiently strong. A
reduction in the strength of the PPG signal can also be
caused by ambient light leaking into the gap between a PPG
sensor and the skin surface (Zhang, 7., Photoplethysmog-
raphy-Based Heart Rate Monitoring in Physical Activities
via Joint Sparse Spectrum Reconstruction. Biomedical Engi-
neering, IEEE Transactions on, 2015. PP(99): p. 1-1). This
is because the power of the signal is dependent on the depth
and reflection of the light from the pulse oximeter to the
subject’s skin. This gap between skin and the planar sub-
strate where the LEDs and PD are mounted may be the result
of movement during physical activities or the shape of tissue
that the sensors touch. Among the three datasets, low
performance for recordings #16 and 31 is the result of a
weak PPG signal most likely due to a gap between the sensor
and skin caused by motion artifacts.

[0170] By using the sample-by-sample windowing pro-
cess, SpaMA, according to embodiments disclosed herein,
can be utilized for both Heart Rate monitoring and HRV
analysis in both frequency- and time-domains. From the
results, disclosed above, it can be observed that embodi-
ments disclosed here are able to replicate both the low
frequency (0.04-0.15 Hz) and the high frequency (0.15-0.4)
dynamics well, albeit better the former than the latter, when
compared to a reference HRV. For time-domain HRV mea-
sures, the mean HR, SDNN, RMSSD, and pNNS50 based on
embodiments disclosed herein were all found to be not
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significantly different than the reference HRV. It has long
been shown that during dynamic exercise, heart rate
increases due to both a parasympathetic withdrawal and an
augmented sympathetic activity (Iellamo, F., Neural mecha-
nisms of cardiovascular regulation during exercise. Auton
Neurosci, 2001. 90(1-2): p. 66-75; Bernardi, L. and M. F.
Piepoli, [Autonomic nervous system adaptation during
physical exercise]. Ital Heart I Suppl, 2001. 2(8): p. 831-9).
The relative role of the two drives depends on the exercise
intensity (Perini, R., et al., The influence of exercise inten-
sity on the power spectrum of heart rate variability. Eur J
Appl Physiol Occup Physiol, 1990. 61(1-2): p. 143-8;
Sarmiento, S., et al., Heart rate variability during high-
intensity exercise. Journal of Systems Science and Com-
plexity, 2013. 26(1): p. 104-116; Roure, R., et al., Auto-
nomic nervous system responses correlate with mental
rehearsal in volleyball training. Eur J Appl Physiol Occup
Physiol, 1998. 78(2): p. 99-108). Analysis of HRV permits
insight into this control mechanism (Aubert, A. E., B. Seps,
and F. Beckers, Heart rate variability in athletes. Sports Med,
2003. 33(12): p. 889-919). Also, being able to do HRV
analysis from PPG even during movement and physical
activities would be an advantage for detecting and diagnos-
ing many cardiovascular diseases using only PPG record-
ings.

[0171] The SpaMA method, according to embodiments
disclosed herein, can be potentially implemented in real
time. The method written in Matlab®, version R2014 and
CPU 3.4 GHz takes only 110 msec per 8 second segments.
Therefore, given the high accuracy of the method in esti-
mating HR despite severe motion artifacts, the SpaMA
method, according to embodiments disclosed herein, has the
potential to be applicable for implementation on wearable
devices such as smart watches and PPG-based fitness sen-
SOTS.

[0172] As disclosed above, accurate estimation of chang-
ing arterial oxygen saturation (SpO2) from photoplethys-
mogram (PPG) signals during movement is a very challeng-
ing problem. This is because strenuous and high intensity
movements can result in severe motion artifacts (MA),
making accurate SpO2 estimation from PPG signals diffi-
cult. As such, embodiment disclosed herein may applied the
methods for reconstructing a PPG signal, as disclosed above,
and include an additional stage of SpO2 estimation.
[0173] According to one embodiment, OxiMA may be
comprised of the 6 stages disclosed above, with reference to
FIGS. 3A-F, and include Stage 7, that is SpO2 Estimation.
[0174] According to another embodiment, OxiMA may be
comprised of 6 stages: (1) Time-frequency Spectral Analy-
sis, (2) Signal Decomposition, (3) Spectral Filtering, (4)
Heart Rate (HR) extraction and tracking, (5) Signal Recon-
struction, (6) SpO2 Estimation.

[0175] OxiMA

[0176] According to some embodiments, OxiMA may
decompose the PPG signal into its frequency components by
using a complex demodulation-based technique and may
choose the components with frequencies close to the HR
frequency for reconstructing the clean PPG signal. Next,
SpO2 may be estimated from the reconstructed PPG signal.
Such a method is applied to 22 minute datasets recorded
from 10 subjects. A Nellcor OxiMax transmission sensor
was used to collect analog PPG signals, while reference
SpO2 and HR were collected simultaneously from the FDA
approved Masimo SET Radical RDS-1 pulse oximeter. The
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performance of the OxiMA method according to embodi-
ments disclosed herein, was determined by computing the
mean absolute error between the estimated HR/SpO2 from
the PPG and reference HR [Masimo]/SpO2[Masimo] oxi-
meter. The results show the average estimation error using
OxiMA are only 2.4 beats/minute for HR and 1.8% for
SpO2, respectively. As such, the OxiMA method has great
potential for MA reduction for both SpO2 and HR monitor-
ing.

[0177] Vital signs and clinical symptoms have been shown
to be poor predictors of hypoxia, and in order to rationalize
oxygen therapy, measurement of arterial oxygen saturation
by pulse oximetry is being increasingly recommended (La-
man, M., et al., Can clinical signs predict hypoxaemia in
Papua New Guinean children with moderate and severe
pneumonia? Ann Trop Paediatr, 2005. 25(1): p. 23-7) Arte-
rial oxygen saturation (SpO2) reflects the relative amount of
oxyhemoglobin in the arterial blood. The most common
method to measure SpO2 is based on pulse oximetry,
whereby oxidized hemoglobin and reduced hemoglobin
have significantly different optical spectra.

[0178] Specifically, at a red wavelength of about 660 nm,
there is a significant difference in light absorbance between
reduced (Hb) and oxidized hemoglobin (HbO2). A measure-
ment of the percent oxygen saturation of blood is defined as
the ratio of oxyhemoglobin to the total concentration of
hemoglobin present in the blood. Pulse oximetry assumes
that the fluctuations of the PPG signal are caused by changes
in arterial blood volume associated with each heartbeat,
where the magnitude of the fluctuations depends on the
amount of arterial blood rushing into the peripheral vascular
bed, the optical absorption of the blood, skin and tissue, and
the wavelengths used to illuminate the blood. The photop-
lethysmogram (PPG) can be used to derive not only the
SpO2 and heart rate (HR) data, but also other vital physi-
ological information (Laman, M., et al., Can clinical signs
predict hypoxaemia in Papua New Guinean children with
moderate and severe pneumonia? Ann Trop Paediatr, 2005.
25(1): p. 23-7; Salehizadeh, S. M. A., et al., Photoplethys-
mograph Signal Reconstruction based on a Novel Motion
Artifact Detection-Reduction Approach. Part I1: Motion and
Noise Artifact Removal. Annals of Biomedical Engineering,
2014. 42(11): p. 2251-2263; Tamisier, R., et al., A new
model of chronic intermittent hypoxia in humans: effect on
ventilation, sleep, and blood pressure. J Appl Physiol (1985),
2009. 107(1): p. 17-24; Jubran, A., Pulse oximetry. Crit
Care, 1999. 3(2): p. R11-r17). As disclosed above, utilizing
a pulse oximeter as a multi-purpose vital sign monitor has
clinical appeal, since it is familiar to clinicians and com-
fortable for the patient (Salehizadeh, S. M. A, et al,
Photoplethysmograph Signal Reconstruction based on a
Novel Motion Artifact Detection-Reduction Approach. Part
1I: Motion and Noise Artifact Removal. Annals of Biomedi-
cal Engineering, 2014. 42(11): p. 2251-2263).

[0179] In healthy persons, SpO2 is typically near 98%. A
lower reading indicates a level of hypoxia. SpO2 readings
below 95% are usually a cause for concern, indicating the
need for supplemental oxygen therapy. In certain individu-
als, such as those with chronic respiratory or cardiac dis-
eases, SpO2 readings below 95% may be considered normal.
However, in general, SpO2 readings between 90%-95%
represent mild hypoxia, while 85%-90% indicates serious
hypoxia, and readings below 85% are considered critical
hypoxia (Tamisier, R., et al., A new model of chronic
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intermittent hypoxia in humans: effect on ventilation, sleep,
and blood pressure. ] Appl Physiol (1985), 2009. 107(1): p.
17-24).

[0180] As disclosed below, the OxiMA method according
to embodiments disclosed herein, provides HR reconstruc-
tion with accurate SpO2 estimation even during movement.
The most recent methods as noted above (e.g., TROIKA and
JOSS) do not show their ability to obtain SpO2 estimates as
they were mainly designed for HR calculations in the
presence of intense motion artifacts.

[0181] The OxiMA method was evaluated on a lab con-
trolled dataset that was recorded during voluntary induced
hypoxia. In an IRB approved study which recruited 10
subjects, one set of data was collected from each subject for
a duration of 22 min. Reference arterial SpO2 and HR were
collected from the FDA approved Masimo SET Radical
RDS-1 pulse oximeter (mounted on the left hand), while a
Nellcor OxiMax sensor (mounted on the right hand) was
used to collect analog PPG signals, simultaneously (Table
9).
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TABLE 9
PPG DATASETS AND EXPERIMENTS SETTINGS
. Age/Sex
Scenario Sensor Type Ethnicity
Oxygen Saturation Variations [Actual PPG]
. Finger Pulse
Mg T Oximeter Nellcor
Fonton . 23-38 yr
(10 Males)
[Ref SpO,]
Finger Pulse .
Oximeter 3 ASI&H_
s wan 2 Hispanic
SRR B A e & [Ref HR] 3 American
o SilverRest ECG | 2 White
JA W ey Electrode
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[0182] Each subject sat in a chair and was asked to
re-breathe into a 1-gallon bag four times for approximately
two minutes each time. During the first and third time the
subject rebreathed into the bag, subjects were asked to
remain still. During the second and fourth time the subject
rebreathed into the bag, subjects were asked to introduce
motion artifacts into the measurement by shaking their right
hand. Each subject wore a disposable nose clip to prevent
accidental breathing of room air. The Masimo reference
sensor placed in the left hand remained motionless for the
entire duration of the study. Subjects had at least two
minutes of rest between successive breathing maneuvers,
with more time if requested. The protocol for this experi-
ment is presented in Table 10. Worcester Polytechnic Insti-
tute IRB approved the study protocol and informed consent
was required by all subjects prior to data recording.
[0183] This sequence of data recording allowed us to test
the efficacy of the OxiMA method while a subject experi-
enced different levels of short lasting hypoxia during motion
artifacts. For reference, other clinical studies showed that
SpO2 levels in patients suffering from mild to moderate
sleep apnea can drop to about 80% for short periods of time
until the patient is awakened without irreversible physiologi-
cal effects (Maeda, Y., M. Sekine, and T. Tamura, Relation-
ship between measurement site and motion artifacts in
wearable reflected photoplethysmography. J Med Syst,
2011. 35(5): p. 969-76).

[0184] Methodology

[0185] The protocol for testing performance of the OxiMA
method is presented in Table 10.

TABLE 10

EXPERIMENT PROTOCOL

End Time
(min) Event
2 Rest (baseline)
4 Bag breathing (motion)
5 Rest (oxygen recovery)
7 Rest
9 Bag breathing (motion)
10 Rest (oxygen recovery)
12 Rest
14 Bag breathing (no motion)
13 Rest (oxygen recovery)
17 Rest
19 Bag breathing (motion)
2 Rest (oxygen recovery)
2 Rest

[0186] Details of each stage of the OxiMA method as
applied in the experiment are disclosed below.

[0187] Time-Varying Spectral Analysis of PPG and Accel-
erometer Data
[0188] To compute the time-frequency spectrum, a vari-

able frequency complex demodulation technique was
employed. Table 11, disclosed below, presents the OxiMA
method, according to one embodiment.

[0189] The time-varying spectrum is estimated by taking
a T-sec window of the PPG signal and computing the
VFCDM time-frequency of the segment and then sliding the
window through the whole dataset. There is no overlapping
between the sliding time windows. The window segment
length T was set to 8 seconds and was shifted by 8 seconds.
The assumption of 8 second data length largely stems from
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the fact that SpO2 and heart rates do not change instanta-
neously; hence, an 8 second duration is a reasonable choice.

TABLE 11

OXIMA METHOD: HR AND SPO2 RECONSTRUCTION

Stage 1. VFCDM Time-Frequency Spectrum

1.1. Downsample the PPG signal to %% of the original sampling
frequency.

1.2. Compute the VFCDM based time-frequency spectrum (TFS)
Stage 2. Signal Decomposition

2.1. Decompose the PPG signal into its frequency components
according to frequency bands in the TFS

Stage 3. Spectral Filtering

3.1. Assume HR to be in the frequency range of [0.5 Hz-3 Hz], to
account for both low and high HR values.

3.2. The first highest two peaks and their corresponding
frequencies in the PPG filtered spectrum are assumed to have HR
information.

Stage 4. Heart Rate Tracking and Extraction from PPG Spectrum
Case (1): From 3.1-if the spectrum is corrupted by movement and
only the first largest peak is corrupted, then the HR frequency
should be the frequency of the second peak in the spectrum.

Case (2): Due to the sensor-skin interface interruption, which
could be a result of gap between the pulse oximeter and a subject’s
skin or slight sensor alignment variations relative to skin, the HR
frequency cannot be extracted from the spectrum and in this case
the previous HR frequency is used or for offline implementation a
cubic spline interpolation can be applied to fill in the missing HR
information.

Stage 5. PPG Signal Reconstruction

5.1. The PPG signal is reconstructed by using the summation of
VFCDM components with frequency close to the HR frequency at
each window.

Stage 6. Oxygen Saturation Estimation

6.1. Calculate the SpO2 estimations from reconstructed infrared
and red PPG signals using the following empirical calibration
equation [2]

$pO, (%) = (110 - 25R)
where,
_ ACey /DCpey
ACjg/DCrr

[0190] FIGS. 15A-B show the resultant VFCDM time-
frequency spectrum of recordings from subject #5, as a
representative example.

[0191] The panels in FIGS. 15A-B show infrared PPG
time series data. FIG. 15B represents the time-frequency
plot of the infrared PPG signal. The next section details how
the PPG data is decomposed into its frequency components
using VFCDM.

[0192]

[0193] The original PPG signal was decomposed into
sinusoidal modulations using a VFCDM method, as dis-
closed in Table 12 below.

Signal Decomposition

N N 4
X0 = Z Component{i} = Z de;i(D)Ai(r)cos(2a fi(1) + ¢ (1)

i=1 =1

[0194] By assuming N=12 fixed frequency bands each
with a distinct central frequency, the PPG and accelerometer
signals may be decomposed using the VFCDM method of
Table 12 which yields 12 components.
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TABLE 12

VFCDM METHOD

Consider a sinusoidal signal x(t) to be a narrow band oscillation with a
time-varying center frequency f(t), instantaneous amplitude A(t),
phase ¢(t), and the direct current component de(t):

x(t) = de(t) + A(I)cos(flﬂf(r)dt + ¢l:t)]
0

Step (1) For a given center frequency, we can extract the instantaneous
amplitude information A(t) and phase information ¢(t) by multiplying (1)

- jg 2w f(r)dr

by e which results in the following:

2(t) = x(e B2 04T

— detye- Rt | AD gy | AO (ansicurgn)
) 2

Step (2) From (2), if z(t) is filtered with an ideal

low-pass filter (LPF) with a cutoff frequency f, < f;,

where f; is the center frequency of interest. Then

the filtered signal z,,(t} will contain only the component of interest

A

Zp(0) = ——

Ja()
3 e,

Step (3) By changing the center frequency followed by using the variable
frequency approach as well as the LPF, the signal, x(t),

will be decomposed into the sinusoid modulations, d,,

by the CDM technique as follows:

() = Z d; = de(t) + Z A‘(t)cOS(fZKf;(T)dT + ¢;(t)]
7 7 0

Step (4) The instantaneous frequency and amplitude of d; can be
calculated using the Hilbert transform

AW =2z, 0] = X2 + Y]
X(t) = real(z;, (1)
Y(t) = imag(z;, (1))

= HX®]

1 X
=_f ( )dt’
T t=t

imag(z; (1)
real(z;, (1)) ]
Y,

= arctan(%,\

s gy L 900
O=fo+ 3~

ot) = arctan(

[0195] FIG. 16 shows the twelve components correspond-
ing to the IR and Red signal for subject #5. Among the
twelve frequency bands, bands 1 to 5 correspond to fre-
quency range of [0.5 Hz to 3 Hz], which is typically the HR
frequency range accounting for both normal and elevated
heart rates. Embodiments disclosed herein select a compo-
nent of these 5 components to reconstruct the signal that
preserves the HR and is less corrupted by the motion
artifacts. For the selection, an accurate HR may be estimated
by selecting the components that match closest to the actual
HR frequency in order to reconstruct a less noisy PPG signal
than the original motion corrupted data.
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[0196] Spectral Filtering

[0197] After obtaining the power spectral density at each
window, HR frequency may be assumed to be confined in
the range [0.5 Hz-3 Hz], which takes into account both at
rest and high HR values due to either tachycardia or exercise
scenarios. Next, for HR estimation, the strategy is to keep
only frequencies that correspond to the first and second peak
at each column of time-frequency matrix, as disclosed
above, with reference to FIG. 3B.

[0198] In general, HR frequency in the VFCDM based
power spectral density of the PPG at each window can have
three different scenarios: (1) PPG is devoid of MA and there
is no sensor-skin interface problems like a spatial gap
between the sensor and the subject’s skin during recording,
(2) PPG is corrupted by MA and there is no spatial gap
between the sensor and the subject’s skin during recording
and (3) There is a spatial gap between the sensor and the
subject’s skin during recording. For the ideal case (1), HR
can be extracted and it is most likely represented as the
highest peak in the PPG spectrum. For case (2), MA
dynamics can result in the dominant peak and HR frequency
peak’s magnitude become smaller than the MA frequency
peak in the spectrum. The only scenario that makes it
difficult to extract HR from the spectrum is scenario (3)
when there is a spatial gap between the PPG sensor and the
subject’s skin during recording. In this scenario, assuming
that the motion artifacts are short lasting, the missing HR
values can be interpolated using the cubic spline approach.
[0199] FIGS.17A-C are plots of the above three scenarios.
In FIG. 17A and FIG. 17B, the true HR frequency is close
to the first and second peak respectively, while in FIG. 17C,
the true HR frequency is far from the dominant peaks in the
spectrum. As long as the PPG data is clean, an assumption
may be made that the HR frequency belongs to the fre-
quency component with the highest power (peak) at the each
column of the TFS matrix. On the other hand, when the data
becomes corrupted by MA, it might shift the HR frequency
to the next highest peak in the spectrum or might lose the
dominant HR frequency.

[0200] Embodiments disclosed herein employ a TFS fil-
tering step to search for N first highest spectral peaks and
their associated frequencies in each column of the TFS.
Hence, the original TFS of FIG. 15B can be filtered to select
only N, for example, 2, in the example embodiments,
highest spectral peaks.

[0201] FIG. 18A shows a representative filtered time-
frequency spectral plot of PPG recording from subject #5.
This portion of the OxiMA method involves retaining only
the two largest frequency peaks at each time point within the
defined HR range (30-180 bpm) and they are represented as
blue and green traces, respectively.

[0202] Heart Rate Tracking and Extraction

[0203] After filtering the TFS, the HR may be extracted.
The HR tracking method may be summarized as: Assume
there is only knowledge of the initial HR, the HR at each
window is extracted by comparing the peaks to the previous
HR value.

[0204] As disclosed above with reference to FIG. 3B, if
the largest peak is within the 10 bpm range from the previous
value of HR, it is chosen; if not, the second largest peak is
checked for compliance of this scenario. If the HR value
deviates by more than 10 bpm, the HR from the previous
window may be adopted by the method.

[0205] FIG. 18B illustrates the tracking of HR based on
OxiMA method, disclosed above.
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[0206] FIGS. 19A and 19B represent comparisons, of the
estimated 8 second moving averaged HR from the OxiMA
method, to the reference HR, and the HR calculated from the
motion-corrupted PPG signal, compared to the reference HR
from the ECG, respectively. In order to calculate the per-
formance of the OxiMA method for HR reconstruction, the
error value in each time window was calculated from the
estimated HR to the reference ECG-derived HR. Two mea-
surement indices of absolute and normalized errors similar
to the indices in (Wang, H., et al., Ahigh resolution approach
to estimating time-frequency spectra and their amplitudes.
Ann Biomed Eng, 2006. 34(2): p. 326-3) were used.

1 4
Emm=wéwmmm—wmm
Error(2) = iZW: W % 100% (©)
T WL HRoxina (k) '
[0207] where, W is the total number of windows.
[0208] PPG Signal Reconstruction
[0209] Now that HR values at each time window are

estimated from the time-frequency spectrum, the signal
reconstruction phase of the OxiMA method may be per-
formed. An assumption may be made that the signal com-
ponents corresponding to the HR frequency are more robust
against motion and, thus, a less corrupted signal can be
reconstructed using the summation of these components.

[0210] By calculating the components from the Signal
Decomposition, using Eq (4) and the time-frequency spec-
trum of the PPG, at each 8-sec window a signal component
may be chosen that has a frequency close to estimated HR
frequency and that component may be employed to recon-
struct infrared and red PPG data at each window. This yields
a less motion-corrupted data that can be used for oxygen
saturation estimation, as disclosed in FIG. 20A and FIG,
20B.

[0211]

[0212] In order to calculate SpO2 from PPG signals, red
and infrared PPG signals with clearly separable DC and AC
components are required. Let the pulsatile components of
the red and infrared PPG signals be denoted as ACy,, and
AC, respectively, then the “ratio-of-ratio” R is estimated
(Thakor, N. V. and Y. S. Zhu, Applications of adaptive
filtering to ECG analysis: noise cancellation and arrhythmia
detection. IEEE Trans Biomed Eng, 1991. 38(8): p. 785-94;
Diniz, P., Adaptive filtering: algorithms and practical imple-
mentation. 2008: Springer Science, Business Media L.L.C)
as

Oxygen Saturation Estimation

_ ACpey IDCrey @)
T ACR/DCp

[0213] Accordingly, SpO2 may be computed by substitut-
ing the R value in an empirical linear approximated relation
given by Sp0,(%)=(110-25R).

[0214] FIG. 20C represents the reconstructed SpO2 values
obtained from OxiMA in comparison to the reference SpO2
values and the estimated values before reconstruction.
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[0215] OxiMA Results

[0216] Table 13 represents the average absolute error (E1)
and the average absolute error percentage (E2) of HR and
SpO2 estimations of the OxiMA method on the varying
hypoxia level dataset.

TABLE 13

OXIMA METHOD PERFORMANCE COMFARISON
(HR ESTIMATIONS)

Actual HR estimation error _ OxiMA HR estimation error

Subject El E2% El E2%
1 3.84 4.83 1.53 2.10
2 6.84 9.57 2.72 397
3 8.15 9.59 1.69 2.29
4 4.55 5.39 2.61 3.18
5 10.53 11.96 4.04 4.60
6 4.46 5.52 2.04 2.66
7 12.41 19.65 2.81 437
8 3.84 435 2.10 246
9 3.80 4.13 2.57 283
10 3.65 4.20 1.85 241
mean = std  6.20 £ 3.2 791 +5.0 240 +0.73 3.09 £0.90
[0217] The OxiMA method is compared to the HR and

SpO2 estimations prior to the reconstruction method, where
both pre- and post-reconstruction estimations are compared
to the reference HR and reference SpO2 values obtained
from the Masimo pulse oximeter.

[0218] The results presented in Table 13 show that OxiMA
on average improves the HR and SpO2 estimations by 100%
and 105%, respectively when compared to those estimations
without the reconstruction method. Improvement rates are
calculated as follow:

1 &, [Errorl g (k) — Brrorl .o (k ®
ImRatel(%) = —Zl orlouns (k) ~ Brrorlaa By,

W Error] gxiaga (k)

1 & [Erroogns (k) — Erroac (k ©)
ImRate2(%) = — [Error2 yinga (k) — Error2 ¢, (k)| % 100%

w Error2oxina (k)

k=1

[0219] FIGS. 21A-C and FIGS. 22A-B show the recon-
structed SpO2 and HR in comparison to the reference HR
from ECG recordings for subject #5. The largest error
among all recordings was found to be from this recording,
as shown in Tables 13 and 14. The larger error could be due
to rapid movements or skin-sensor gap during the record-
ings.

TABLE 14

OXIMA METHOD PERFORMANCE COMPARISON
(SPO, ESTIMATIONS)

Actual SpO, estimation OxiMA SpO, estimation

error error

Subject El E2% El E2%
1 251 2.63 0.86 0.90

2 7.14 9.63 2.45 3.10

3 6.21 6.59 1.61 1.67

4 1.89 2.46 0.95 1.16

5 7.13 7.80 3.25 347

6 2.85 2.99 1.10 1.14
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TABLE 14-continued

OXIMA METHOD PERFORMANCE COMPARISON
(SPO, ESTIMATIONS)

Actual SpO, estimation OxiMA SpO, estimation
error error

Subject El E2% El E2%
7 5.83 9.09 2.57 452
8 351 4.63 1.73 222
9 1.81 2.10 1.50 1.61
10 4.85 591 1.93 207
mean =+ std 437 2.1 5.38 £ 2.8 179 £0.8 219+ 1.2
[0220] As such, the E1 (HR) for this particular subject is

as low as 4.05 bpm while the E1 (Sp02) is as low as 3.25%.
It can be seen from Table 15, disclosed below, that HR and
SpO2 both improved by 160% and 119%, respectively, post
reconstruction method.

TABLE 15
OXIMA METHOD PERFORMANCE COMPARISON
(SPO, ESTIMATIONS)
HR SpO,
Improvement Rate Improvement Rate
Subject ImRate1%  ImRate2%  ImRawel%  ImRate2%

1 150.90 130.00 191.86 192.22
2 151.47 141.05 191.43 210.64
3 323.08 318.78 285.71 294.61
4 74.33 69.50 98.95 112.07
5 160.17 160.66 119.38 12478
6 118.63 107.52 159.09 162.28
7 377.22 372.54 126.85 101.10
8 82.86 76.83 102.89 108.55
9 47.86 45.94 20.67 3043

10 97.30 74.27 151.30 1855
mean 158.38 = 149.71 = 144.81 + 1522

std 108.2 109.9 705 732

V. CONCLUSIONS
[0221]  As such, the OxiMA method that may be based on

time-varying spectral analysis of the PPG signal combats
motion artifacts that can degrade the accuracy of SpO2 and
HR estimations. According to embodiments disclosed
herein, the OxiMA method may decompose the PPG signal
into many frequency bands using a VFCDM method (Chon,
K. H., S. Dash, and J. Kihwan, Estimation of Respiratory
Rate From Photoplethysmogram Data Using Time— Fre-
quency Spectral Estimation. Biomedical Engineering, IEEE
Transactions on, 2009. 56(8): p. 2054-2063), or any other
suitable time-frequency technique, such as a wavelet analy-
sis (Chon, K. H., S. Dash, and J. Kihwan, Estimation of
Respiratory Rate From Photoplethysmogram Data Using
Time— Frequency Spectral Estimation. Biomedical Engi-
neering, IEEE Transactions on, 2009. 56(8): p. 2054-2063).
According to embodiments disclosed herein, those compo-
nents that are within the heart rate ranges including both
extreme ranges of the low and high heart rates may be
decomposed and used to reconstruct the PPG signal based
on those components. As such, frequencies that are not
within the prescribed HR ranges may be removed. From this
reconstructed time series HR may be estimated and SpO2
may be estimated, as disclosed above.
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[0222] The dataset used to verify the OxiMA method’s
performance was collected from 10 subjects during hypoxic
experiments. The results show accurate estimation of both
HR and SpO2 even during the presence of severe motion
artifacts where the average error was only 2.4 bpm. More
importantly, the average improvements in these estimates
are astoundingly high for both HR (149%) and SpO2
(152%) when the reconstruction method applied, according
to embodiments disclosed herein. Other methods for esti-
mates of HR during severe motion artifacts for PPG signal
Zhilin, 7., P. Zhouyue, and L. Benyuan, TROIKA: A Gen-
eral Framework for Heart Rate Monitoring Using Wrist-
Type Photoplethysmographic Signals During Intensive
Physical Exercise. Biomedical Engineering, IEEE Transac-
tions on, 2015. 62(2): p. 522-531; Zhang, 7., Photoplethys-
mography-Based Heart Rate Monitoring in Physical Activi-
ties via Joint Sparse Spectrum Reconstruction. Biomedical
Engineering, IEEE Transactions on, 2015. PP(99): p. 1-1;
Salehizadeh, S., et al., A Novel Time-Varying Spectral
Filtering Algorithm for Reconstruction of Motion Artifact
Corrupted Heart Rate Signals During Intense Physical
Activities Using a Wearable Photoplethysmogram Sensor.
Sensors, 2015. 16(1): p. 10) produced good results (Kalman,
R. E., A New Approach to Linear Filtering and Prediction
Problems Transactions of the ASME—Journal of Basic
Engineering, 1960. Series D (82)). However, these methods
are only confined to HR estimation and not SpO2. Specifi-
cally, previous PPG reconstruction methods, such as (Sale-
hizadeh, S. M. A., et al., Photoplethysmograph Signal
Reconstruction based on a Novel Motion Artifact Detection-
Reduction Approach. Part II: Motion and Noise Artifact
Removal. Annals of Biomedical Engineering, 2014. 42(11):
p. 2251-2263; Kim, B. S. and S. K. Yoo, Motion artifact
reduction in photoplethysmography using independent com-
ponent analysis. IEEE Trans Biomed Eng, 2006. 53(3): p.
566-8), have been tested under MA conditions but not with
concomitant hypoxia. The results, disclosed abele, illustrate
the efficacy of a method which provides accurate estimates
of both SpO2 and HR even when there are significant MA
and concomitant low oxygen saturation values.

[0223] Observations were made while analyzing the
OxiMA data. The tracking ability of the OxiMA method
decreased as the frequency changes during recordings
increased. This is mostly likely because OxiMA tracks a
dominant frequency through an 8-second window. Since
each subjects’ motion varied throughout each hypoxic
maneuver, the dominant frequency can change within the
observed window. The strength of the PPG’s LED is one of
the most important factors determining the performance. A
reduction in the strength of the PPG signal can be caused by
ambient light leaking into the gap between a PPG sensor and
the skin surface (Zhang, 7., Photoplethysmography-Based
Heart Rate Monitoring in Physical Activities via Joint
Sparse Spectrum Reconstruction. Biomedical Engineering,
IEEE Transactions on, 2015. PP(99): p. 1-1). This is because
the power of the signal is dependent on the depth and
reflection of the light from the pulse oximeter sensor to the
subject’s skin. This gap between the skin and the sensor may
be the result of movement during physical activities or the
shape of tissue that the sensors touch. In the datasets that
have been analyzed, recordings #5 and #7 are examples of
the above two scenarios.

[0224] Additionally, the local blood perfusion of the moni-
tored region affects the signal-to-noise ratio of the PPG
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signal. When performing the hypoxic maneuvers, subjects’
HR and breathing rate normally increase as oxygen satura-
tion decreases. These physiologic changes cause more dis-
tinct pulsations in the digits, which increase the signal-to-
noise ratio.

[0225] The OxiMA method can be easily implemented in
real-time. Execution time of the method has been found to
be only 180 msec on data divided into 8 second segments
using Matlab® R2014a and CPU 3.6 GHz. Therefore, given
the high accuracy of the OxiMA method in estimating HR
and SpO2 despite severe motion artifacts, this method has
the potential to be applicable for implementation on wear-
able devices such as smart watches and PPG-based fitness
SEensors.

[0226] FIG. 23 is a block diagram of an example of the
internal structure of a computer 2300 in which various
embodiments of the present disclosure may be implemented.
The computer 2300 contains a system bus 2302, where a bus
is a set of hardware lines used for data transfer among the
components of a computer or processing system. The system
bus 2302 is essentially a shared conduit that connects
different elements of a computer system (e.g., processor,
disk storage, memory, input/output ports, network ports,
etc.) that enables the transfer of information between the
elements. Coupled to the system bus 2302 is an I/O device
interface 2404 for connecting various input and output
devices (e.g., keyboard, mouse, displays, printers, speakers,
etc.) to the computer 2300. A network interface 2306 allows
the computer 2300 to connect to various other devices
attached to a network. Memory 2308 provides volatile
storage for computer software instructions 2310 and data
2312 that may be used to implement embodiments of the
present disclosure. Disk storage 2314 provides non-volatile
storage for computer software instructions 2310 and data
2312 that may be used to implement embodiments of the
present disclosure. A central processor unit 2318 is also
coupled to the system bus 2302 and provides for the execu-
tion of computer instructions.

[0227] Further example embodiments disclosed herein
may be configured using a computer program product; for
example, controls may be programmed in software for
implementing example embodiments. Further example
embodiments may include a non-transitory computer-read-
able medium containing instructions that may be executed
by a processor, and, when loaded and executed, cause the
processor to complete methods described herein. It should
be understood that elements of the block and flow diagrams,
such as the reconstruction unit 416, output unit 418, recon-
struction unit 516, output unit 518, heart rate unit, arterial
oxygen saturation (SpO2) unit, and ailment unit, disclosed
above, may be implemented in software, hardware, such as
via one or more arrangements of circuitry of FIG. 23,
disclosed above, or equivalents thereof, firmware, a combi-
nation thereof, or other similar implementation determined
in the future. In addition, the elements of the block and flow
diagrams described herein may be combined or divided in
any manner in software, hardware, or firmware. If imple-
mented in software, the software may be written in any
language that can support the example embodiments dis-
closed herein. The software may be stored in any form of
computer readable medium, such as random access memory
(RAM), read only memory (ROM), compact disk read-only
memory (CD-ROM), and so forth. In operation, a general
purpose or application-specific processor or processing core
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loads and executes sofiware in a manner well understood in
the art. It should be understood further that the block and
flow diagrams may include more or fewer elements, be
arranged or oriented differently, or be represented differ-
ently. Tt should be understood that implementation may
dictate the block, flow, and/or network diagrams and the
number of block and flow diagrams illustrating the execu-
tion of embodiments disclosed herein.

[0228] The teachings of all patents, published applications
and references cited herein are incorporated by reference in
their entirety.

[0229] While this invention has been particularly shown
and described with references to example embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the scope of the invention encom-
passed by the appended claims.

What is claimed is:

1. A method for reconstructing a heart-related signal
output by a biomedical sensor, the method comprising:

reconstructing a representation of the heart-related signal

to produce a reconstructed representation of the heart-
related signal, the reconstructing based on (i) a time-
varying spectral analysis of the heart-related signal and
a motion signal, the motion signal output by a motion
sensor and representative of motion artifacts in the
heart-related signal, the motion artifacts being signal
artifacts produced by movement of the biomedical
sensor relative to a sensing location, and (ii) a classi-
fication of the movement; and

outputting the reconstructed representation of the heart-

related signal.

2. The method of claim 1, wherein the motion artifacts are
suppressed in the reconstructed representation of the heart-
related signal.

3. The method of claim 1, wherein:

the time-varying spectral analysis includes pre-processing

the heart-related signal to produce a pre-processed
heart-related signal; and

in an event the classification indicates that the movement

does not rise to a level causing the motion artifacts, the
reconstructed representation is based on an average
value of peak-to-peak intervals in the pre-processed
heart-related signal.

4. The method of claim 3, wherein the pre-processing
includes filtering the heart-related signal to produce a fil-
tered heart-related signal.

5. The method of claim 4, wherein the pre-processing
further includes down-sampling the filtered heart-related
signal, the down-sampling being at a sampling rate less than
an original sampling rate.

6. The method of claim 1, wherein the time-varying
spectral analysis includes:

computing a first time-frequency spectrum (TFS) of the

heart-related signal; and

computing a second TFS of the motion signal.

7. The method of claim 6, wherein the first TFS computed
and the second TFS computed are 3-dimensional spectra, the
first TFS computed and the second TFS computed each
including a respective time-varying amplitude or power
distribution with respect to time and frequency.

8. The method of claim 6, wherein the first TFS computed
is a first time-varying power spectral density (PSD) and the
second TFS computed is a second time-varying PSD.
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9. The method of claim 6, wherein the reconstructed
representation is a current reconstructed representation and
wherein, based on the classification indicating that the
movement does rise to a level causing the motion artifacts
and is a pseudo-periodic movement or a periodic movement,
the reconstructing includes:
determining whether at least one spectral peak is present
having a corresponding frequency within a given fre-
quency range at a point in time in the first TFS
computed, the current reconstructed representation
being reconstructed for the point in time; and

wherein, based on a determination that the at least one
spectral peak is not present, the current reconstructed
representation is based on a prior reconstructed repre-
sentation, the prior reconstructed representation asso-
ciated with a previous point in time in the first TFS
computed.

10. The method of claim 9, wherein the given frequency
range is 0.5 Hz to 3 Hz.

11. The method of claim 6, wherein the reconstructing
includes:

retaining up to a pre-determined number of candidate

spectral peaks located at a first point in time in the first
TFS computed, the candidate spectral peaks retained
based on having corresponding frequencies within a
given frequency range and highest amplitude or power
values relative to other spectral peaks located at the first
point in time, the other spectral peaks having respective
frequencies within the given frequency range; and
discarding each of the candidate spectral peaks retained
that is associated with a same frequency as a dominant
spectral peak located at a second point in time in the
second TFS computed, the first point in time and the
second point in time having same time values.

12. The method of claim 11, wherein the given frequency
range is 0.5 Hz to 3 Hz.

13. The method of claim 11, wherein the representation is
a current representation, wherein the reconstructed repre-
sentation is a current reconstructed representation, and
wherein, in an event the discarding discards each of the
candidate spectral peaks retained, reconstructing the current
representation is based on a prior reconstructed representa-
tion, the prior reconstructed representation associated with a
previous point in time in the first TFS computed, the
previous point in time being an earlier point in time with
respect to the first point in time.

14. The method of claim 11, wherein the discarding is a
first discarding and wherein the representation is a current
representation and, wherein, in an event the first discarding
results in at least one remaining candidate spectral peak
retained, reconstructing the current representation further
includes:

second discarding, wherein the second discarding dis-
cards remaining candidate spectral peaks, of the at least
one remaining candidate spectral peak retained, based
on whether a corresponding frequency of the at least
one remaining candidate spectral peak retained is dis-
tanced by at least a frequency difference threshold from
a prior reconstructed representation’s frequency, the
prior reconstructed representation associated with a
previous point in time in the first TFS computed, the
previous point in time being an earlier point in time
with respect to the first point in time.
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15. The method of claim 14, wherein:

based on each of the at least one remaining candidate
spectral peak retained having been discarded by the
second discarding, reconstructing the current represen-
tation is based on the prior reconstructed representa-
tion; and

based on at least one last candidate spectral peak remain-

ing, the at least one last candidate spectral peak remain-
ing not discarded by the second discarding, reconstruct-
ing the current representation is based on a selected
candidate spectral peak selected from amongst the at
least one last candidate spectral peak remaining having
a closest corresponding frequency to the prior recon-
structed representation’s frequency relative to respec-
tive frequencies of each of the at least one last candi-
date spectral peak remaining.

16. The method of claim 11, wherein the dominant
spectral peak has a largest power or amplitude value relative
to other peaks located at the second point in time in the
second TFS.

17. The method of claim 11, wherein the retaining and the
discarding are based on:

the classification indicating that the movement is a

pseudo-periodic movement or a periodic movement;
and

determining that at least one spectral peak with a corre-

sponding frequency in the given frequency range is
present at the first point in time.

18. The method of claim 6, wherein the time-varying
spectral analysis further includes pre-processing the heart-
related signal and the motion signal for the computing of the
first TFS and the second TFS.

19. The method of claim 6, wherein the pre-processing
includes filtering the heart-related signal and the motion
signal to produce a filtered heart-related signal and a filtered
motion signal, respectively.

20. The method of claim 19, wherein the pre-processing
further includes down-sampling both the filtered heart-
related signal and the filtered motion signal, the down-
sampling being at a sampling rate less than an original
sampling rate.

21. The method of claim 6, further including:

classifying the classification of the movement by com-

paring an amount of amplitude modulation in the
second TFS computed to an amplitude modulation
threshold, wherein the classification indicates whether
the movement rises to a level of causing the motion
artifacts based on a result of the comparing.

22. The method of claim 21, wherein the amplitude
modulation threshold is dependent on a type of the motion
detector sensor.

23. The method of claim 21, wherein, in an event the
result indicates that the movement does rise to the level
causing the motion artifacts, classifying the classification of
the movement further includes determining whether the
movement is either a pseudo-periodic movement or a peri-
odic movement, versus a random movement.

24. The method of claim 23, wherein, in determining
whether the movement is either the pseudo-periodic move-
ment or the periodic movement, versus the random move-
ment includes, the method further includes:

identifying a first, second, and third frequency associated,

respectively, with a first, second, and third spectral peak
in the second TFS at a point in time in the second TFS,
the first, second, and third peaks having largest power
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or amplitude values relative to other peaks in the
second TFS at the point in time, the first spectral peak
being a largest spectral peak amongst the first, second,
and third spectral peaks;

computing a first ratio of the second frequency identified

to the first frequency identified and determining a first
comparison result by comparing the first ratio com-
puted to a first ratio value; and

computing a second ratio of the third frequency identified

to the first frequency identified and determining a
second comparison result by comparing the second
ratio computed to a second ratio value, wherein the
classification further indicates that the movement is
either the pseudo-periodic movement or the periodic
movement, versus the random movement, based on the
first comparison result and the second comparison
result.

25. The method of claim 24, wherein the first ratio value
is 2 and the second ratio value is 3.

26. The method of claim 1, wherein the time-varying
signal analysis includes pre-processing the heart-related
signal to produce a pre-processed heart-related signal and, in
an event the classification of the movement indicates ran-
dom movement, the reconstructing includes:

computing an average value of a number of prior recon-

structed representations outputted prior to the recon-
structing, the number based on a duration of consecu-
tive motion artifacts, detected prior to the
reconstructing;

computing a bandpass filter cutoff frequency based on the

average value computed;

filtering the pre-processed heart-related signal by apply-

ing the band pass filter computed to produce a filtered,
pre-processed heart-related signal; and

wherein the reconstructed representation is based on an

average peak-to-peak interval value of the filtered,
pre-processed heart-related signal.

27. The method of claim 1, wherein the heart-related
signal and the motion signal are produced, concurrently.

28. The method of claim 1, further comprising:

segmenting the heart-related signal into a plurality of

windowed heart-related signal data segments and the
motion signal into a corresponding plurality of win-
dowed motion signal data segments; and

repeating the reconstructing and the outputting for each

windowed heart-related signal data segment and each
corresponding motion signal data segment.

29. The method of claim 28, wherein the time window is
a value in a range from 2 to 32 seconds.

30. The method of claim 1, wherein the biomedical sensor
is at least one of: a photoplethysmogram (PPG) sensor,
piezoelectric sensor, Light Emitting Diode (LED) based
sensor, camera sensor, and pulse oximeter sensor, and
wherein the motion sensor is an accelerometer.

31. The method of claim 1, wherein the biomedical sensor
and the motion sensor are co-located.

32. The method of claim 1, further comprising employing
the reconstructed representation to determine a heart rate
estimate.

33. The method of claim 1, further comprising employing
the reconstructed representation to determine an arterial
oxygen saturation (SpO2) estimate.

34. The method of claim 1, further comprising employing
the reconstructed representation to detect or predict a heart-
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related ailment, the heart-related ailment including at least
one of a heart rate variability (HRV) condition, atrial fibril-
lation condition, congestive heart failure condition, and
tachycardia condition.

35. The method of claim 1, wherein the reconstructing and
the outputting are performed in real-time with respect to
production of the heart-related signal and the motion signal.

36. The method of claim 1, wherein the reconstructing and
the outputting are performed in non-real-time with respect to
production of the heart-related signal and the motion signal.

37. An apparatus for reconstructing a heart-related signal
output by a biomedical sensor, the apparatus comprising:

a reconstruction unit configured to reconstruct a repre-

sentation of the heart-related signal to produce a recon-
structed representation of the heart-related signal, the
reconstructing based on (i) a time-varving spectral
analysis of the heart-related signal and a motion signal,
the motion signal output by a motion sensor and
representative of motion artifacts in the heart-related
signal, the motion artifacts being signal artifacts pro-
duced by movement of the biomedical sensor relative
to a sensing location, and (ii) a classification of the
movement; and

an output unit configured to output the reconstructed

representation of the heart-related signal.

38. The apparatus of claim 37, wherein the motion arti-
facts are suppressed in the reconstructed representation of
the heart-related signal.

39. The apparatus of claim 37, wherein:

the time-varying spectral analysis includes pre-processing

the heart-related signal to produce a pre-processed
heart-related signal; and

in an event the classification indicates that the movement

does not rise to level causing the motion artifacts, the
reconstructed representation is based on an average
value of peak-to-peak intervals in the pre-processed
heart-related signal.

40. The apparatus of claim 39, wherein the pre-processing
includes filtering the heart-related signal to produce a fil-
tered heart-related signal.

41. The apparatus of claim 40, wherein the pre-processing
further includes down-sampling the filtered heart-related
signal, the down-sampling being at a sampling rate less than
an original sampling rate.

42. The apparatus of claim 37, wherein the time-varying
spectral analysis includes:

computing a first time-frequency spectrum (TFS) of the

heart-related signal; and

computing a second TFS of the motion signal.

43. The apparatus of claim 42, wherein the first TFS
computed and the second TFS computed are 3-dimensional
spectra, the first TFS computed and the second TFS com-
puted each including a respective time-varying amplitude or
power distribution with respect to time and frequency.

44. The apparatus of claim 42, wherein the first TFS
computed is a first time-varying power spectral density
(PSD) and the second TFS computed is a second time-
varying PSD.

45. The apparatus of claim 42, wherein the reconstructed
representation is a current reconstructed representation and
wherein, based on the classification indicating that the
movement does rise to a level causing the motion artifacts
and is a pseudo-periodic movement or a periodic movement,
to reconstruct the representation includes:
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determining whether at least one spectral peak is present
having a corresponding frequency within a given fre-
quency range at a point in time in the first TFS
computed, the current reconstructed representation
being reconstructed for the point in time; and

wherein, based on a determination that the at least one
spectral peak is not present, the reconstructed current
representation is based on a prior reconstructed repre-
sentation, the prior reconstructed representation asso-
ciated with a previous point in time in the first TFS
computed.

46. The apparatus of claim 45, wherein the given fre-
quency range is 0.5 Hz to 3 Hz.

47. The apparatus of claim 42, wherein to reconstruct the
representation includes:

retaining up to a pre-determined number of candidate

spectral peaks located at a first point in time in the first
TFS computed, the candidate spectral peaks retained
based on having corresponding frequencies within a
given frequency range and highest amplitude or power
values relative to other spectral peaks located at the first
point in time, the other spectral peaks having respective
frequencies within the given frequency range; and
discarding each of the candidate spectral peaks retained
that is associated with a same frequency as a dominant
spectral peak located at a second point in time in the
second TFS computed, the first point in time and the
second point in time having same time values.

48. The apparatus of claim 47, wherein the given fre-
quency range is 0.5 Hz to 3 Hz.

49. The apparatus of claim 47, wherein the representation
is a current representation, wherein the reconstructed rep-
resentation is a current reconstructed representation, and
wherein, in an event the discarding discards each of the
candidate spectral peaks retained, reconstructing the current
representation is based on a prior reconstructed representa-
tion, the prior reconstructed representation associated with a
previous point in time in the first TFS computed, the
previous point in time being an earlier point in time with
respect to the first point in time.

50. The apparatus of claim 47, wherein the discarding is
a first discarding and wherein the representation is a current
representation and, wherein, in an event the first discarding
results in at least one remaining candidate spectral peak
retained, reconstructing the current representation further
includes:

second discarding, wherein the second discarding dis-

cards remaining candidate spectral peaks, of the at least
one remaining candidate spectral peak retained, based
on whether a corresponding frequency of the at least
one remaining candidate spectral peak retained is dis-
tanced by at least a frequency difference threshold from
a prior reconstructed representation’s frequency, the
prior reconstructed representation associated with a
previous point in time in the first TFS computed, the
previous point in time being an earlier point in time
with respect to the first point in time.

51. The apparatus of claim 50, wherein:

based on each of the at least one remaining candidate

spectral peak retained having been discarded by the
second discarding, reconstructing the current represen-
tation is based on the prior reconstructed representa-
tion; and
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based on at least one last candidate spectral peak remain-
ing, the at least one last candidate spectral peak remain-
ing not discarded by the second discarding, reconstruct-
ing the current representation is based on a selected
candidate spectral peak selected from amongst the at
least one last candidate spectral peak remaining having
a closest corresponding frequency to the prior recon-
structed representation’s frequency relative to respec-
tive frequencies of each of the at least one last candi-
date spectral peak remaining.

52. The apparatus of claim 47, wherein the dominant
spectral peak has a largest power or amplitude value relative
to other peaks located at the second point in time in the
second TFS.

53. The apparatus of claim 47, wherein the retaining and
the discarding are based on:

the classification of the movement indicating that the

movement is a pseudo-periodic movement or a periodic
movement; and

determining that at least one spectral peak with a corre-

sponding frequency in the given frequency range is
present at the first point in time.

54. The apparatus of claim 42, wherein the time-varying
spectral analysis further includes pre-processing the heart-
related signal and the motion signal for the computing of the
first TFS and the second TFS.

55. The apparatus of claim 42, wherein the pre-processing
includes filtering the heart-related signal and the motion
signal to produce a filtered heart-related signal and a filtered
motion signal, respectively.

56. The apparatus of claim 55, wherein the pre-processing
further includes down-sampling, at a sampling rate less than
an original sampling rate, both the filtered heart-related
signal and the filtered motion signal.

57. The apparatus of claim 42, further including a clas-
sification unit, the classification unit configured to:

classify the classification of the movement by comparing

an amount of amplitude modulation in the second TFS
computed to an amplitude modulation threshold,
wherein the classification indicates whether the move-
ment rises to a level causing the motion artifacts based
on a result of the comparing.

58. The apparatus of claim 57, wherein the amplitude
modulation threshold is dependent on a type of the motion
detector sensor.

59. The apparatus of claim 57, wherein, in an event the
result indicates that the movement does rise to the level
causing the motion artifacts, the classification unit is further
configured to classify the classification of the movement by
determining whether the movement is either a pseudo-
periodic movement or a periodic movement, versus a ran-
dom movement.

60. The apparatus of claim 59, wherein to determine
whether the movement is either the pseudo-periodic move-
ment or the periodic movement versus a random movement
includes:

identifying a first, second, and third frequency associated,

respectively, with a first, second, and third spectral peak
in the second TFS at a point in time in the second TFS,
the first, second, and third peaks having largest power
or amplitude values relative to other peaks in the
second TFS at the point in time, the first spectral peak
being a largest spectral peak amongst the first, second,
and third spectral peaks;
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computing a first ratio of the second frequency identified
to the first frequency identified and determining a first
comparison result by comparing the first ratio com-
puted to a first ratio value; and

computing a second ratio of the third frequency identified

to the first frequency identified and determining a
second comparison result by comparing the second
ratio computed to a second ratio value, wherein the
classification further indicates that the movement is
either the pseudo-periodic movement or the periodic
movement, versus the random movement, based on the
first comparison result and the second comparison
result.

61. The apparatus of claim 60, wherein the first ratio value
is 2 and the second ratio value is 3.

62. The apparatus of claim 59, wherein the time-varying
signal analysis includes pre-processing the heart-related
signal to produce a pre-processed heart-related signal and, in
an event the classification of the movement indicates ran-
dom movement, the reconstructing includes:

computing an average value of a number of prior recon-

structed representations outputted prior to the recon-
structing, the number based on a duration of consecu-
tive motion artifacts, detected prior to the
reconstructing;

computing a bandpass filter cutoff frequency based on the

average value computed;

filtering the pre-processed heart-related signal by apply-

ing the band pass filter computed to produce a filtered,
pre-processed heart-related signal; and

wherein the reconstructed representation is based on an

average peak-to-peak interval value of the filtered,
pre-processed heart-related signal.

63. The apparatus of claim 37, wherein the heart-related
signal and the motion signal are produced, concurrently.

64. The apparatus of claim 37, further comprising seg-
mentation unit configured to:

segment the heart-related signal into a plurality of win-

dowed heart-related signal data segments and the
motion signal into corresponding plurality of win-
dowed motion signal data segments, wherein the recon-
struction unit and the output unit reconstruct the rep-
resentation and output the reconstructed representation,
respectively, based on each windowed heart-related
signal data segment and each corresponding motion
signal data segment.

65. The apparatus of claim 64, wherein the time window
is a value in a range from 2 to 32 seconds.
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66. The apparatus of claim 37, wherein the biomedical
sensor is at least one of: a photoplethysmogram (PPG)
sensor, piezoelectric sensor, Light Emitting Diode (LED)
based sensor, camera sensor, and pulse oximeter sensor, and
wherein the motion sensor is an accelerometer.

67. The apparatus of claim 37, wherein the apparatus
includes the biomedical sensor and the motion sensor.

68. The apparatus of claim 37, further comprising a heart
rate unit configured to employ the reconstructed represen-
tation to determine a heart rate estimate.

69. The apparatus of claim 37, further comprising an
arterial oxygen saturation (SpO2) unit configured to employ
the reconstructed representation to determine a SpO2 esti-
mate.

70. The apparatus of claim 37, further comprising an
ailment unit configured to employ the reconstructed repre-
sentation to detect or predict a heart-related ailment, the
heart-related ailment including at least one of a heart rate
variability (HRV) condition, an atrial fibrillation condition,
a congestive heart failure condition, and a tachycardia
condition.

71. The apparatus of claim 37, wherein the reconstruction
unit and the output unit are configured to reconstruct and to
output, respectively, in real-time with respect to production
of the heart-related signal and the motion signal.

72. The apparatus of claim 37, wherein the reconstruction
unit and the output unit are configured to reconstruct and to
output, respectively, in non-real-time with respect to pro-
duction of the heart-related signal and the motion signal.

73. A non-transitory computer-readable medium having
encoded thereon a sequence of instructions which, when
loaded and executed by a processor, causes the processor to
reconstruct a heart-related signal output by a biomedical
sensor, the processor reconstructing the heart-related signal
by:

reconstructing a representation of the heart-related signal

to produce a reconstructed representation of the heart-
related signal, the reconstructing based on (i) a time-
varying spectral analysis of the heart-related signal and
a motion signal, the motion signal output by a motion
sensor and representative of motion artifacts in the
heart-related signal, the motion artifacts being signal
artifacts produced by movement of the biomedical
sensor relative to a sensing location, and (ii) a classi-
fication of the movement; and

outputting the reconstructed representation of the heart-

related signal.
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